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ABSTRACT

Three models were developed to describe the mechanisms by which the ecological
roles of species lost as a result of environmental perturbation may be assumed by other,
more tolerant taxa. Mode] I (re-colonization) follows from literature on classic
succession. Model II (niche width expansion) and Model ITI (redundant species) are
derived as the inverse of species packing theory. Species interactions and community
attributes may affect the type of operative model and therefore, may have predictive vaIulc.
Information was obtained from over 100 studies on niche overlap and resource
partitioning regarding how widespread potential replacement might be, based upon the
predictive tools associated with each model. The potential for replacement does not
appear widespread, and would be lmited to ~ 20% of guilld—fonning organisms.

Replacement by Model IT would be most probable, followed by Model III and Model 1.

The aquatic arthropod community was examined in six small boreal forest ponds
located in Sandilands Provincial Forest, Manitoba, Canada, in order to experimentally
assess hypotheses concerning potential replacement. Of the original 108 taxa, 36 (33.3%)
had potential replacements that could perform an equivalent ecological function without

altering the size spectrum of the replacement community.

The six ponds were similar in size, uniform in morphology, located in the same
area, and had been colonized for the same period of time, but the aquatic arthropod
community differed substantially among ponds. Canonical Correspondence Analysis
(CCA) was used to relate the distribution and abundance of aquatic arthropods in the six
study ponds to 91 measured or derived environmental variables. Environmental variables

included in the final CCA model that best explained the observed variability were pond



-1iI-

pH, area covered by macrophytes, and percent substrate comprising silt (overall model fit:
p =0.005; first canonical axis: p = 0.004). This model explained 88.8% of the variability
in species distribution and abundance and 71.7% of the variability in the key 36 species

with replacement potential.

A method was derived to calculate niche overlap in canonical Space in order to
predict which of the 36 candidate replacement species had the potential to colonize
available pond habitat and to achieve similar abundance as hypothetically lost tax'a.
Repiacement by Model I was limited to ~ 10% of ‘the total available "opportunities" for
replacement. Replacement by Model IT or Model I was more likely in ~ 25% of the total
available "opportunities”. Replacement by both Model I and Model II or ITI mechanisms

appeared more likely for species located in ponds of average environmental conditions

relative to those located near the lower or upper ends of a gradient.
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FORWARD

This thesis is arranged in paper-style. The Literature Review, normally presented
as a single chapter in traditional theses, appears in Chapters I and III. These chapters,
entitfed "Development of Replacement Models" and "Evidence for Potential
Replacement”, respectively, also include a re-interpretation of existing studies in the
context of fu‘nctional replacement potential. Presentation of the information in this manner

¥

better sets the framework for the remaining work in Chapters IV, V and VI.

All data are listed in Williamson (1994) and are available on disk in Excel Version
3.0. Voucher specimens were deposited in the J.B. Wallis Museum of Entomology, -

University of Manitoba.
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CHAPTER ]
GENERAL INTRODUCTION

Ecological integrity, sensu Regier (1990) and Kay and Schneider (1994), is
thought to result when systems are: (1) energetic, with natural ECOSyStemmic processes
being strong and not severely constrained; (2) self-organizing in an evolving manner; (3)
self-defending against invasions by exotic organisms; (4) robust with the ability to survive
and recover from occasional crises; (5) attractive to informed humans; and (6) productixlfe
of goods and opportunities valued by humans. Toxic substances in the aquatic
environment may compromise the integrity of ecosystems by inducing a number of effects,
depending upon the nature of the material, the duration and magnitude of exposure, and
the sensitivity of the exposed community. For example, examination of community
composition above and below an effluent outfall may reveal one of three possible
outcomes (Cairns 1974, Stauffer and Hocutt 1980). First, the community composition
may be exactly the same, indicating that all functional niches have been preserved, thus
implying little or no impact. Second, some lost species may have been replaced by others
performing the same function, thus implying that community change has occurred but that
the function of the system has been conserved. Third, loss of species may have occurred
without replacement, indicating that both community structure and system function have
been altered. Courtemanch and Davies (1987) defined the second outcome as change--
species loss in a community with replacement, and the third outcome as harm--species loss

In a cornrmunity without replacement.

The phenomenon of stress-induced succession is shown conceptually in Figure 1
(Odum er al. 1979). Increasing perturbation causes differing output responses from the

affected community.  Relatively low levels of perturbation result in ecosystem



No.-- Normal Condition

No. Qulpul Response — 5t.-- Stress Effect
r Re.-- Replacement
Le.-- Lethal
St. Relative Variance ———-

Re.

Le.

Increasing Perturbation —e——>

Figure 1. Conceptual response of aquatic communities to toxicant-induced stress
(medified from Odum et al. 1979). The relative variance represents
theoretical differences in output responses between species.
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stress, as measured by some function of individual or community performance. As
perturbations increase in magnitude, organism replacement may occur, followed finally by

loss of taxa from the system.

Cairns and Dickson {1976) suggested that complex systems, advanced in
successional stage, likely have a high degree of structural and functional redundancy; the
function of a single species lost from complex systems may be replaced by other remaining
members of the community. Further, Minns ef al. (1990) estimated the number of lak;es
that may be affected by acid precipitation in eastern Canada. Criteria for damage was a
20% decrease in species richness in 20% of lakes within each area. Minns er al. (1990)
recognized that the 20% decrease in species could occur initially, but that re-colonization
by acid-tolerant forms might later increase species richness, although not to the extent that
all acid-related species losses could be replaced. Thus, environmental harm is thought to
be mitigated, in some cases {Schindler ez al. 1985), by the maintenance of ecosystem

function in the presence of stress through the replacement of sensitive species by more

tolerant taxa performing a similar ecological function.

Stephan er al. (1985) developed water quality criteria to protect agnatic
communities, based in part upon the recognition that sensitive species lost because of
toxicant stress may be replaced by more tolerant taxa capable of performing the same
ecological function. By their method, not all species are afforded protection and not all
communities are protected at all times and in all places, since it is assumed that aquatic
communities can withstand some stress and can recover. Stephan et al.'s (1985) resulting
criteria are intended to protect all but 5% of the genera at any site from unacceptable

effects. Unacceptable effects are difficnlt to define (Stephan 1986), but acknowledged in
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the concept is the notion that the mere presence of human activity may cause some

community change.

The phenomenon of functional replacement may be more prevalent in less complex
forms of life such as fungi, bacteria, Protozoa and microalgae (Stephan 1985), but the
method applies equally to all forms of aquatic life. Modifications however, can be made at
specific sites to provide more complete protection to sensitive, important species. This
method has been used to develop national water quality criteria in the United States a;ld
has been adopted for use in two Canadian Jjurisdictions (Williamson 1988, Ministére de

L'Environnement du Québec 1991),
The potential for stress-induced replacement of lost species by other more tolerant
species performing the same ecological function has not been rigorously examined.

Examination of this hypothesis is the focus of this thesis. Within this thesis, I will:

1) discuss elements of evolutionary and ecological theory that explain how one species

can perform a similar ecological role in the absence of another taxon (Chapter II);
i)  develop models describing potential functional replacement (Chapter II);

iif)  estimate how widespread the phenomenon might be within aquatic communities,

through evidence from niche overlap studies (Chapter ITI);

iv) assess a data set consisting of aquatic arthropod fauna and related environmental

variables from six boreal forest study ponds in the following two ways:
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a)  estimate similarity between potential replacement species and hypothetically

lost species based upon generalized resource partitioning attributes of each

{Chapter I'V);

b)  estimate niche overlap in canonical space along environmental gradients among
the six ponds (Chapter V). Assuming that the species assemblage in all six
ponds represents the available colonizing pool, predictions can be made
regarding which species may be able to replace taxa in other study ponds baséd
upon habitat preferences or physical and chemical factors that may influence

colonization and subsequent population success;

Combining the outcomes from (a) and (b) will result in the identification of potential
replacement species for each hypothetically lost taxon following environmental

perturbation (Chapter VI}; and,

v)  summarize information relative to the new perspective presented in this thesis and
discuss further studies that will be required to more convincingly demonstrate

functional replacement (Chapter VI).




CHAPTER I1
DEVELOPMENT OF REPLACEMENT MODELS

ABSTRACT

Three hypotheses were developed to describe possible mechanisms by which the
ecological function of one species lost from a habitat as a result of environmental
perturbation could be replaced by another taxon. Model I assumes re-colonization of ti'le
habitat by a second and similar species. Under conditions of Model I, the hypothetically
lost taxon and the potential replacement species do not co-exist. The potential
replacement species: (1) are probably poor competitors relative to the hypothetically lost
taxon; (2) probably have inflexible niche widths; and (3) must have good dispersal
abilities. It is predicted that replacement by Model I would most likely occur in stable
habitats that are resource limited. A priori evidence to predict the potential for Model I
replacement would be significant niche overlap in allopatric populations and competitive

exclusion.

In Model II (niche width expansion), developed principally from species. packing
theory, co-existing species expand their niche width to utilize unused resources left by
removal of the original species. Species would co-exist through resource partitioning
prior to removal and would likely be present as part of a functional guild. Species capable
of replacement by Model II must have the flexibility to alter miche widths through
behavioural or short-term phenotypical mechanisms. A priori predictive evidence for
potential replacement by Model II would include significant niche overlap in allopatric

populations, and wider niche width in allopatric populations relative to sympatric

populations.
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Model III (redundant species) replacement, also derived from species packing
theory, would occur in cases where co-existing species, as part of a functional guild, do
not partition resources. Rather, resources are not limiting such that a number of species
co-exist while performing a similar ecological function. The co-existing species would
have large niche overlap. Following loss of one species, the remainder would increase
their rate of resource processing, but would not increase niche widths (i.e., utilize more of
the same resources left unused by the lost species). A priori predictive evidence for the

potential replacement by Model III would be significant niche overlap in sympatr'ic

populations.

Under Model T replacement, species diversity would not change. However,
species diversity would decline under both Model 11 and Mode] III. Although system
function would not change through Model I and Model 111 replacement hypotheses, there
may be residual effects on system sfability or on other community variables. These

residual effects have not been considered.



INTRODUCTION

The niche is a useful concept for understanding relationships of species within and
among communities (Whittaker 1965, 1975). Niche width and overlap have been used in
a number of ways: (1) to evaluate competitive relationships within assemblages of species
(Hutchinson 1957, Abrams 1980); {2) to gain a better understanding of how organisms
co-exist (Molles 1978, Kovalak 1980, Cross 1981, Crowder 1981, Crowley and Johnson
1982, Hildrew er al. 1984, Nummelin ef al. 1984, Gorman 1988); (3) to determir‘le
whether or not an organism has the potential to displace a pest vector, thus function as a
biological control organism (Cedeno-Leon and Thomas 1982); (4) to determine whether
Or not a community has been affected by environmental disturbance (Rader and Ward
1989); and (5) to examine similarities between species in different communities or
different environments (Fuentes 1976, Race 1982). Niche overlap may also prove useful
for determining the extent of functional similarity between species and hence, evaluate

whethier or not one species may be able to replace the function of another species.

The objectives of this chapter are:

i) to describe the niche of an organism and discuss how the niche concept can be
used to assess functional similarity of two species;

ii) to develop models that describe potential functional replacement.



The Niche

Schoener (1989) gave a thoughtful account of the development of ecological niche
theory. The niche was originally defined by Grinnell (1917) as the place of an animal in its
environment, then by Elton (1927) as an animal’s relationship with its prey and predators.
Schoener (1989) contended that both Grinnell's (1917) and Elton's (1927) concepts of the
niche were essentially similar. Hutchinson ( 1957) formalized the deﬁnition 6f the niche as
the relationship of an animal to all the factors or dimensions of its biotic and abiogic
environment with which the animal has adapted. Thus, the niche can be envisaged as an
abstract multidimensional hypervolume or space with each axis representing one abiotic or
biotic factor. Hutchinson (1957) called this the fundamental niche of the species. Each
species is adapted to tolerate a certain range of each factor or variable. This range is
defined as the niche width and the combination of ail upper and lower limits for all
variables then describes the niche space that each species is able to occupy (Figure 1).
Each species will have an optimal point on each resource axis where long-term survival
and proportional utilization of resources are optimal (Schoener 1989), and this will
diminish to sub-optimal conditions near the upper or lower limit of the axis (Hutchinson

1957).

Niche width is often used as the inverse of ecological specialization (Colwell and
Futuyma 1971). Organisms with small niche width along any one resource dimension are
ecologically specialized. Facultative feeding mechanisms may allow organisms to occupy
wider niche widths than obligate or specialized feeding mechanisms (Cummins and Klug
1979). Two species in a community may share part or all of one or more abiotic or biotic

axes. The extent of axes sharing or that part of an organism's niche that is simultaneously
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Species A Species B

Width

—

’ Overlap |
] H

Resource

Figure 1.

Description of simplified niche metrics for two co-existing species (from
Hale 1981). ' "
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occupied by other organisms (Johnson 1977) has been defined as niche overlap (e.g.,

Griffiths 1986).

DISCUSSION

Mathematical Description of Community Function

]

MacArthur (1972) derived an equation to describe the relationship in the
undisturbed community shown in Figure 1. This equation, with modification, can be used
to understand and subsequently test hypotheses concerning the replacement of one species’
function by another within an altered community. The equation, following re-arrangement

of terms, is as follows:

-pnlD
D.=D, hL_J’ where (Eq. 1)

D, = diversity of resources used by the entire community;
D, = diversity of resources used by an average species;
D, = species diversity;

A = Rayleigh ratio.

The Rayleigh ratio is defined as follows:

o, X X
}L— ; [ e 4 (Eq: 2)

=, where
A
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C.= niche overlap between species i and k¥ (MacArthur and
Levins (1967) niche overlap index);

X = abundance of species { and k;

Zuﬁui‘f
;
o= -,
Zuif

where

(Eq. 3)

-, and (Eq. 4)

W = a, /——ﬂl, where (Eq. 3)
g

1; and uy = ytilization of resource J by species i and k, respectively;

a; and a,; = probability that during a unit of time an individual of
species 7 and k encounters and eats a given individual of
resource j;
K, = asymptote of j when both species i and  are present:

W; = weight per unit of quantity of resource j;

S
i

= intrinsic rate of growth.

In a simplified community, where it is assumed that the abundance of all species is

equal, the following relationship holds:

A =1+CQ, where (Eq. 6)
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C = number of neighbours in niche space;

o = niche overlap between an average pair of species.

It is unlikely that species abundance will be equal in most real communities.
Therefore, this simplification of the Rayleigh relationship is normally not applicable.

MacArthur (1972) advocated the use of the inverse of Simpson's index to
represent diversity in his equation. Simpson's diversity index is as follows:

D =-—1—§, where

27 (Eq. 7)

i

D = diversity of species, diversity of resources used by the
entire community, or diversity of resources used by
individual species;

P, = proportion of all individuals belonging to the i species,
proportion of resources along a specific axis, and
proportion of species' utilization of resources along this

axis.

Resource utilization is expressed as a proportion within MacArthur's (1972)
equation when Simpson's diversity index is used. In the particular case of one species
being replaced by another, the absolute processing of resources by the entire community
must be maintained, regardless of how the proportion of resources is shared by individual

species. Thus, in this special case an additional constraint must be imposed. The sum of
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resources processed by individual species (Eq. 8), must be held constant between the

original community and the replacement community.

H.u, = u.u_, where
; o Z " (Eq. 8)

iy and u; = species i and lost species / in the original community
(species & from Eq. 3 now becomes lost species [);
u; and u, = species ¢ and replacement species r in the altered

community.

D, is a broad measure of community function, since it incorporates both

r

information on community structure and information on resources processed by the

community. Following species replacement, D. must remain unchanged. Thus,

D D
D, =% | =D, = |, where (Eq. 9)
l[ A‘n’ } [ }\'r J

the equation on either side of equality represents a measure of the function of the
community prior to species loss and the function of the replacement community, denoted

by the subscript ! and r, respectively.

MacArthur's (1972) equation can be applied to two or more species using
resources along any one resource axis or can be expanded to the multivariate case of a
community of orgamisms using resources along several resource axes. Harner and
Whitmore (1977) extended the MacArthur and Levins (1967) measure of niche overlap o
to the multivariate case. Some properties of o were explored by Maurer (1982) and

Smith (1982), allowing statistical inference. In the multivariate case, it is expected that the
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overall abundance of all organisms in the community would remain relatively constant
following replacement. When applied to one or more taxa replacing the function of a lost
species, abundance of an individual taxon may well change (e.g., see later development of
replacement Models IT or HI); a change in abundance may be necessary to allow the

community to process the same amount of resources with fewer species. In these cases,

the term 1+ C; should be replaced by the Rayleigh ratio A.

The MacArthur - Levins (1967) measure of niche overlap has been criticized fLJr
several reasons. Hurlbert (1978) identified three concerns. First, it is really an estimate of
the Lotka - Volterra competition coefficient and therefore is not synonymous with niche
overlap even though MacArthur and Levins (1967) referred to it as a niche overlap
measure. Second, it is affected by the distribution of non-shared resources. Third, it does
not account for the abundance or availability of resources being shared. The first criticism
is one of semantics and not of substance; it matters less what a measure is called than
what it actually measures. The third criticism is not valid in the present application since,
by Eq. 8. resources are held constant between the original and unperturbed communities,
thus explicitly accounting for abundance of resources being shared. The second criticism

remains unanswered and in further work, it may be necessary to substitute a more

appropriate measure.

MacArthur (1972) reported that the equation to describe species packing is
mathematical and does not assume any underlying biological structure. MacArthur {(1972)
developed the equation simply to represent what must happen when additional species are
added to a system: overlap increases, niche width decreases, or additional resources are
exploited. The equation takes on biological meaning when resource axes and units of

measurement are correctly chosen for any given community.
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Functional Replacement Models

MODEL I: RE-COLONIZATION

Model I (re-colonization) is based on the tenet that lost or removed taxa in one
aquatic system will be replaced through colonization by another, functionally equivalent
species. Colonization would occur through classic succession (Krebs 1985) whereby a
new species exploits resources in an unoccupied niche. Model I is shown conceptually iin

Figure 2. Invasion by species "D" follows loss of species "B". Species "B" and "D" have

similar niche widths and interact with other members of the community in similar manner.

According to Model I replacement, all variables in the modified MacArthur (1972)
equation remain unchanged following loss of species "B" and re-colonization by species
"D". Function of the ecosystem will be conserved by replacement species "D" having a
similar utilization function (D,;) as lost species "B". Diversity and amount of resources

processed by the community (D,) is maintained although community composition is

altered.

Model I, to a large extent, depends upon the presence of two or more ecologically
sirnilar species. The evolution of two ecologically similar species has been described in
past studies. Mayr's (1969) biological species concept includes the dimensional evolution
of each species in space and time (Burma 1949, Dunbar 1950). Evolution is the process
of change within populations following speciation. Depending upon the time scale and the
nature of the evolutionary and ecological forces, two species occurring in either sympatry

or allopatry may have retained or developed many similar features. This has been referred
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Species A Species B Species C
i ] |
Resource
Species A Species D Species C
i i i
Resource

Figure 2.

Model I - functionally equivalent replacement by re-colonization.
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to as parallel or convergent evolution (Griffiths 1986) and occurs when the same
characters are retained or developed in different species within cormnmon ancestral lineages
In response to similar evolutionary pressures (MacArthur and Levins 1967, Mayr 1969,
Giller and McNeill 1981, Ghilarov 1984). Two speciés, having evolved in similar
environments may, therefore, share important attributes that allow them to perform the
same ecological function. Merritt and Cummins (1984) described the convergent
evolution of similar scraper mandibles in four species of aquatic insects, representing four
families and two orders (Trichoptera: Glossosomatidae, Helicopsychidae, Limnephilidée

and Coleoptera: Psephenidae).

In the absence of experimental studies, it is hypothesized that evidence supporting -~
the potential extent of Model I replacement in natural systems may be found in studies
concerning competitive exclusion. According to the Principle of Gause (Whittaker 1975),
also referred to as the Principle of Gause-Volterra (Hutchinson 1957) or the Principle of
Competitive Exclusion (Hardin 1960), no two species can occupy the same niche in a
stable environment. That is, n species cannot co-exist on less than » resources, or in less

“than # niches or when limited by less than » factors (Armstrong and McGehee 1980). The
species that is at a competitive disadvantage will be excluded from the habitat (e.g., Ayala
1970, Gause 1970, Southwood 1977, Subra and Dransfield 1984). For example, species
"B" and species "D", are sufficiently similar that species "D" is excluded because of its
competitive disadvantage. Should loss of species "B" occur through anthropogenic stress,
species "D" may suddenly gain the competitive advantage and re-colonize. The second re-
colonizing species may overlap in a number of other resource axes such that it is able to

continue the same ecological function as the lost species.
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MODEL II: NICHE WIDTH EXPANSION

The second model follows from Roughgarden (1972) in which niche width is
hypothesized to increase following removal of competing phenotypes. Model II (niche
width expansion) is also consistent with the inverse of a species packing hypothesis of
MacArthur (1972). In Model II, one (or more) remaining species within the stressed
community increase resource utilization to compensate for the function of the lost taxon,
in part, through expanding niche width (D,;). Mode! II is shown conceptually in Figure 3,
Species "A" increases niche width in order to continue the ecological function of the lost
taxon, species "B". There is nothing in the relationship between species "A” and species
"B" to imply the potential for symmetrical replacement. That is, although species "A"
replaces the ecological function of species "B", the reverse is not suggested. Following
Model II replacement, niche overlap (o) is unchanged. Species diversity (D) and
number of neighbours (C) are reduced and diversity and resources used by average

species (D,) are increased. System function is therefore conserved since D, remains

unchanged.

According to Model II, functionally equivalent species co-exist through
partitioning of resources. In the absence of actual experimental studies on Model II
replacement, evidence for its potential in natural systems may be found by reviewing
resource partitioning studies. A number of researchers have been intrigued by the co-
existence of species with apparent ecological similarities. This has prompted the
generation of a large body of literature concerning the mechanisms evolved by these
ecologically similar organisms to partition resources. Such studies have often involved the
use of niche overlap metrics and therefore, may yield useful information concerning the

probability of Model II replacement.
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Species A Species B Species C
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Species A Species C
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Figure 3.

Model II - functionally equivalent replacement by remaining species
increasing niche width to compensate for lost taxon.
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Niche width expansion in co-existing odonates may have been observed by Benke
and Benke (1975). Standing stock of an assemblage of odonates within an abandoned
small farm pond in South Carolina, including congeneric species of Epitheca and
Celithemis, appeared to be buffered at the community level (Benke and Benke 1975). A
number of species had complementary life histories such that during years when one
species was reduced in numbers through apparently normal variability, another would be
present mn higher numbers. This resulted in relatively consistent odonate density and

+

biomass from one year to another.

MacArthur (1972) developed several hypotheses to account for the pattern of
resource partitioning between competing species and the number of species that could
exist within a community. The hypothesis from which Model II replacement was derived
is a prediction that species can be added to a community by reducing average niche width
(i.e., species become more specialized). Should species packing occur by existing taxa

reducing niche widths, the alternate may occur following loss of species.

Mechanisms to reduce niche overlap by partitioning resources will be favoured in
species that are in direct competition for limiting resources (Schoener 1974, Whittaker
1975). Thus, the total fitness of a species will increase if its exploitation of resources is
not limited or restricted by a competing species. MacArthur and Levins (1967) and
MacArthur (1972) have referred to this as the concept of limiting similarity. The
mechanisms utilized by individuals to limit competition are variable, and range from short-

term or phenotypical changes to long-term evolutionary changes (Moermond 1979).

Short-term or phenotypical changes operate at the individual level, and may

include altered facultative behavioural activities, growth, and reproduction (Moermond
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[979). Examples include: (1) the altered behavioural expansion of the niche width of the
salamander, Desmognarhus fuscus (Rafinesque), in the presence of two other congeneric
Desmognathus competitors (Southerland 1986); (2) the temporal reproductive activity
alterations in sympatric leopard frogs in Mexico (Frost 1983); (3) the flexible and
dynamic habitat partitioning or niche shifts (Sale 1979) in a guild of stream minnows
(Angermeier 1987, Gorman 1988); (4) niche shifts in sympatric versus allopatric
populations of brook trout and creek chub (Magnan and FitzGerald 1982); and (5) niche
shifts in three species of competing sunfishes (Werner and Hall 1979). Anholt (1990) aléo
reported that most damselflies are generalist feeders and may switch behavioural feeding
methods should a change in prey species occur (see also Crowley and Johnson 1982).
Similar switching in feeding behaviour has been reported for herbivorous branchipods
grazing on diatoms (Glasser 1978) and for limnetic and littoral cladocerans {Meyers
1984). Williamson (1984) and Krylov (1988) reported that many predators have wide
niche widths for prey, with varying functional responses depending upon available prey
species. Phenotypical changes in response to competition may be expressed differently
even within the same population. Basset and Rossi (1987) demonstrated that individuals
of the isopod Proasellus coxalis Dollfus, when offered a variety of food sources, selected
one of two possibilities. Some individuals specialized on a small range of fungi, resulting
in small brood sizes but high reproductive efficiencies, whereas the generalists had large
brood sizes but low reproductive efficiencies. Although thought to be relatively rare, this
appears to be a compensating mechanism adopted by this organism to maintain fitness
under different trophic conditions. It therefore may be possible that short-term, individual
phenotypical responses aimed at reducing competition, are reversible once the competing

species are lost from the system following environmental stress.
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Long-term genetic or evolutionary changes occur at the population level and may
include character displacement (Moermond 1979). Character displacement has been
reported by Klopfer and MacArthur (1961) for the culmen lengths in male sympatric bird
species in Panama and Costa Rica and by Fjeldsa (1983) for bill morphology in sympatric
grebes. However, there was evidence in this latter case that some evolutionary changes
had occurred within the last century. Further, Tokeshi ( 1986) noted that chironomids
appeared to have maximized temporal population dynamics in response to the period of
greatest production in the epiphytic algal community. Two types of adaptation we‘re
involved. The first type, likely controlled by long-term evolutionary processes, involved
the adjustment of the life-cycle to coincide with the period of greatest algal production.
The second type, likely because of the r_csilience of the chironomid community, invol:vﬂcd
larvae of multivoltine species reaching maximum growth and population size during the
spring period. Should long-term changes have occurred at the population level, it is
unlikely that such changes would be reversible once the competing organism is lost or

removed from the system.

MODEL IH: REDUNDANT SPECIES

The third and final replacement model is derived from an inverse of one of
MacArthur's (1972) species packing hypotheses. MacArthur (1972) predicted that species
can be added to a community by increasing average niche overlap. As new species are
added to a community, niche overlap increases to the extent that similar or redundant

species co-exist without resource partitioning (Figure 4).

Large niche overlap in the unaltered original community results in the presence of

redundant species. Following Model III (redundant species) replacement, species diversity



Species A

Species C
Species B

Species A

Resource

Species C
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Figure 4.

Model III - functionally equivalent replacement by reduction of niche overlap

following species removal.
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(D,), number of neighbours (C), and average niche overlap (&) are reduced while
diversity and amount of resources processed by an average species (D) are increased.
Community function (D,) is conserved. The increase in D, is caused by compensation in
the resource utilization functions of the remaining species. Abundance of the remaining
species must increase in order to satisfy the constraint imposed by Eq. 8. Competition of
some type must be operative, otherwise there would be no reason to expect replacement
species to increase in abundance following loss of taxa from original community.

J

Diversity of resources used by individual species (D,,) does not change since niche width

is not altered.

Model III relies to a large extent upon the co-existence of species in some
communities without resource partitioning. Bruns (1981) found no evidence that resource
partitioning occurred as similar species were added to a guild of predaceous aquatic
insects in a stream in Montana during some times of the year (Model IIT) although
reduction in niche width was apparent during other times (Mode! II). Bruns (1981)
attributed this to the possibility that resources were not limiting in this aquatic system at
some times or that other stochastic processes were operating, therefore reducing the need
for species to partition resources. A similar finding was reported by Bohnsack and Talbot
(1980) and Grossman (1981) for reef and stream fish, respectively. Bruns (198 1} reported
that species diversity was significantly correlated with average niche overlap in a negative
relationship, implying that diffuse competition (Pianka 1974) was operative. Diffuse
competition differs from classic competition between two species in that it operates

between groups of species.

Hale (1981) examined the relationship between several niche parameters and

morphological types within a guild of predatory aquatic insects in a riffle habitat in order
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to test MacArthur's (1972) predictions. Hale (1981) randomly constructed 50
communities from a pool of 271 insect types, and then compared these random
communities to actual riffle communities (see also Gatz 1981, Douglas 1987 and Strauss
1987 for a similar assessment of co-existing stream fishes). Almost all measures of
community description did not differ significantly between the random and actual
communities, implying that similar organisms may co-exist without substantial resource
partitioning. However, the random communities had a greater proportion of shorter
interspecies distances relative to actual riffle communities. This suggested to Hale (198i1)
that there was some limit to the extent of similarity in co-existing communities, but
through the mechanism of diffuse competition. Similarly, Crowley and Johnson (1982)
found that co-occurrence of 37 species of odonates at 201 sites clustered according to

habitat type was not significantly different than expected from random assembly.

Hutchinson (1957), Gilpin and Justice (1972), May (1974), Tilman (1977, 198 1),
~and Armstrong and McGehee (1980) reported a number of cases where apparently
competing organisms co-existed without resource partitioning. Co-existence is apparent
when the environment is stochastic, the relationship between the growth rate of the
competing species and the limiting resource is non-linear, the population density 1s
variable, or the species do not differ significantly in their use of the limiting resource.
These conditions may be common in aquatic environments, allowing for the co-existence
of a large number of similar species. Such cases have been discussed by Hutchinson
(1961) with regard to phytoplankton, by Ghilarov (1984) with regard to zooplankton and
other species, and by Grossman (1981), Angermeier (1987), and Gorman (1988) with

regard to stream fishes.
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Istock (1973) used the term species "ensemble” to refer to groups of co-occurring,
ecologically similar organisms with the potential to co-adapt. Istock (1973} suggested
that a model involving "errors of exploitation" allowed a large number of similar corixids
to co-exist. The "errors of exploitation” model essentially assumes that food resources are
not limiting, a situation which may occur frequently in stochastic environments. Should
one of these co-existing species be removed, it may be possible for the other species to

maintain the cycling of material and flow of energy as if both species were present.

A summary of the major features of each replacement mode! is shown in TABLE
I. Model IT and HI are similar in many ways and therefore, it may not be possible in most
systems to determine which of the two might be operative, However, they differ
conceptually and therefore should be regarded as different mechanisms. It is likely that

each may operate in different types of communities or in different groups of species.



TABLE 1.

Major features of the three models describing mechanisms by which potential species

following environmental perturbation.

replacement may occur

Model

Made of
Replaccent

Number of Species
(Diversity)

Characteristics of Replacement Species

Characteristics of Habilat

Evidence for Predicting Potential
Replacement

Model I

+ re-colonization

* unchanged

* poor competitor relative (o the lost
species

*

does not co-exist with lost species
prior {0 perturbation

inilexible niche width

good dispersal ability

* stable

¢ resources limited

significant niche overlap in allopatric
populations

competitive exclsion

Modei [I

* niche expansion

o declines

ability to alter niche width through
behavioural or shoit-term

phenoty pical traits in response to
compelition

may be present as part of a functional
guild

co-exist through resource partilioning
with lost species prior to perturbation

* stable
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CHAPTER HI
EVIDENCE FOR POTENTIAL REPLACEMENT

ABSTRACT

Over 200 studies involving resource partitioning by apparently competing
organisms were reviewed; ~ 120 of these provided sufficient detail to judge the potential

for replacement without alteration of community function. These studies involved 11

phyla and over 2000 species-pairs. Functional replacement likely could not occur in more

than ~ 20% of guild-forming congeneric organisms. Patterns were not evident within any - -~

single phylum, class, family, genus, or within similar functional guilds.

Replacement by Model I (re-colonization) appears to be least common. Evidence
from competitive exclusion studies suggests that when replacement is possible, it would
occur by Model T in ~ 10% of cases. Replacement by Model II (niche width expansion)
appears to be more common. Model II replacement could potentially occur in ~ 70% of
cases, with the remainder being Model III (redundant species). There appears to be
greater potential for Model III replacement among aquatic insects than among other
groups. The presence of ecological equivalents cannot be demonstrated unequivocally in
most resource partitioning studies because symmetrical niche overlap metrics were used,
only one resource axis was examined, or resource overlap was examined within a single

community of apparently competing organisms.
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INTRODUCTION

It is important to gain an understanding of how widespread the phenomenon of
potential functional replacement might be within aquatic communities to make judgments
on the extent to which communities might naturally compensate for environmental
perturbation. One of the features that all three replacement models have in common
(Chapter II, TABLE 1) is the use of niche overlap to predict whether replacement is likely.
A large body of literature exists on niche overlap among species in various communitie;s.
This literature was generated over the past 20 years as researchers attempted to
understand mechanisms that controlled communities or led to structure within
communities. In this chapter, studies on niche overlap in aquatic communities are
reviewed; data are re-analyzed relative to the potential for one species to replace the
function of another following hypothetical loss as a result of environmental disturbance.
The objectives of this chapter are to describe various meastres of niche overlap, to discuss
their utility for predicting the likelihood that one species may be able to replace the

ecological function of another, and to present new information. concerning the potential

for functional replacement.

Measures of Niche O‘verlap

Methods to measure niche overlap have been developed by a nurﬁber of workers to
yield information principally concerning the similarity between organisms and hence, the
potential for competition (e.g., Schoener 1970, Colwell and Futuyma 1971, Green 1971,
Pielou 1972, Pianka 1973, Hurlbert 1978, Petraitis 1979, Lawlor 1980). Niche overlap
metrics have been divided into four general groups (Petraitis 1979}, namely: (1) distance

measures (Levins 1968, Schoener 1968, MacArthur 1972); (2) association indices (Cody
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[974); (3) correlation coefficients (Levins 1968, Pianka 1973); and (4) information
measures (Horn 1966). Petraitis (1979) subsequently developed a metric based upon
likelihood theory and later showed that niche overlap could be related to the consumption
vectors in a resource utilization model (Petraitis 1989). Hurlbert (1978) developed a
metric that was weighted in accordance with the amount of resource present. This metric
was used to determine the probability of encounter of one organism with another.
Multivariate niche overlap methods, mainly involving multivariate discrimina'nt
analysis, have been used by Green (1971, 1974), Rossi er al. (1984), Macdonald and
Green (1986), and McNeely (1987). Niche width has been estimated in canonical
correspondence analysis by the standard deviation or tolerance of the distribution of a
species along a gradient (ter Braak and Barendregt 1986, ter Braak and Looman 1986, ter
Braak and van Dam 1989). ter Braak (1991) reported that Green's (1971) estimation of
niche width using multivariate discriminant analysis is equivalent to canonical
correspondence analysis applied to presence-absence data (Chessel er al. 1982, 1987;
Lebreton et al. 1988). Niche metrics in canonical space have been discussed by Dueser
and Shugart (1978, 1979, 1982), Carnes and Slade (1982), and Van Horne and Ford
(1982). Dueser and Shugart (1979) estimated overlap in canonical space following
discriminant analysis by calculating the proportion of planar overlap of the 95%
confidence ellipses. Green (1974) suggested that niche width in multivariate space can be
estimated by the 50% confidence ellipse and that niche overlap can be visually estimated

from plets of the 50% confidence ellipses.

A number of the niche overlap measures are symmetrical (e.g., Pianka 1973) and
are intended to yield the same value regardless of niche width, while others, such as that

developed by Levins (1968), are asymmetrical. That is, with the use of symmetrical
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measures, overlap of species "a" on species "b" results in the same overlap coefficient as
the reciprocal comparison. For the purpose of determining the potential for one species to
replace another, symmetrical measures are not appropriate, since it is tmportant that
information on the niche width of the two organisms be retained within the overlap metric.
Most univariate overlap metrics result in coefficients ranging from 0.0 to 1.0 with 1.0
implying complete overlap (e.g., Levins 1968). Overlap values > 0.70 may be considered
significant and values < 0.30 may be considered insignificant (Macdonald 1983), although

]

most often, values > 0.60 are interpreted as being significant (Fuller and Hynes 1987).

Most measures of niche overlap, with the exception of multivariate discriminant
analysis, involve estimating resource overlap along one dimension or one type of resource,
such as food. When more than one axis is considered, the individual overlap measureé
must be either summed or multiplied, depending upon whether or not the resource axes
are dependent or independent, respectively (May 1975). | The decision regarding

dependence or independence of axes is rather arbitrary (Rossi et al. 1984).

The most appropriate measure of niche overlap is uncertain, since a number of
existing metrics have been criticized (Hurlbert 1978, 1982; Abrams 1980, 1982) and the
reliability of the resulting information has been questioned (Wallace and Ramsey 1983,
Zaret and Smith 1984, Smith 1985). Further, some methods used to measure niche
overlap may not be useful for determining the potential for functional replacement.
Slobodchikoff and Schulz (1980) cautioned that Petraitis’ (1979) likelihood measure,
should not be used to determine overlap between organisms that occur in two separate
habitats. Niche width and overlap may be reduced in sympatric populations (Davies et al.
1982, Thorman 1982) in order to allow co-existence (MacArthur 1972). Contrary to

Slobodchikoff and Schulz (1980), this feature of Petraitis' (1979) likelihood measure
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makes it ideal for predicting the potential for Model II replacement where niche width is

expected to be wider in allopatric populations relative to sympatric populations.

Functional Similarity

The sum of all individual processes involved in the movement, transportation, or
cycling of materials and in the flow of energy between trophic levels can be referred to as
the function of a system (Lindeman 1942; see also the review by Hecky 1984). Tfle
functional integrity of an aguatic system can therefore be assured by the maintenance of
these individual processes (Regier 1990, U.S. EPA 1990). Individual species within any
community play a role in the movement of materials and in the flow of energy. This role,
as defined by Hutchinson (1957), is the fundamental niche of an organism. The number of
resource axes in the fundamental niche of any organism is relatively large, representing all
abiotic and biotic factors. Because not all resource axes can be rheasured {Green 1971)
and because some resource axes are more important than others in describing the role of
an organism (Giller and McNeill 1981), some simplification is required in order to
realistically describe the niche of each organism. The resource axes can be grouped into
temporal, spatial, and trophic axes (Pianka 1973), based upon the major categories of
methods used by organisms to partition resources. These axes can be further subdivided
into macrohabitat, microhabitat, food type, food size, diel time, and seasonal time
(Schoener 1974). It is assumed that when significant differences exist between two
organisms in any of the three major categories, the two organisms probably function
differently in contributing to the movement of materials or to the flow of energy within a

system.
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Assessment of functional similarity may be confounded by a number of factors.
For example, aquatic insects may change the spatial and trophic resources exploited from
one life stage to another. An early larval instar may be a generalist feeder, whereas a later
nymphal instar may become a more specialized feeder because of development or
maturation of the feeding apparatus (Titmus and Badcock 1981).  Ontogenetic
morphological and behavioural changes have similarly been reported for other organisms
during maturation (Werner 1979, Tallman and Gee 1982, Marrin 1983, Griffiths 1986,
Ross 1986, Mark er al. 1987, Walls 1990). Moreover, some aquatic insect larvae switéh
behavioural feeding habits depending upon the density and the type of available prey
species (Murdoch 1969, Moore 1988), whereas others do not (Cothran and Thorp 1985,
Spitze 1983).

METHODS

Pertinent literature was examined for evidence of: (1) competitive exclusion
(Model I - re-colonization); (2) cases of short-term, phenotypical mechanisms used to
partition resources (Model II - niche width expansion); and (3) similar species co-existing
without resource partitioning (Model III - redundant species). Judgments were made on
the probability that one species might be replaced by another similar species, without
disruption of ecological function, based upon the extent of fundamental or realized niche
overlap. In almost all cases, the judgment of the original author was used concerning
whether niche overlap was significant or not. In cases where such judgments were not
made but sufficient information was presented, overlap was considered significant
according to the criteria of Fuller and Hynes (1987). Sufficient detail was provided in ~

120 resource partitioning studies, representing 11 phyla and 2127 combinations of aquatic
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Or semi-aquatic species. Approximately 100 other studies did not contain sufficient detail

to allow judgments to be made concerning replacement potential.

RESULTS AND DISCUSSION

Examples of potential replacement from four studies are described below. These
examples are typical of the ~ 120 studies that contained sufficient detail to allow

judgments regarding potential for functional replacement.

Case Studies

EXAMPLE STUDY 1: TROPHIC RESOURCE AXIS PARTITIONING

Blois (1985) examined trophic resource partitioning in a small man-made pond in
France in order to understand the mechanisms that allowed co-existence among the
Anisoptera larvae Anax imperator Leach, Aeshna cyanea Miiller and Libellula depressa
Leach. Niche overlap was measured with Pianka's (1973) index for diet, life cycle, and
microhabitat or spatial distribution. Aeshna cyanea and A. imperator occupied the same
ecological niche, had similar life cycles, and had identical diets. Diets were composed of
microcrustacea, Zygoptera, and Ephemeroptera larvae. Large differences were evident
between Ae. cyanea - L. depressa and A. imperator - L. depressa, especially in diet. This
was attributed to a combination of morphological and ethological characteristics such as
differences in the shape of the prementum and labial palps, which allowed the aeshnids to
capture and manipulate larger prey items than the libellulids. On the basis of this

information, it would appear that the two aeshnids counld replace the function of each
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other should either be lost or removed, whereas neither could replace the function of L.

depressa.

EXAMPLE STUDY 2: TROPHIC RESOURCE AXIS PARTITIONING WITH
EVIDENCE OF COMPETITIVE EXCLUSION

Reynolds and Scudder (1987a) determined the fundamental feeding niches of
Cenocorixa bifida hungerfordi Lansbury and Cenocorixa expleta (Uhier). These tvs:'o
species co-exist in some saline lakes but not in others, with C. expleta being able to
successfully breed in lakes of higher salinity than C. bifida hungerfordi. A large range of
prey taxa, simular to those found in the littoral zone of most lakes, were provided in
controlled feeding experiments. Both species had a common range of acceptable food
items, as evidenced during single prey feeding experiments. There was some evidence that
C. bifidi hungerfordi preferred dead food rather than live food, whereas there was no such
preference exhibited by C. expleta. The two species may differ in their ability or efficiency
to detect, capture, or handle live prey. Both species accepted 16 of the 17 prey items
presented during the feeding experiments. Although the proportions of each item selected
were slightly different between species, such differences were not statistically significant.
Reynolds and Scudder (1987a) noted that in moderately saline lakes, both species co-
existed even though they were ecologically similar in terms of breeding and feeding
patterns, and were closely related sympatric species. It was speculated that large
environmental fluctuations within the study region prevented one species from eliminating
the other as a result of competition. However, C. expleta was absent from lakes of low
salinity. Reynolds and Scudder (1987a) thought that competition for food in such lakes

might result in the exclusion of C. expleta.
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Reynolds and Scudder (1987b) attempted to differentiate between the fundamental
and realized feeding niches of C. explerq and C, bifida hungerfordi in both sympatry and
allopatry. Since these species overlap considerably in terms of the fundamental niche, it
was expected that this should create competition such that the realized feeding niche
should overlap more in allopatry than in sympatry. Although not definitive, there was
considerable overlap in the realized feeding niches of these two species in both sympatry
and allopatry. Other factors may be present that operate to exclude C. expleta from lakes
with low salinity. Thus, C. expleta and C. bifida may be able to replace the function iof

each other in ponds with low salinity, but not in waters of moderate salinity.
EXAMPLE STUDY 3: ASYMMETRIC PARTITIONING OF HABITAT

Co-existence of two notonectid predators, Notonecta undulata Say and M.
insulata Kirby, was examined in a small man-made pond in Connecticut (Streams 1987).
Notonecta undulata was one of the most common notonectids in the study area, thereby
providing sufficient sources for re-colonization should exclusion occur due to adverse
conditions. N. insulata was less common. Both populations exhibited significant spatial
separation during most times of the year, except when pond volume was significantly
reduced late in the summer season. Most N. undulata were found near the pond edge in
water < 0.3 m deep, while most N. insulata were found in the central area of the pond in
water > 0.5 m. Spatial separation was thought to occur earlier in the life stages, either by
an ovipositing female or by behaviour of an early instar. In experiments conducted to
determine water temperature tolerances, N. insulata could not tolerate higher water
temperatures, therefore possibly restricting this species to deeper and cooler water habitat,
Notonecta undulata was slightly larger than M. insulata, which may have conferred a

slight competitive advantage. Recruitment of N. undulata occurred continuously during
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the early part of the summer, but only occurred during a short period of time for N,
insulata. This pattern may be one of the reasons explamning the larger numbers of .
undulata. In cage experiments, N. undulata was not affected by water depth alone,
whereas survival of N. insulata was affected by water depth. Neronecra undulata may be
able to replace the function of N. insulata in deeper water should N. insulara be lost or

removed but reciprocal replacement in shallow water by N. insulata is unlikely.
EXAMPLE STUDY 4: NO APPARENT RESOURCE AXIS PARTITIONING

Johnson er al. (1984), using in siru enclosures, attempted to determine the role
played by interspecific and intraspecific competition to allow Enallagma divagans Selys
and E. fraviatum Selys to co-exist. There was little evidence of resource partitioning
between the two species, although food limitation was not apparent within the enclosures.
Exploitation competition was not considered to be a major factor in the experiment.
However, the average condition of E. divagans larvae appeared to be density-dependent.
The authors attributed this density-dependent relationship to aggressive behaviour among
the larvae or other forms of interference competition. Even though the presence of
density-dependent effects on condition were statisticaily significant, Johnson er al. (1984)
thought that their influence on population dynamics was not large. Survival and biomass
production were significantly greater for E. divagans than for E. traviaturm;, however,
neither effect was dependent upon density. From examination of fecal pellets,
considerable overlap in diet was evident. Given the high dietary overlap between these
Enallagma and their ability to co-exist without apparent obligate factors to partition

resources, one species may be able to replace the function of the other, should either be

lost or removed from the system.
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An overview of the results is shown in TABLE 1. Detailed information is
presented in Williamson (1994). Ecological function of ~ 17% of the total number of
species could potentially be replaced by other taxa. The range of potential replacements
varied considerably among major taxonomic groups. Within the Holothuroidea, potential
replacements were identified for 4.5% of the species examined in resource partitioning
studies, whereas 100% of Spermatophyta and Turbellaria had potential replacements.
However, few resource partitioning studies were available for several groups, including
the Spermatophyta and Turbellaria. The largest data set was available for Mollusca,
Crustacea, Insecta, and Osteichthyes; generalizations drawn from studies on these latter
groups may provide a more realistic insight into replacement patterns relative to less-

studied taxa.

Competitive exclusion was not a major outcome of interaction betweéﬁ
hypothetically fost and potential replacement taxa. Therefore, little evidence for the
Model I replacement is available. Overall, competitive exclusion was evident in ~ 10% of
the total potential replacement taxa. For Mollusca, Crustacea, Insecta, and Osteichthyes,

competitive exclusion was evident in 17%, 14%, 3.4%, and 5.4%, respectively (Figure 1).

Potential replacement and hypothetically lost taxa tended to partition habitat or
space more often than food or time. Overall, habitat was partitioned by slightly over 50%
of the potential replacement and hypothetically lost taxa (Figure 2). Within the most
studied groups, potential replacement and hypothetically lost taxa partitioned habitat 96%,
75%, 36%, and 54% for Mollusca, Crustacea, Insecta, and Osteichthyes, respectively.
Interestingly, 47% of the potential replacement and hypotheticaily lost insect taxa
apparently did not partition resources. This may provide some evidence for Model III

replacement in aquatic insect communities.



TABLE 1.

Overview of the resource partitioning studies listed in Williamson (1994).

Summary of Studies Resource Partitioning Taxonomic Level of Replacement
Among Potentiat Replacement Taxa
Group Number of Numberof Numberof Numiber of Percentage Competitive Temporal Spatial Trophic No Apparent Congeneric  Confamilial Other
Studics Higher  Species-Pairs Species With Replacement Exclusion  Resource Resource Resource  Partitioning  Replacement Replacement
Reviewed Taxonomic Replacement  Potential Among (Model II)  (ModelII)  (Model I}  (Modet D
Groups Potential Potential
Replacement
Taxa
{Model 1)

Thallophyta 4 2 Classes 20 9 (9 459,¢ 66% 22% 78% 100%
Spermatophyta 1 I Family 2 2(0 100% 100% 100% 100%
Protozoa 1 1 Class 2 1) 50% 0% 100% 100%
Turbeltaria | [ Family 2 2 100% 100% 100% 100%
Mollusca 15 2 Classes 60 2411 40% 17% 96% 4% 333% 58.4% 8.3%
Annelida 4 2 Classes 81 10 (0) 12% b 60% 409% 20% 80%
Acariformes | 1 Order 12 4(0) 33% b 100% 100%
Crustacea 17 6 Orders 327 60 (17 18% 14% 75% 3.3% 21.7% 26.7% 66.7% 6.0%
Insecta 25 18 Families 652 87 (38) 13% 3.4% T% 36% 10% 41% 54% ©46%C
Holothuroidea 2 | Class 133 6 (0) 4.5% _b 100% 100%
Osteichthyes 40 25 Famijies 744 149 (101) 20% 5.4% 54% 27% 19% 57% 34% 9%
Amphibia 6 2 Families 16 12 ¢4) 5% 25% 333% [6.7% 16.7% 333% [00%
Reptilia | 1 Famify 6 2(2) 33% 0% [00% 100%
Aves 1 | Subfamily 72 4(0) 55% 9% 100% 50% 30%
Total 119 i1l Phyla 2129 372(183) 17.3% 10% 3% 54% 20% 23% 49% 44% 7%

“ Numbers in parentheses are potential repl

? Zero or unknown,
“Twenty-cight of these were identified only to genus.

acements asseciated with considerable uacertainty.
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Figure 1. Clustered bar graph showing the number of potential replacements identified in relation to the number of species-pairs

available from the literature. When potential replacement taxa were located, the number of cases of competitive
exclusion is shown. '
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There were slightly more potential replacement taxa in the same genus as
hypothetically lost taxa, with overall replacement at the congeneric level of nearly 50%
(Figure 3). The majority of the remaining potential replacements were from the same
family as hypothetically lost taxa. Within the most studied groups, replacement potential
at the congeneric level was 33.3%, 26.7%, 54%, and 57% for Mollusca, Crustacea,

Insecta, and Osteichthyes, respectively.

Similar to the observation of May (1986), there is no simple dichotomy of patte;'n
evident. There does not appear to be any consistent trend in the potential for ecological
replacement within any single phylum, class, family, genus, or within similar functional
guilds. The majority of studies involved aquatic insects or fish. The overall percentage of
potential replacement taxa from these groups was similar. Potential for replacement

within other groups was highly variable, but only a limited number of studies were

availabie,

There is potential for the replacement of ecological function following loss of some
taxa. However, this potential is not widespread and may be limited to a number of closely
related organisms within functional guilds. The majority of the identified potential
replacement organisms belonged to the same genus as the hypothetically lost taxa. This is
consistent with the findings of Ross (1986) who demonstrated for fish that the ecological
separation within co-existing congenerics was much less than within confamilial or
conordinal assemblages. However, there was some evidence to support potential

replacement at the family level.

Competitive exclusion was evident in only a small percentage of interactions.

Thus, either Model I replacement is uncommon or the utility of competitive exclusion for
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detecting this type of potential replacement is limited. Competitive exclusion could have
limited utility for two reasons, at least in aquatic systems. First, competitive exclusion
may not be common in aquatic communities that are structured by stochastic processes as
suggested by Grossman (1981). Schlosser (1982) reported that exclusion is probably not
4 common response to competition in shallow, unstable habirtats. In such habitats, rates of
re-colonization are normally high, thus reducing the length of time organisms are
competing. When re-colonization rates are low, gradual changes in physical condition
because of competitive interaction or temporal variation in reproductive success may tfle
most common responses (see also Hutchinson 1961, Kullberg 1982, and Sommer 1983,
regarding lack of exclusion in algal communities). The lack of competitive exclusion was
demonstrated in models developed by Smith er al. (1975) and Powell and Richerson
(1985), although a number of outcomes are possible in coral reef fishes as demonstréted
by Abrams (1984), and in phytoplankton as demonstrated by Sommer (1983) and Lange
(1974).  Second, exclusion may occur only when one species has a tremendous
competitive advantage. Therefore, when competitive exclusion does occur, it may be
between two species that differ greatly, such as the exclusion of the rotifers Brachionus
calyciflorus Pallas and Keratella cochlearis (Gosse) by Daphnia pulex Richard when they
were in competition for the same size of phytoplankton (Gilbert 1985) or the exclusion of
the gastropod Biomphalaria glabrata (Say) by the introduction of a larger prosobranch
snail (Pointier ef al. 1988). In this latter case, the prosobranch destroyed the vegetation
beds that B. glabrata also depended upon. In the former case, the rotifers could not be
expected to replace the function of the cladoceran even though they compete along one
resource axis. Competitive displacement or niche shifts as opposed to complete exclusion
is probably the most likely outcome of competitive interactions within most aquatic

systems. This has been reported in a number of cases where the displaced organism did
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not appear to be at a great competitive disadvantage (Capelli and Munjal 1982, Capelli

and Magnuson 1983),

A pattern that emerged was the relatively high percentage of potential replacement
and hypothetically lost taxa that partitioned habitat in order to co-exist. This finding may
not be surprising since habitat is most often partitioned by communities of co-existing
species (Schoener 1974, Cudney and Wallace 1980, Toft 1983), with the exception of fish
(Ross 1986). This may have significant implications since potential replacement taxa, 'in
the absence of lost or removed taxa, may be able to more easily shift microhabitat
selection than changing food consumption or altering life cycle. Niche shifts following
release of competition may support the potential for Model II replacement. Alternatively,
this pattern may be an artifact of the types of studies that were available for assessment.
For example, co-existing species that partitioned resources on the basis of food, likely

would have been judged incapable of potential replacement unless evidence of abilities to

shift feeding patterns following removal of one of the taxa was presented.

The use of niche overlap between co-existing organisms to identify patterns
concerning the existence of ecological equivalents has a number of disadvantages. Most
studies were conducted to determine the role of competition in structuring communities
and how community members responded to this competition by partitioning resources.
These studies usually involved closely-related taxa within functional guilds. Differences
between organisms that could be used to develop an explanation of co-existence were
sought and in most cases, differences were found. However, very few studies were
conducted to determine similarities as opposed to differences. Further, should the limiting

similarity hypothesis (MacArthur and Levins 1967) be operative, there is a limit to the
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degree of similarity between two competing organisms, so that when organisms that are

apparently in competition are selected for study, differences will inevitably be found.

Perhaps the best studies to determine the potential for Model II replacement are
those in which resource use of species in both sympatry and allopatry were examined, such
as the study conducted by Rossi er al. (1983) for two isopods. Niche width differs
between the two populations; therefore, information on intraspecific resource use
flexibility is provided. In sympatric populations, niche width and overlap is often: ('1)
reduced, probably to allow co-existence (e.g., Thorman 1982); or (2) van'able? as
described by Davies et al. (1982) for two Hirundinea (leeches) when niche width changed
depending upon which species was numerically dominant. Liem (1984) also noted that
fish are quite versatile since any one fish, regardless of mouth orientation, can harvest food
from any location merely by re-orienting the body. This can therefore result in niche
expansion, niche shifts, and extensive niche overlap. Niche overlap studies then must be
focused upon attempting to describe the potential (fundamental) versus the realized niche
(Hutchinson 1957, Rorslett 1987). The ability of an organism to actually occupy its
potential niche then can be described by a probability function (Rorslett 1987). Similarly,
the most suitable niche overlap metrics are those in which overlap is asymmetrical (e.g.,
Levins 1968), or those in which overlap can be simultaneously assessed along multiple
resource axes [e.g., multivariate techniques such as discriminant analysis (Green 1971)].
For example, as previously mentioned, because of the asymmetrical nature of niche
overlap, one species may be able to replace another in certain circumstances, but not in

others [e.g., Reynoldson et al. (1981) for Polycelis nigra (Miiller) and P. tenuis Jjimal.
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CHAPTER IV
REPLACEMENT POTENTIAL OF ARTHROPODS IN SIX BOREAL FOREST .
STUDY PONDS BASED UPON GENERALIZED ECOLOGICAL FUNCTION

ABSTRACT

Functional group classification and size spectrum analysis were used to identify
potenttal replacements for taxa mhabiting six study ponds in Sandilands Provincial Foresl;t,
Manitoba, Canada. Out of 108 species of aquatic arthropods, 36 species (33.3%) had at
least one potential replacement. Potential replacement taxa processed similar food

materials, in the same microhabitat, at the same time, using the same feeding method, and

were similar in size as the original or hypothetically lost species.
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INTRODUCTION

The potential for one species to replace the ecological role of another depends to a
large extent, upon the replacement species processing similar food materials, in the same
microhabitat, at the same time, and using the same feeding method as the original species.
In turn, the replacement species must cycle matter and transfer energy to other trophic

levels in a manner similar to the original species.

Classification of aguatic insects according to ecological function, independent of
taxonomic classification, has developed since the early 1950's (see discussion by Merritt
and Cummins 1984). Functional group classification has been used to advance and modify
concepts related to longitudinal zonation in stream systems (Vannote er al. 1980, Culp and
Davies 1982, Minshall er a/. 1983, Bruns and Minshall 1985, Minshall er al. 1985,
Statzner and Higler 1985). Functional group classification has been used in recent years
to relate aquatic community census data to environmental disturbance (Karr and Dudley
1981, Karr er al. 1986, U.S. EPA 1990, Karr 1991). Classification of aquatic arthropods
into functional groups may provide the first step in broadly determining the pool of

available potential replacement taxa for any given species.

The hypothetically removed or lost species and the available pool of potential
replacement species must be similar in size for two reasons. First, there is a direct
relationship between the size of the consumer and the size of prey species or food particles
processed. The importance of size differences between predators and prey has been
described in feeding strategy theory (Schoener 1971), shown mathematically for
zooplankton (Vanderploeg and Scavia 1979) and other species, and demonstrated in field

studies for a number of aquatic insect species. Kovalak (1980) found that size of prey
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varied with plecopteran predator size in a stream community. Relationships between
predator size and prey size have been shown by Sheldon (1969), Wemer and Hall (1974),
Wilson (1975), Siegfried and Knight (1976), Kovalak (1978), Schroder (1986), and

Warren and Lawton (1987).

Second and not completely independent of the first, the biomass size spectrum of
the altered community must remain similar to the original community, even though the
species complement has changed. Biomass size spectrum is the distribution of ‘biomass m
a system across the range of organism size (Sprules er al. 1991) and biomass flow is the
movement of biomass from one size to another (Borgmann 1987). The potential
replacement species must be capable of moving biomass up the size spectrum in a similar
manner as the original species. Sprules and Munawar (1986) suggested that residual
variation around the normalized biomass size spectrum may be an indication of system
perturbation, and thus a reflection of altered energy flow from small to large organisms or
shifts in matter cycling. Biomass flow up the size spectrum can be directly related to

diversity and amount of resources processed by the community (e.g., D. from Eq. 1 and

Eq. 9, Chapter 1.

Size spectrum analysis has become commonplace in recent years, leading to the
development of theory of particle-size distribution patterns related to ecological and
physiological processes (Borgmann 1987, Gaedke 1993). This theory was principally
developed from study of planktonic communities and may not completely hold for
zoobenthic biomass size spectra. Rodriguez and Magnan (1993) found biomass size
spectra to differ significantly in macrobenthos communities relative to planktonic

communities. Nevertheless, the only assumption being made in the present study is that
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the size spectrum of the community should remain unchanged after species replacement,

regardless of the underlying form of the original community's size spectrum.

The objective of this chapter is to assess the aquatic arthropod community
structure in six small boreal forest ponds and to develop hypotheses concerning the
availability of potential replacement taxa. The data set was assessed as follows:

1) by determining the generalized ecological function of each species from published

literature;

2) by identifying for each species, other taxa that are members of the same functional
feeding group, process food by the same method, normally consume a similar type of
food, occupy the same preferred microhabitat, and forage for food, avoid predators,

etc., using the same behavioural traits;

3) by statistically comparing each species with its respective group of potential
replacement taxa and rejecting as potential replacements those that differ significantly

in size.

MATERIALS AND METHODS

Study Area

During the mid-1950's, a large number of relatively small, uniformly shaped ponds
were excavated along access roads throughout Sandilands Provincial Forest. Sandilands

Provincial Forest is located ~ 60 km southeast of Winnipeg, Manitoba, Canada (Figure 1).
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The ponds were intended to retain water for fire suppression by the Manitoba Department
of Natural Resources. Most ponds were never used for this purpose and have therefore
remained relatively undisturbed. Colonization and succession have occurred over a period
of ~ 35 years. The ponds more closely resemble fens than other wetland types (Zoltai
1987) except that banks are steep and uniform. The structure of the aquatic insect
community in six of these ponds was studied during a two-year period, beginning in the
autumn of 1988 and continuing until the aumimn of 1990, Information was also collected
on descriptors of pond environment or habitat. These included water chemistry variablés,

physical attributes of bottom sediments, structure and composition of the macrophyte

community, pond morphology, and hydrology.

Approximately 100 such ponds were examined during the initial phase of this
study. Six ponds were selected for intensive study based upon a number of criteria: (D
uniformity in morphology; (2) good development of macrophyte community; (3) close
proximity to each other; (4) minimal surface inflow or outflow; and (5) resistance to
drought. In addition, all of the ponds were located in a relatively isolated area, thus
providing some degree of protection against vandalism or other disturbance during the
study. During the initial pond selection and data collection phase, all ponds were
numbered sequentially. This identification system was retained throughout the study even
though only ponds numbered 34, 37, 39, 40, 41, and 42 were selected. Geo-reference
information (Trimble Navigation Ensign Global Positioning System using Canada mv
(NAS-E) mapping datum, with 3-dimensional solution from a minimum of 5 satellites) is

listed in Williamson (1994).

Climate within the study area is continental, with average annual rainfall of 508

mm (Wetr [1983). The ponds are located in Temperature Zone 2, with 2600 to 3000
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degree days above 5.6°C (Weir 1983). Surface deposits in the area are composed of
marsh, fen, swamp, and bog deposits up to 6 m thick. Glaciofluvial deposits, consisting of
gravel, sand and silt, are located throughout the area. Moraines can also be found within
glaciofluvial deposition areas. Prominent beach ridges exist throughout some areas of
Sandilands Provincial Forest. Remnants of glacial deposits consist of highly calcareous
till, derived from Paleozoic carbonate rock. In addition, small bedrock outcrops are
located in some areas. Predominant soils consist of Gray Luvisol, Butric Brunisol, with
organic Fibrisol and Mesisols tocated to the east. Soils are coarse and well drained alild

the terrain is level to undulating, Vegetation, typical of boreal forest, is mainly mixed

stands of spruce and aspen (Weir 1983).

Arthropod Community

A modified Ekman dredge (0.052 m2) was used to sample the pond insect
community quantitatively. A 1.83 m pole was attached to the topmost structure of the
dredge. Two levers each 1.83 m in length were attached to the two jaws and connected to
the central pole near its distal end with 0.76 m arms. Downward pressure could be
exerted on these levers, thus assisting the springs to completely close the sampling jaws.
Nitex® nylon screen (400 pm aperture) was placed across the top opening of the dredge
to minimize insects escaping while the Ekman was being lowered into place. Because of
the extensive macrophyte growth at most sampling locations, a 19.7 cm wide cutting blade
placed perpendicular on the end of a pole, was used to sever all vegetative growth around
the margins of the dredge. A large net, also constructed of 400 wm aperture Nitex® nylon
net, was placed around the dredge before it was completely removed from the water to
trap any escaping animals and the contents were emptied into this net. All samples were

collected while wading in the ponds. The samples were sieved and preserved by adding ~
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500 mL of 10% formalin solution (Edmondson and Winberg 1971). Rose bengal was
added to the formalin solution at a concentration of 100 mg L1 (Mason and Yevich

1967).

Three dredge samples were randomly collected from each pond four times during
the open-water period (normally during April, June, August and October).  Sampling
locations were determined with the use of a grid and the generation of random numbers,
Two line transects were located on the ponds. The first transect was placed across tfle
width of the pond near the approximate pond centre. The second transect was placed
perpendicular to the first across the length of the pond, also near the approximate pond
center. The transects were marked off in 0.5 m intervals. Thus, the transects served as -
the abscissa and ordinate to divide the ponds into four quadrats. Random ﬁumbers were
generated from a normal distribution with various minimum and maximum values that
corresponded to the pond widths and lengths. Hence, every location within each pond had
equal probability of being sampled each time. In order to maintain a consistent approach,

the abscissa was always located parallel to the adjacent access road.

Additionally, one gualitative sweep sample using a standard D-frame net with 400
X 800 um mesh was collected from each pond on each sampling occasion. The sweep
samples were collected to ensure that specimens present in low abundance were
enumerated and to verify that all dominant taxa were being sampled by the Ekman dredge.

One continuous sweep with the net was made within one randomly selected pond quadrat.

Arthropods were separated from the substrate with the use of sugar flotation
(Lackey and May 1971). An initial specific gravity of 1.130 to 1.135 was effective. An

aliquot of ~ 500 mL sediment was thoroughly mixed with 2 L of sugar solution. Masses
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of stems, leaves, roots and other plant material were thoroughly pulled apart and examined
carefully for invertebrates through a magnifying lens and fluorescent light assembly. The
surface of the flotation solution was systematically scanned also through the magnifying
lens. Once all visible organisms were removed, the sediment and flotation solution were
again thoroughly mixed. This continued until no additional organisms were located after

three such iterations. Invertebrates were preserved in 70% ethanol.

Arthropods were identified to species, where possible, using available taxouon{ic
information. Specimens from several families, especially Chironomidae and Chaoboridae,
were not enumerated and identified. Total body length, excluding antennae and abdominal
appendages (after Hale 1981), maximum body width and head capsule width
measurements were made on all individuals with an ocular micrometer. In cases where
both adults and immatures within the same genus were present and where immatures
could not be identified to the species level, the immatures were treated as separate species

for all calculations and statistical analyses.

Data Analvsis

Information on functional feeding group, habit, preferred microhabitat, dominant
food and feeding mechanism was assembled for all taxa. Similarity among arthropods was

calculated using the following formula (Johnson and Wichern 1988):

imilarity = Eqg. 1
Similarity S (Eq. 1)

expressed as a proportion, where:
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X, = resource state X shared by lost species I and replacement
species r;
X, = resource state X of replacement species r.

A matrix was constructed of similarity proportions. Only species with similarities
of 1.00 were retained for additional analysis, since similarity less than 1.00 meant that
differences existed in at least one major ecological function. Taxa were then grouped with

respective potential replacement species (i.e, those potential replacement taxa with

similarity of 1.00).

.Within the present study, head capsule width was used as an analog of size spectra.
Head capsule width is related to the size of feeding structures, at least in predatory aguatic
insects. Measurements assembled by Hale (1981} for 271 morphological types were re-
analyzed. In Hale's (1981) study, total body length represented factors affecting site
selection and site accessibility and mandible gape represented factors affecting selected
prey sizes. A good relationship was found between total body length and mandible gape
(p < 0.00001, r = 0.55836, n = 271). This relationship improved when several outliers
where removed (p < 0.00001, r = 0.70196, n = 261). Eight of the outliers were dipteran
piercers, engulfers or gatherers, one was a corixid piercer and one was a trichopteran
grazer/scraper. This relationship probably holds across many orders; as body size
increases, size of feeding structures also increases, allowing larger predators to manipulate

larger prey items.

Total body length and maximum body width measurements were also made on all
specimens collected from the six study ponds, but both were highly correlated with head

capsule width (p < 0.00001, r = 0.8714; p < 0.00001, r = 0.7137, respectively). Biomass
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was not measured, but it is assumed that biomass is directly related to measurements of
body size although the relationship will vary among species (Sprules er al. 1991). Hence,
head capsule width was thought to adequately characterize the size spectrum of the

arthropod species within the study ponds.

Head capsule widths of hypothetically lost taxa and potential replacement taxa
were compared using Student's ¢ mean difference test (¢ = (.05). Normality was tested
with %2 goodness-of-fit (o0 = 0.05), following distribution fitting proceduré:s
[STATGRAPHICS PLUS version 7 (Manugistics 1993)]. Most data were normally
distributed and did not require transformation. Potential replacement taxa that differed
significantly in head capsule width relative to hypothetically lost taxa, pooled over all
sampling intervals, were then removed from further consideration. The remaining
potential replacement taxa and hypothetically lost taxa were partitioned according to
sampling interval. Head capsule widths were then compared using ANOVA (o = 0.05).
Partitioning according to sampling interval accounted for temporal variations in size
development between species, thus indicating resource partitioning through life-cycle

displacement.

A number of taxa were rejected from further analysis for several reasons.
Transient species were rejected since the colonizing pool was either too small to sustain a
populiation or the pond habitat was not favourable for continual occupancy. Taxa were
considered transient when only one individual was collected in one pond on one sampling
occasion. Coleoptera larvae were included in the early part of the analysis but were later
excluded. Coleoptera larvae could only be identified to genus; several species of adults
within the same genus were often present. Coleoptera larvae differed substantially in

ecological function relative to adults and often had wider niche widths. In many cases,



-59-

Coleoptera larvae were identified as potential replacements for a number of species of
coleopteran adults, even when adults of the same genera were rejected as possible
replacement taxa. It seemed unreasonable that the larvae but not the adult of one genus
would be able to replace the ecological function of an adult of another genus. Taxa were
also rejected when information was not available for functional feeding group, habit,

dominant food, or feeding mechanism (e.g., Chironomidae, Chaoboridae, and most

Hydrophilidae).
RESULTS AND DISCUSSION

Arthropod taxa found in each pond are listed in TABLE 1. A total of 108 species
were identified. Ecological function attributes for each taxon are shown in TABLE 2 with
associated codes listed in TABLE 3. The matrix of similarify proportions is presented in
Williamson (1994). Mean head capsule widths are shown in TABLE 4. Functionally
similar species are grouped in TABLE 5 al())ng with probabilities of significant head
capsule differences between hypothetically lost taxa and potential replacement taxa.
Probabilities that functionally similar species differ significantly in head capsule size

- following partitioning by time are shown in TABLE 6.

Hyalella azteca (Saussure), the only Amphipoda present, did not share major
ecological function with other species. Hyalella azteca was the only burrowing

periphyton scraper present.

Four Ephemeroptera species were present, although only Callibaetis sp. was
found in most ponds. Caenis diminuta Walker and Caenis youngi Roemhild shared all

major ecological functions and were similar in size. The Caenis species appeared able to



TABLE 1. Arthropods collected from the six Sandilands Provincial Forest study ponds. Species presence is indicated by "1", and

absence is indicated by "0".

Order or Family Species

Life Stage Code  Pond34 Pond37 Pond39 Pond40 Pond 41 Pond 42

Sub-Order

Amphipoda

Tatitridae

Hyalelta azteca (Saussure) adult Hya azt i 1 i 1 | !
Emphemeroptera Siphlonuridae Siphliuerns alternata (Say) ( probably) larvag Sip alt 0 0 0 0 0 1
Emphemeropiera Baetidace Callibaetis sp. Eaton larvae Cal sp. 0 ] f | 1 I
Emphemeroptera Caenidae Caenis diminuta Waiker larvac Cae dim ] 0 1 0 0 1
Emphemeroplera Cacnidae Cuenis youngi Roemhild larvae Cae you 0 1} 1 | i {}
Anisoptera Acshnidae Aesina canadensis Walker nyuiph Aes cun } 0 0 0 I 0
Anisoplera Aeshnidae Aeshna interrupia Walker stymph Aes int 1 I 1 1 1 0
Anisoplera Acshridae Anax junius Drucy aymph Anx jun 1 0 0 0 0 0
Anisoptera Corduliidae Cordulia shurtleffi Scudder nymph Cor shu i 0 o G 0 |
Anisoplera Corduliidae Somarochlora williamsoni Walker aymph Som wil I i | i 1 ]
Anisoptera Libellulidae Lencorriinia frigida Hagen nymph Leu fri i 0 0 0 0 0
Anisoptera Libelulidae Leucorrhinia hudsonica (Selys) nymph Leu hud 1 0 4] 0 0 0
Anisoplera Libellulidae Leucorrhinia intacta Hagen nysph Leu inl | | [ I | 1
Anisoptera Libettulidae Leucorrhinia proxima Calvert nymph Leu pro | 0 0 0 1 1
Anisoptera Libellulidae Libellula guadrimaculata Linne nymiph Lib qua 1 4] i i i I
Anisoplera Libellulidac Sympetrin dunae Sulzer nynph Sym dan 0 0 0 1] 1] i
Anisoplera Libellulidae Sympetrumn obirusum (Hagen) nymph Sym obx 0 1 1 0 0 0
Zygopiera Lestidae Lestes congener Hagen nymph Les con | {4 I i f [
Zygopte Lestidae Lestes disjuncius dispunceus Selys nyinph Les dis 0 0 I G | 1
Zygoptera Lestidae Lestes dryas Kirby nyrmph Les dry 0 { 0 I 0 G
Zygoplera Lestidac Lestes unguiculatus Hagen nyniph Les ung i 0 l 1] 4] i
Zygoplerm Coenagrionidae Coenagrion angulatum Hagen nyimph Coe ang 0 0 [0} [ i I
Zygoplera Coenagrionidae Coenagrion resolutum (Hagen) nymph Coe res 1 4] 0 | [ |
Zygoplera Coenagrionidae Enallagma cyathigerum (Charpentier} nymph Enacya i 1 i i 1 i
Hemiptera Veliidae Micravelia pulchella Westwood (probably) immature  Mic pul 0 0 0 I 0 1
Hemiptera Gerridae Gerris buenoi Kitkaldy adukt Ger bue i 0 t I 1 |
Hemiplera Gerridae Gerris dissoriis Prake and Harss adult Ger dis 1 1 1 0 0 0
Hemipiera Belostomatidae Lethocerus americanus {Leidy) adult Let ame 0 0 [} | 0 0
Hemiptera Nepidae Ranatra fusca Palisot de Beauvois adult Ran fus 0 ] f 0 0 0
Hemiptera Corixidae Callicorixa audeni Hungerford adult Cat aud 0 G 0 | I i
Hemiptera Corixidae Hesperacorixa atepodonta (Hungerford) adult Hes ato o i b [ 1 [
Hemiptera Corixidae Hesperocorixa minorella (Hun gerford) adult Hes inin 0 0 0 0 0 i
Hemiptera Corixidae Hesperacorixa vulgaris (Hungerford) adult Hes vl v} | I 1 I I
Hemiptera Corixidae Sigara (Vermicorixa) alternatu (Say) adule Sty alt | | | [ I 1
Hemiptera Corixidae Sigara (Arctosigara) conocephala (Hungerford) adult Sig con G G ] 1 0 0
Hemiplera Corixidae Sigara (Arciosigara) decoratella (Hungerford) aduit Sig dec 0 0 0 0 0 1
Hemiptera Corixidac Sigara (Vermicorixa) grossolineata Hungetford adull Sig pro 0 0 1 0 1 1

..09..



TABLE 1. Continued,

Order or Family Species Life Stage Code  Pond34 Pond37 Pond 39 Pond 40 Pond 41 Pond 42
Sub-Order
Hemiptera Notoneetidae Notonecea borealis Bueno and Hussey adult Not bor | 0 0 0 € {
Hemiptera Notonectidae Neotonecta irrorata Uhler adult Not isr | 0 0 0 | 4]
Hemiptera Notonectidae Netonecta kirbyi Hungerford adul Not kir 0 0 | 1 0 0
Hemiptera Notonectidae Notonecta undulata Say adult Not und a 1 I i i i
Trichoptera Phryganeidae Banksiola crorchi Banks larvae Ban cro | i 0 I 1 f
Trichoptera Phryganeidae Prilostomis sp. Kolenati larvae Pxi sp. 0 G t l ( 0
Trichoptera Limnephilidae Anabolia sp. Stephens larvae Ana sp. 0] 0 | 0 0 0
Trichoptera Limaephilidae Limnephilus sp. | Leach larvae Lim spl 0 0 1 0 0 [t}
Trichoptera Limnephilidae Limnephilus sp. 2 Leach {arvae Lim sp2 0 0 1 0 0 0
Trichoptera Limnephilidae Nemomaulius hostilis ( Hagen) larvae Nem hos 4] 0 1 1] 0 0
Trichoptera Leptoceridae Oecetis inconspicua (Watker) Complex Farvae Oec inc 0 1 i ! i l
Coleopiera Gyrinidae Gyrinus aguiris LeConte adult Gyr aqu 0 I 0 0 ] 0
Coleoptera Haliplidae Haliplus canadensis Wallis adult Hal can 1 1 1 0 0 0
Coleoptera Hatiplidae Haliplus connexus Matheson adult Hal con | 0 0 0 0 0
Coleoptera Haliplidac Haliplus immacnlicollis Hars adult Hal imm 1 1 i i 1 f
Coaleoptera Haliplidae Haliplus longulus LeConte adult Hal lon 1] 0 4] ] i 0
Coleoptera Haliplidae Haliplus salinarius Wallis ' adult Hal sal 0 G 0 0 f 0
Coleoplera Haliplidae Haliplus sp. Latreille larvae Hal sp. 1 H | 1 1 I
Coleoptera Haliplidae Haliplus sirigatus Roberts adult Hal str 0 0 1 0 0 0
Coleoptera Haliplidae Haliplus subgntiatus Crotch adult Hal sub 0 0 I i G 0
Coleoptera Haliplidae Peltodytes edentulus (LeConte) adult Pel ede 0 0 1] [ 0 0
Coleoptera Haliplidae Peltodytes sp. Regimbart larvae Pel sp. G 5} 0 1 0 0
Coicoptera Haliplidae Peltodyies toradosus Robers adult Pel tor @ 0 [t} ] 0 0
Coleoptera Dytiscidae Acilius semisulcatus Aube adult Aci sem [ 0 0 i 1 I
Coleoptera Dytiscidae Acilius sp. Leach larvae Aci sp. 0 0 1 ] 0 0
Coleopiera Diytiscidas Agabus anthracinus Mannerheim adult Aga ant 0 I 0 0 0 0
Coleopiera Dyliscidae Agabus sp. Leach larvae Aga sp. 0 0 0 | 1 1
Coleoptera Dytiscidae Colymbetes longutus LeConte adult Coi lon 1 0 0 0 0 0
Coleoptera Dytiscidae Colymbetes sculprilis Harris adult Col scu 0 0 0 0 i 0
Coleoptera Diytiscidae Coprotomus longulus LeConte adult Cop lon 0 G 0 1 0 0
Coleoptera Dytiscidae Desmopuachria conveza (Aube) adult Des con ¢] 0 4] 0 1 1]
Coleoptera Dytiscidae Dytiscus dauricus Gebler adult Dyt dau 0 f ! 0 0 0
Coleoplera Pyliscidag Dytiscus sp. Linnacus larvae Dyt sp. 0 | [0} | 1] |
Coleoplera Dytiscidae Graphoderus liberus (Say) adult Grp lib 4] 0 [ 0 0 0
Coleoptera Dyliscidae Graphoderus perplexus Sharp aduli Gip per 0 1} 0 [t} I 0
Coleoplera Dytiscidae Graphoderus sp. Dejean larvae Grp sp. 0 0 G 0 ! |
Coleoptera Dytiscidae Hydaticus aruspex Clark adult Hda aru 1 0 0 1 0 0
Coleoptera Dytiscidae Hydaticus sp. Leach larvae Hda sp. 0 0 4] 1 0 0
Coleoptera Dytiscidae Hydroporus pangus Fall aduly Hdp pau Y] | 0 0 { {}
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TABLE 1. Continued.

Order or Family Species Life Stage Code Pond34 Pond37 Pond39 Pondd40 Pond4i Pond 42
Sub-Order
Coleoptera Dytiscidac Hydroporus rubyi Larson adult Hdp rub 0 4] 0 0 ] 0
Coleoptera Dytiscidae Hydroporus rufinasus Mannerheim adult Hdp muf 0 v} 0 0 1 0
Coleoplera Diytiscidae Hydroporus sp. Clairville larvae Hdp sp. 0 1 0 l 0 ¢
Coleoptera Diytiscidae Hydroporus sp. 1 Clairville adull Hdp spl 1 0 I 0 G 0
Coleoptera Dytiscidae Hygrows patruelis (LeConte) adult Hyg pat 0 1] i 0 1] 0
Coleoptera Dyltiscidae Hygrotus salinarius (Wallis) adult Hyg sal ¢] 1] 0 ] i Q
Coleoptera Dytiscidae Hygrotus sayi Balfour-Browne adult Hyg say (] | | 1 I 1
Coleoptera Dytiscidae Hygrotus sp. | Stephens adult Hyg spl ) 0 i 0 0 0
Coleoptera Dytiscidae Hygrotus sp. 2 Stephens adult Hyg sp2 0 0 0 0 | i
Cotecoptera Diytiscidae Laccophilus bigutatus Kirby adull Lac big 0 0 0 0 1 0
Coleoptera Dytiscidae Laccophilus maculosus Say adult Lac mac 0 0 | 1 I i
Coleoptera Dytiscidae Laccophilus sp. Leach larvae Lac sp. 0 G 0 1 0 0
Coleoptera Diytiscidae Liodessa affinis (Say) adult Lio aff 0 1 1 1 f 1
Coleoptera Diytiscidae Rhantus binotatus {Hagris) adult Rha bin 1 ] i ] 0 |
Coleoptera Dytiscidae Rhantus frontalis (Marsham) adult Rha fro 1 0 0 0 0 1]
Coleoptera Dytiscidae Rhantus sp. Dejean farvae Rha sp. 0 0 1 0 0 0
Coleoptera Dytiscidae Rhanius suturellus (Harris) adukt Rha sut 1 0 1 0 4} 0
Coteoptera Hydrophilidae Anacaena limbata (Fabricius) adult Anc lim i 0 0 [¢] 0 |
Coleoptera Hydrophitidae Berosus striatus (Say) adult Ber sir 0 0 G 0 0 1
Coleoplera Hydiophilidae Cymbiodyta minfima Notman adult Cym min 0 4] 1] 1 0 G
Coleoptera Hydrophilidae Cymbiodyta vindicara Fall adul¢ Cym vin 0 0 0 0 0 i
Coleoptera Hydrophilidae Enochrus (Lumetus) hamilioni (Horn) adult Eno kam 1 0 0 0 1] 0
Coleoptera Hydrophilidae Enochrus (Methydrus) ochracens (Melsheimer) adult Eno och 0 4] 0 0 i 0
Coleoptera Hydrophilidae Helephorus (Rhopalelophorus) angusticollis d'Orchymont adult Hel ang 0 0 0 G 0 I
Coleoptera Hydrophikidae Helaphorus (Rhopalelopiiorus) lacustris LeConte adult Hel iac 0 t 0 0 4} G
Coleoptera Hydrophilidae Hydrobius fuscipes (Linne) adult Hdb fus 0 1 0 0 0 0
Coleopiera Hydrophilidae Hydrochara obtusata (Say) adult Hdc obt 1 0 0 0 1] 1]
Coleoptera Hydrophilidae Hydrochus pseudosquamifer D.C. Miller adult Hdu pse 0 G i 0 1 0
Coleoptera Hydrophilidae Tropisternus lateralis nimbatus (Say) adull Tro lat 1 0} 0 0 | 0
Celeoptera Hydrophilidae Tropisternus sp. Solier larvae Tro sp. 0 0 @ 0 0 1
Coleoptera Hydraenidae Hydraena angulicollis Notman adult Hdr ang 1 4] 0 0 1 ]
Coleopiera Scirtidae Cyphon sp. Paykui] adult Cyp sp. 1] 0 0 0 1 0
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TABLE 2. Functional attributes of arthropod taxa collected from the six Sandilands

codes are located in TABLE 3.

Provincial Forest study ponds. Attribute
“1" indicates the presence of an attribute, while "0" indicates the absence of an

attribute,
Funetional Habit Microbabitat Dominant Food Feeding Mechanism Reference
Feeding Group
Code
1 2345 123456789 101t 1 2343 12345678 1 23456789 10i11

Hyalella azteca
Siphtonurus alternata
Callibaeris sp.

Caenis diminuta

Ceienis yorngi

Aeshng canadensis
Aesthna interrupta

Anax jinius

Cordulia shurtleffi
Somatvehlora williamsoni
Lewcorrhinia frigida
Levcorritinie hudsorica
Lewcorrhinia intacra
Leucorrhivia prexina
Libellula quadrimacrdeara
Sympetrum danue
Sympetrum obtnisunt
Lestes congencr

Lestes dispuncites disjunctus
Lestes drvas

Lestes unguiculatus
Coenagrion angrlatum
Coenagrion resolutiem
Enallagma cyathigerum
Microvelia pulcheila
Grerris buenai

Gerriy dissartis
Lethocerus americanus
Raviditra fusca
Callicorixa audeni
Hesperocorixa aapodonta
Hesperocoriya minorella
Hesperocorixa vulgaris

R 0 T Do o O 0O DD OO O D — — O - =
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Stephenson and Mackie {1986)
Meeritt and Cuminins (1984)
Merritt and Ctnmins (£984)
Merritt and Cummins (1984)
Merritt and Cummins (1984)
Memitt and Cummins (1984)
Mezritt and Cummins (1 9843
Merritt and Curmins (3984)
Meriti and Cummiing (1984)
Meritt and Cununins {1984)
Merriit and Cummins (1984)
Megitt and Cummins (1984)
Merzitt and Curamins (£ 9843
Merritt and Cumniins (1984)
Merritc and Cummins {1984)
Merritl and Cummins (1984)
Merritt and Cummins (1984)
Merritt and Cemmins (F984)
Merritt and Cuminzing {1584)
Merritt and Cutimins {1984)
Merrist and Cummins (1984)
Meditt ard Cunienins (19843
Memitt and Cummins (1984)
Merritt and Cummins {1984)
Merritt and Cumumins (1984)
Merritt and Cummins (1984)
Merrilt and Cumriins {1584)
Memitt and Cumnmins (1984)
Merritt and Cumming (1084)
Merritt and Commins (1984)
Merritt and Cuminiins (1984)
Merritt and Cunymins (] 984)
Meritt and Cummins (1984)

Sigara (Vermicoriva) alternata
Sigara (Arctosigura) conocephaly
Sigarg (Arctosigara) decoratelln
Sigara {Vermicorixa} grossolineara
Notonecia borealis

Merritt and Cummins (E984)
Merritt and Cununing {1984)
Merritt and Cummins (1 984)
Merzitt and Cumming (1984)
Mermitt and Cummins (1984)
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TABLE 2. Continued.
Functional Habit Microhabitat Dominant Food Feeding Mechanism Reference
Feeding Group
Code

1 23435 1234567809 101 1 2345 1 2345 678 1 234567891011
Notonecia irroraty 0 ] ¢ 00 Wit and Cumming (1984)
Naotanecra kirbyi 4] [} 0 40 Merritt and Cumming (1984}
Notonecta undulata 0 0 QG Mertitt and Cumumins {1984)
Ranksiota crovchi 0 0 00 Merrits and Cumimins (1984}
Prilostonis sp. { { 0 Menitcand Cunsving (§984)

Anubolia sp,
Limnephilus sp. 1
Limnephitus sp. 2
Nemuotawlius hostilis
Occeris inconspicna Complex
Gyrinus aguiris
Huliplus canadensis
Haliplas connexns
Haliplus immaculicoliis
Halipius longulus
Haliplus salinarius
Hatiphis sp.

Hatiplus striganus
Hatipins subguttatus
Peltodvies edenruluy
Peltodyres sp.
Peltodvies tortulosus
Acilius semisulcatus
Acilins sp.

Apabus anthracines
Apuabis sp.

Colymbetes longrdus
Colymibetes sculptitis
Coptotomus longulus
Desmapachria convexa
Dytiscus davricus
Dytiscus sp.
Graphoderus liberis
Graphoderus perplexus
Graphoderus sp.
Hydatices aruspex
Hydaticus sp.
Hydroporus pangus
Hydroporus rubyi
Hydroporus rufinasus
Hvdroporus sp.
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Merriet and Cununing (1984)
Merritt and Ceminias (1984)
Memritt and Cumming {1934y
Merritt and Cumimins (1984)
Merritt and Cummins (19843
Merritt and Cummins (1984)
Memitt and Cummins (1984)
Merritt atd Cumnnsing {1984)
Merrit and Cummins (1984)
Meritt and Cummins (1984}
Merritt and Cunimins ([984)
Merritt and Cummins (1584)
Merritt and Curnnsing {1984)
Merritt 2nd Cummins (1984
Merrite and Cummins (1984)
Morritt and Cummins (1984)
Merritt and Cuminins (1984)
Merritt and Curnming (1984)
Merritt and Comming (19843
Memit and Curmins (1984)
Moeritt and Cummins (1984)
Merritt and Cumpmins {1984)
Memitt and Cumming (1984}
Merritt and Cumunins (1984)
Merritt and Cutaming (1984)
Merritt aud Cununins (1984)
Meuritc and Cumming (1984)
Merritt and Cununins (1984)
Merritt and Cemmins (1 984)
Merritt and Cummins {1984)
Merritt and Curnmins (1984)
Mermritt and Cummins (1984)
Merditt and Cunuming (1984)
Merritt aad Curnmins (1984)
Memitt and Cummins (1984)
Merritt and Cummiins {1984)
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TABLE 2. Continued.
Functional Habit Microhabitat Deminant Food Feeding Mechanism Reference
Feeding Group
Code
1 2345 1234567 g9 1011 1 2345 1 23 45678 I 23456789 1011

Hydraporus sp. | 00001 00010010000 010006 o0 000001 00000D0OGCOCG]1 0O Merritt and Cummins {1984)
Hygrots patruelis 0000 ] 0001 00T10O0CO0OCG 01000 000000 00000OCOBOIL OO Merritc and Cummins (1984)
Hygroms salinarivs 0000 | 0001001 00O O 010600 000000GO0I1 0O0000CO0ODO0DO0TI1 QO Merritt and Cummins (1984)
Hygrotus sayi 0060601 0010010000 01 0GaOo 00060060C0CGI1 00000000 T1O0OCQG Meitt and Cummins (1984}
Hygrotus sp. | G ¢0o Q0010010000 01100049 Co0000CGQGGO] 000600 D0DO0DO0OT]1 00 Merritt and Cumenins (1984)
"Hygrotus sp. 2 G000 GO0 I10CO10000 01000 00000001 00Q00000T1 QO Merritt and Cumreins (1984)
Laccophilus biguitatus 00001 001 10010000 01 000 00 00000Q0 C0000CO0CO0GT1 OO0 Merritt and Cumunins {1984)
Laccophilus macilosus 0000 00110010000 10900 000000 ] 00000GCOOTL OO Merritt and Cunyains ( 1984)
Laccaphilus sp. 00001 000EEO0010D0O0O0 01000 0C0O0O0GQO0I] 000 0G00O0I1 00 Mezritt and Cummins (] 984)
Liedessa affinis 0000 o0l o0l oooo 0t 00w 000G0CO0OO ] CCOOGO000O01 00 Meritt and Cummins (1984)
Rhaniws binoratus G000 001 1 00600000C0 1 000 Q000000 000C0C0D0COO0TIL 0O Merritt and Cumnzns (1984)
Rhanns frontalis 00001 001 F0000DO0O0OQ G0 ag00 0000000 i 00000CO0OO0OGTI OO Merritt and Cununins (1 984)
Rhutitus sp. 0000 0G0 1001 0GG O 1000 G0 00000 000000001 00 Merritt and Cuneming (1984)
Riuntus sutrelins 00001 001 t0000GOGGOGOD 01000 006G 00 0O | 000000001 OO Merritt and Cummins (1984)
Anacaena limbara 00000 000000O0GOGBOO0 L 00110 00000O0CGOGCO CCO00000QO0O0OTO0O Merritl and Cumming {1984)
Berosus striaries G101 0 00110010000 0000 0001001 0 00GCGO0TIO10O0O0O0 Merrit and Cummins {i984)
Cymbiodyra minimg 60000 00000DDGCO0OO0OD] 0 00000 00000000 000C000O0CDODO0OOQ Merritt and Commins (1984)
Cymbiodyta vindicaia 0000 00000000 OI1 O 00000 G 000D00O0QOD C00000G0O0DO0DO0GCQ Merritt and Cumimins (1984)
Enochries (Lumeties) hamiltoni 0101 ¢ 00000101 000 006000 GO0 1001 0 Q0001 0TtO0OGOQGOTGCG Memitt and Cummins (1984)
Enochrus (Methydrus) ochraceus 01010 00001010 O0DO 00000 0001001 0 CCO0OCI10100O0CO Merritt and Cammins (1984)
Helophorus ( Rhopatelopharus) 1 0060 0 000006010000 0000 1 000000 CQ 1 06G000OCOCOOOQ Merritt and Cumming (1984)
angiesticotlis

Helophorus (Rhopalelophorus) lecustris 1 0 0 0 0 GCO000CO0OD1 000 Q 600600 1'0000O0O0COCO 10000000000 Mezzitt and Cumming (1984)
Hydrobius fuscipes 00000 000011 10DO0O0OOD 00000 o0 00 0000O0GO0 C0O00000O0O0C0COQ Meritt and Cirminiins (1 984)
Hydrochara obivsasa 00000 CoOLIlootltoooo 00000 D000 DO0DOODOO G000 O0ODOCOGOOD Merrit and Cummins {1984)
Hydrochus psendosquamifer 10000 Q0000010000 00000 10000000 FOO0O0O0OGO0OO0OO0DO0OUOQ Merritt and Cummins (1084)
Tropisternus tateralis nimbatns 1010 00110010000 0o o0oQo 00O 10D O 0000 10CE00O0GCG Merritt and Cummins (1984)
Tropisternus sp. 00001 CO00000100GOCGOQ 000O0CO 000600001 000 G000 10GCGD Merritl and Cumimins {1984)
Hydraena angulicollis 01100 00001 01 0G00O0 000000 0ao0o 1ot o0o LU I C 1 R O O ¢ O B Merritt and Cumming (1984)
Cyphon sp. 000060 0 000CO0O0DO0DO0DODOQ 1 01 00 00000000 00 00000000O0OGCO Mezritt and Cummins (1984}

...59..
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TABLE 3. Functional attributes of arthropod taxa collected from the six Sandilands
Provincial Forest study ponds and associated codes used in similarity
analysis.

Habit Code

Skaters

Planktonic

Divers

Swimmers

Clingers

Sprawlers

Climbers

Burrowers

Climbers (poor swimmers)
Burrowers (sand and gravel)
Burrowers (silt)

OO0 S N LA e L ) e

—_—
—

Microhabitat Code

Sediments

Vascular hydrophytes
Detritus

Silt

Surface

N R e —
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TABLE 3. Continued.
Functional Feeding Group Code Dominant Food Code Feeding Mechanism Code
Shredders i Living Vascular Tissue 1 Herbivores-chewers and 1
miners of live macrophytes
Decompaosing Vascular Tissue 2 Detritivores-chewers of CPOM 2
{CPOM)
Wood 3 Gougers 3
Coliectors 2 Decormposing Fire Particuiate 4 Detrivores-filterers or 4
Organic Mauer (FPOM) suspension feeders
Detrivores-gatherers or deposit 5
{sediment) feeders
Neuston scavengers 5 ;
Scrapers 3 Periphyton 6 Herbivores-grazing scrapers of 6
mineral and organic surfaces
Macrophyte Piercers 4 Living Vascular Hydrophyte 7 Herbivores-pierce tissues or 7
Cell and Tissue Fluids or cells and suck fluids
Filamentous Algal Cell Fluids
Predators 5 Living Animal Tissue 8 Enguifers-carnivores attack 3
prey and ingest whole animats
of parts
Piercers-carnivores attack prey 9
pierce tissues and cells and
suck fluids
Engulfers-carnivores staik and 16

attack prey ingest whole
animals or paris

Engulfers-camiveres
scavangers ingest whole
animals or paris
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TABLE 4. Mean head capsule width of arthropods collected from the six Sandilands
Provincial Forest study ponds.

Species Number of Specimens  Mean Head Capsule Standard Deviation
Width (mm}

Hyalella azreca a - -
Siphlonurus alternata 2 237 0.22
Callibaeris sp. 920 1.13 0.40
Caenis diminuta 2 0.81 0.19
Caenis voungi 86 0.71 0.29
Aeshna canadensis 14 5.18 182
Aeshna {nterrupta i5 4.29 2.5¢
Anax junius 2 5.21 0.22
Cordulia shurteffi 11 3.16 1.24
Somatochlora williamsoni 1 3.33 1.58
Leucorrhinia frigida 1 3.48 -
Leucorrhinia hudsonica 3 4.48 .09 !
Leucorrhinia intacta 1133 3.49 i.17
Leucorrhinia proxima 3 3.27 1.82
Libeitula quadrimaculata 25 431 1.76
Symperrum danae 3 348 2.20
Symperrign obtrusum 4 2.13 0.46
Lesres congener 37 2.57 0.80
Lesres disjunctus disjunctus 3 2.81 0.81
Lestes dryas 2 2.39 0.00
Lestes unguiculatus 10 3.38 0.68
Coenagrion angulatum 26 2.16 0.38
Coenagrion resolutum 86 1.85 0.35
Enallagma eyarhigerum 1564 2.1% 9.65
Microvelia pulchella a - -
Gerris buenoi 3 1.34 0.08
Gerris dissortis 7 1.86 0.06
Lethocerus americanus i 18.50 -
Ranarra fusca 1 2.05 -
Callicorixa audeni 7 2.16 0.19
Hesperacorixa aropodonta 36 2.80 0.i6
Hesperocorixa minorella 3 2.i1 .09
Hesperocorixa vulgaris 22 3.02 0.19
Sigara (Vermicorixa) alternata 87 1.0 0.13
Sigara {Arctosigara} conocephala | 2.37 -
Sigara (Arctosigara) decorarella i 2.21 -
Sigara (Vermicorixa) grossolineata 3 1.69 0.05
Notonecta borealis 2 324 0.11
Notonecta irroraia 3 295 0.78
Notonecra kirbyi 2 2.73 0.61
Notonecra undulata 24 2.51 0.38
Banksiola crotchi i1 2.15 2.7
Ptilostomis sp. 2 [.82 0.78
Anabolia sp. i 205 -
Limnephilus sp. 1 2 0.87 0.11
Limnephilus sp. 2 ! 0.95 -
Nemoraulius hostilis l 221 -
Qecetis inconspicua Complex 46 0.76 0.11
Gyrinus aguiris 1 1.74 -
Haliplus canadensis 10 0.93 0.07
Haliplus connexus 1 0.80 -
Haliplus immaculicollis 20 0.63 0.09
Halipius longulus I 0.62 -
Haliplus salinarius 1 0.86 -
Haliplus sp. 93 0.42 0.i5
Haliplus strigatus [ 0.62 -
Haliplus subgurtarus 2 0.80 0.09
Pelrodyres edentulus I 0.74 -
Peltodvres sp. 2 0.34 0.04




TABLE 4. Continued.
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Species Number of Specimens  Mean Head Capsule Standard Deviation
Width {mm)
Peltodyres tortulosus 6 0.80 ¢.00
Acilius semisulcatus 16 3.19 0.09
Acilius sp. - 2 1.86 0.00
Agabus anthracinus [ 1.90 -
Agabus sp. 27 1.36 0.41
Colymbetes longulus 1 3.95 -
Colymbetes sculprilis i 3.48 -
Coptotomus longuius 1 237 -
Desmopachria convexa I 0.74 -
Drvtiscus dauricus 2 8.50 0.71
Dyriscus sp. 5 279 1.67
Graphoderus liberus 2 292 G.11
Graphoderus perplexus 1 3.79 - '
Graphoderus sp. 3 1.52 0.38
Hydaticus aruspex 5 3.38 0.i8
Hvdaticus sp. 4 1.40 0.89
Hydroporus paugus 1 .11 -
Hydroporus rubvi 1 0.86 -
Hydroporus rufinasus 1 0.92 -
Hydroporus sp. 4 0.57 0.11
Hvdroporus sp. 1 2 1.3 0.39
Hygrotus patruelis ! 0.99 -
Hygrotus salinarius 1 1.48 -
Hygrotus sayi 22 0.94 0.13
Hygrotus sp. 1 1 0.86 -
Hygrotus sp. 2 3 1.25 0.13
Laccophilus bigunarus 1 1.29 -
Laccophilus maculosus 4 [.76 0.10
Laccophilus sp, 7 059 0.26
Liodessa affinis 23 0.62 0.03
Rhantus binoratus 6 2.58 0.08
Rhantus frontalis 2 2.45 011
Rhantus sp. 1 0.92 -
Rhantus suturellus 2 2.61 0.11
Anacaena limbata 8 0.79 0.05
Berosus striatus 1 [.36 -
Cymbiodyta minima 1 0.74 -
Cymbiodyta vindicara 2 1.23 0.09
Enochrus (Lumetus) hamiltoni 1 1.58 -
Enochrus (Methydrus) achraceus 1 Q.86 -
Helophorus (Rhopalelophorus) angusticollis H 0.80 -
Helophorus (Rhopalelophorus) lacustris [ 6.92 -
Hydrobius fuscipes 1 332 -
Hydrochara obisata 6 597 224
Hydrochus pseudosquamifer 2 0.68 6.09
Tropisternus lateralis nimbatus 2 2.37 .00
Tropisternus sp. 2 1.08 0.04
Hydraena angulicollis 26 0.45 0.i5
1 (.99 -~

Cyphon sp.

9 Head capsule width not measured on Hyale!la azteca or Microvelia pulchella.



TABLE 5. Functionally similar taxa showing probability of mean head capsule width difference between hypothetically Jost taxa
(first column) and potential replacement taxa (subsequent columns),

Lost Tuxa Potential Reptacement Taxa

Hyaazt  No functionally similar taxon available.
Sipalt Mo lenctionally similar taxon availablc.
Cabsp.  No [unctionally similar taxan availahle,
Cacdim  Cue you

{no sig.)

Cacyouw  Caedim
(not sig.)

Acscan  Anx jun Aes int
{notsig) (ol sig.)

Assint  Anxjun  Acs can
{not sig.) (not sig }

Anxjun  Acsint  Acscan
(notsig.) (notsig.)

Corshu  Symobt Symdan Libgua
(ot sip) (natsig)  (<0.05)

Somwit  Sym obl Symdan O inc Libqua
(not sig.) (not sig.} (<0001} (nal sig}

Leufri  Single specimen collected in only ane pondl.

Lewhud  Sym obt Sym dan  Prigp. Leupra  Lewint Lesung Lesdry  Lesdis  Les con Enacya Cocms Coeang Bancro
(LK) {notsip) (<01 (natsip.) (ol sigy (<005) (<0001 {<f105) (<0.001) (<0.0001) (<U.6001) (<0.0001) (not sig.}

Lewint  Sym obt Sym dan  #isp. Lleupro Lewhud Lesung Lesdry Llesdis  Lescon Enmacya Coens Coeang Bancro
(<005} (notsig}) (<095 (ol sig) (notsig.) (notsig,) (ol sig.) (notsig.) (<0.0001) (<0.0001) (<0.0001) {<iH01) (<0001

Leupra Symobt Symdan  Plisp.  Leuint Lew hud Lesung Lesdry Lesdis Llescon Enacys Coeres Coo ang  Ban cro
notsig) (nousig) (nol sig) {netsig.} (notsig) (natsig) (notsig) (notsig) {oofsig) (<001 (<0.001) (<001} (osig)

Libqua  Som wil Coy shy
(ral sig)  (<0.03)

Symdan Symobe Somwil Leupro Lewimt Lewhud Cor shu
(ot sig.} (oo sig) (notsig) (matsig) (not sig.) (not sig.)
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TABLE 5. Continued.
Lost Taxa Polcntial Replacement Taxa
Sym abl  Sym dan Som wil Lo pro Lewim Lewhod Corsho
(nolsig.) (notsig) (netsig.) (<LS) (<G01) {rotsig.) .
Lescon  Leupro Lewint Lewbud Lesung Les dry Lesdis
(ot sig} (<RO001) (<KDY (OO (mo sig) (nelsig.)
Lesdis  Lewpro Leuwint Lewhwd Les ung  Lesdry Lescon
(nat sig) (notsig) (<f05) (notsig} {not sig.) (nolsig)
Lesdry  Leupre  Lesint Lewhud fas ung  Lesdis  Lescen

Les ung

Cocang

Coe res

Ena cya

Mie pul

Ger bue

Gur dis

Let ame

Ran fus

Cual aud

Hes alo

Hes min

Hes vul

{nutsig) (notsig.} {<0001)

Leupra  Leuint  Lewhud
tnotsip) (otsig)  (<0.05)

Misp.  Leupre  leuint

{nulsig.) (nedsig) (notsig.)

Lesdry  Eesdis
(not sig) (nelsip)

Les con
(<0.01)

Leuhud Enacya Coeres

Ban cro

{natsig) (<001} (<0001 ) (<O00L) (natsig) (<001} (notsig)

Plisp. Lewpro Lenimt Lewbwd Enacya Coe ang  Banero

Ot sig} (<) (<0.0001) (L0001 (DU001) (<001 (not sig)

Plisp. Leupro Lenint Leuhud Coers Coe ang  Ban cro
(ot sig,) (<001}  (<O4KN01) (<00001) (<0.0008} (notsig.) {nol sig.}

Gerdis  Ger bue
(<0008} (<0.0001)

Micpul  Gerdis
(<IRD ) (<0000}

Mic pul  Ger bue
{<OLKKIN) (<0430001)

Single specimen colkeeled in only anc pond.

Single specimen collected in only one pond.

Rha sut  Rha 5. Rbafro Rhabin Nolund Notkir  Notir Notzor Lioalf  Lac sp. Lacmac Hygsp2 Hypsay Hdpspl
{<(0S) (L) (notsig) (<0.001) (005 (D85 (<r5)  (<0.001) (<0.0001) {<00001) (<00} (<B001) (00001} {<til) {
Trolal  Siggo  Sigall  Peltor Hosvul Hesmin Haisub Helimm  Hal can

(<H)  (<OHI0L) (<O001) (<ULKKH ) {<0.0001) (<A1} (<0.0001) (<0.0001) (<OIXKH)

Trolat  Peltor  Hesvul Hesato Halsub Hulimm  Hatcan Siggro  Sigall
(<0.05) {<tHXH) (<OD000) (00001} (<D01) (<DH001) (<0.0008) {<0.01) {<0.01)

Trelu  Sig gro Sigalt  Pelwr Hesmin Hesawo  Halsub Haligm  Had can
(<D.001) (<OLKKH) (<BAXKH ) (<0.0001) (<ILGGR1) (<0.0001) {<0.0001) (<HXK1) (<O.00KH }

Hdpsp. Hdasp, Hdaam Grp sp. Giplib - Dytsp. Dyt dan
<0001} (oot sig.) (<D.000i) (notsig) (<001} (notsig} (<Q.0001) ¢

Agisp.  Acisp.  Acisem
<O} (nen sig) (<0000
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TABLE 5. Continued.

Eost Taxa

Patential Replacement Taxa

Sigall

Sigcon

Sig dec

Sig proe

Nat bor

Not irr

Not kie

Notund

Ban cro

Pli sp.

Ang sp.

Lim spl

Lim sp2

Nem hos

Oee ing

Giyragu

Halcan

Trokat Sigpo Hesvid Hesato Hes min
(<0000} (<ALOL) (<) (<.0001) (<001}

Single specimen coliecicd in only one pand.
Single specimen collecied in only onc pond.
Trofat  Sigall Mesvul Hesao Hes min

(<0001} (<NOL) (<IN (<0001)  {<D.08)

Rhasp. Notund Notkis  Notior  Lio aff Luacsp.  Lacmac
{id} (<AL03)  (not sip.) (notsig.y (<LKNH) (<H.0001) (G

Rhasp. MNotund Notkir Nolbor Lioaff Lagsp.  Lacmac
(L} (noLsig) (not sig.) (nolsig) (<0X01) (<0.001) {<0.05)

Rbasp. Notund  Notir  Nolbor  Lio aff Lacsp. Lacmac
Gd)  (notsig} {not sig) Anotsig) (ArO61) (<0.00h) (<005}

Rhasp.  Notkic  Notim  Notbor  Lioaff Lacsp. Lacmac
{id}  (notsip) (ootsig) (<A1L.03}  (<0.0001) (<0.0000} {<0,01)

Plisp. Leupro  Lewim  Lew hud Enacya Cecres Cocang
(notsig.) (notsig) (<0001} {pot sig) (notsig.) (notsig} {net sig.)

Leupro Leeinl Leuhod Emacya Coeres Coe ang  Banc¢ro
(notsig.} (<005} (<h0L) (oL sig.) (netsig) (notsig) {nor sig.)
Single specimen colkecied in only one pond.
No fanctionatly similar 1axon available,
Single specimen cotlected in only one pond.
Single specimen coliceted in only onc pond.

Som wil
{<00001}

Singte specimes collected in anly one pond.

Peltor  Hosvul Hesmin  Hesain  Hal sub Hal imm
(ALK (<LK 1) (<DKH) (<0.0000)  (<0.05) {<U.0001)

Hyg sp2 Hyg say Hepspl Hdp sp.

Hdasp. Hdaaru Gipsp. Diytsp,

(<0.00F) (<0.0001) (<L05) (<0013 (nelsip) (natsig) (nocsia) (oot sig)

Hygsp2 Mygsay Hdpspt Hup sp.

Hdasp. Hdaar Grpsp. Dyt sp.

(<0.05) ¢<0.0001) {nolsig)  (<0.01) (not sig} (notsip) (not sig) {notsig.)

Hygsp2 Hygsay FHdpspl Hdp sp.

Hdasp. Hdzaru Grpsp. Dytsp.

(<005)  (<0.0001) (horsig) {<001) (nat sig) (notsig.} {rot sig) (not sig.}

Hyp sp2 Hyg say Hdpspt  Hdpsp,
(<L) {<0.0001) (<0001} (<LON0I)

Hdasp. Hdaarm Grpsp.  Dytsp,
(<01 (<0.0001) (001) {natsip.)

Calaud  Agasp.  Acisp.
{001 {0001} (<001}

Caland  Agasp.  Acisp.
(<05) (<OKKH) (notsip.)

Calaud  Agasp.  Acisp,
{<0.05) (<0001} (notsig.}

Calaud  Apasp.  Acisp.
(<005) (<00KKH) (<005)
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TABLE 5. Continued.

Luost Tuxa Patentiat Replacenient Taxa

ltaicon  Single specimen collected in only on¢ pond.

Halimm  Peltor  Hesvul  Hes min Hes ata Halsub  Hal can
{<O.KH} (<0001 (<LO00L) (<D00L) {<0.05)  (<0.0001)

Hallon  Sinple specimen coltecied in anly one pond.
Halsal  Single specimen collegied in only ore pond.

Hal sp. Pelwr  Pelsp,  Hal sub
(<00NL) (non sip)  (<tbiD)
Hatsid  Single specimen collecied i anly one pond.
Hal sub Peltor  Heswvid Hesmin Hesae Halimm [l can
(i sip.) (<00001)  (<Itt]) (<061 (<LG5)  (<0h)5)
Pelede  Single specimen collected in only one pand,
Pl sp. Pelior  Hat sp.
{40001} (notsig)

Pol tor lesvul Hosmin Hoesato Halsub  Hal sp. Halimm Hal can
(LX) (<LK L) {<10001) Rutsig} (<0001} (<6.001) {<0.001)

Acisem  Rhaswm  Rhafro Rbabin Lac mae 1ida zm Omplib Dytdas  Cal aud
{0001} (<KLOONL) ¢<1000L) (<.0001) (<000 (<O.01) {<0.0001) (<0001}

Acisp.  Calavd Rbasp. Notund Notkir  Notirr MNotbar  Lieall Lacsp. Lac mac Hygsp2 Hygsay Hdpspl Hdpsp. Hda sp.

Hduaew  Grpsp. Dyesp.
(nolsig.)  (id} (<0.05) {rot sig.) (notsig.) (<01 (<O001) (<0.61) (notsig) (<001} (<A.0001) (nat sig) {<0.001) (not sig.}

Agaant  Singk specimen collected in anly ene pond.

Agasp.  Rhasp. Notund Notkir  Notir  Not bor  Lioafl  Lacsp. Lacmac Hygsp2 Hygsay Hdpspl Hdpsp. Hdasp. Hdaaru Grp sp.
Collon  Single specimen callected in only one pond.

Catscu  Single specimen collucted in anky onc pondl.

Coplon  Single specimen coliceted in only one pond.

I3es con Sangle specimen collected in only vne pond,

(<41} (ot sig) {ool sig) (not sig)

Dyisp. Calaud  Acisp.
Gd)  (<B01) {<0.0001) {<0.0001) (<0.0001) (<O-0001) (<0.03)  (notsig) (not sig) (<OOOR) (nousig) (<1 (not sig.) (<0.0001) (not sig.} (<0001 {<.000L) (not sig)
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TABLE 5. Continued.

Lust Taxy Powntial Replacement Taxa

Dytdau  Rhasum Rhalro Rhabin Lacmac Hida arg Gplib Calaud  Aci sem
(<001} (<H)  (<IL0BNH) (<O0001) (<000} (<D01) (=0:0001) (<0.0001)

Dytsp.  Rbasp. Notund Notkir  Notie Nothar  Lioaff Lacsp. Lacemac Hygsp? Hygsay Hdpspl Eldpsp. dusp. Hdaarw Grpsp.  Cal aud Agasp.  Acisp.
tid)  (rotsig} (notsig) (notsia.) (not sig.} (<000i) {<0.05) (ot sig) (nonsig) (<0LON0L) (nolsig) (<005} {notsig) {aol sig} {notsig) (nolsig) (<O081) (no sig)

Giplib Rhaswt Rhafro Rhabin Lacmac Hdaar Dyldauw Calaud  Acisem
(natsig.) (notsip) (<001} (<0001  (<005) 001 ) (<00

Graper  Single specimen collected in anly ene pund.
Grpsp. Rhasp. Notund Notkic  Notir  Notbor Lio aff  Lacsp. Lacmax Hygsp2 Hygsay Hdpspl Hdpsp. Hda spo Hdwar  Dytsp. Cataud  Agasp.  Aci sp.
{id.) (<G1) (ot sig) (nol sig.} (nocsig.) (<0001} (not sig.) (notsig) (netsig) (<001} (e sig) {nol sig.) {noi sig) (<1} (notsig} (not sp) AnoLsip) (notsip.)

Hdaare  Notund Notkir  Notie  Notbor Lac mag Grpap.  Grplib  Dyusp. Dyldon  Cad awd Agasp.  Acisp Acisem
(<O0N0T) uok sig.} (oot sig.) (notsig) (<OOGI) (<001 (<0US) (horsig) (<00 (<0L0001) (<.0000) (<0001} (<001}

Hdasp.  Hhasp. MNotund Notkic  Nelire Notbor  Lioalf  Laesp. Lac mae Hyg spZ Hypsay Hdpspl Hdpsp. Grpsp.  Dyrsp.  Calaud Apasp. Acisp.
{id) (000§} (nelsig) (notsig) (nat sig) (<000 (natsig) (not sig} (notsig) (<005 (not sigh) (notsig) (oot sig.) (et sig) (ool sig) (ot sig.) (nat sig.)

Hdp pau Single specimen collected in only one pond,
Hdp rub Single specimen collected in only one pont,
tidp rul - Sinple specimen collected in only one pond.

Hdpsp.  Rhasp. Notund MNotkic  Notir Mot bor Lioaff  Lecsp. Lacemac Hygsp2 Hygsay Hdpspl Hdasp. Grpsp. Dytsp. Calaud Agasp.  Acigp.
Gd) (O (Bl (<001) (<Q000F) (notsig) (<0.05) (<OL.000%) {(<0.01) {D000L) (<005} (noisig} {(aotsig.) (<005) {00001 (<00 (<ON)

Hdpspl  Rhasp. Notund Notkir  Notir Notbor  Lioall &csp. Lacmac liypsp2 Hypsay Hdpsp. Hiasp. Grpsp. Dytsp.  Calaud Agasp.  Acisp.
Gid) (<0000 {notsig) (norsip)  (<(03) (<000013 (notsig) (notsig.) {(notsig} {<0.01) (<A415)  (notsig.) (notsig.) (notsig) (<000)  (not sig.) (nat sig.)

Hyg put  Sinle specimen collegted in enly one pond.

Hypsal  Single specimen colleciad in anly ane pond,

Hygsay Rbasp. Notund Notkir  Notimr  ®Notbor Lioalf Lacsp. Lacmac Hygsp2 Hdpspl EHdp sp. Hdasp. Gmpsp. Dyisp.  Cataud Agasp.  Acisp.
{d)  (<QA001) (KN 1) {00007} (<0.0061) {<0.0001} (noLsip.) (<MKKH) (<0.01) (<001 (<OOMT} (<05) (<01} (<UNN1) (LXK {<0.0001) {<040001)

Hygspl  Single specimen collected in onty ong pond.

Hypspl  Rhasp. Novumd Notkir Netir Nolber  Lioall Lacsp. Lwcmac Hygsay Hdpspl Hdpsp. Hdasp. Grpsp. Dyisp. Cabawd Agasp. Acisp.
Gy KR (<005)  (<005) (<0001} (<D0001) (rotsig)  (<0.01) (<h01) (notsig) {<01) (ool sip) (notsig) (notsip) (<RO01) (ot sig) (<ihOL)

_tL.—



TABLE 5. Continued.

Lost Taxa Potenlial Replacement Taxa

Lachig  Single spectmen collecied in onfy ene ponrd.
Lacmec  Notund Notkis  Notim  Noi bor Hygsp2 Hygsay Hipspl tdpsp. Hdasp. Hdaaru Grpsp.  Grplib Dyt 5p. Bytdau Calaud  Agasp.  Aci sp. Actsem
(<001} (<005} (<045)  (<0001) {<0.01) (<0.0001) (not sig.) (<O.H) {00t sig.) (<GLOOBT) (not sig.) {0401} (aotsip.) (<N {<001} (rotsig) (notsig.) (<O.0003)

Lac sp. Rhasp. Nolund Notkic Notier Notbor Lioalf Hygsp2 Hygsay Hdpspl Hdpsp, Hdasp. Grpsp. Dytsp.  Calaud Agasp.  Acisp.
id) (<00} (<0.001) (<O.OH) (<0.0001} (<D.0001) (natsig.) (notsig} (notsip.) (<0.09)  (novsip.) {notsig) (<0.05) (<0001 (<D5; (<001}

Fioall Rhasp. Notund Nolkir Notir  Notbor Lac sp. Hypsp2 Hygsay Hdpspi Hdpsp. Hdasp. Grpsp. Dytsp.  Calaud Agasp.  Aci sp.
d) (<000 (<0000} {<A.0001) (<0.0001) (<0.0001) (<O0.0001) (<000 } (<0.0001) (not sig) (<BO01) (<001) {<O0001} (D01 {<0.0001) (<0.0001)

Rhabin  Rhusul Rhafro  Grpld  Byidou  Calaud  Aci sem
(ot SiRY (nolsig)  (<IL00) (<ORH) (<OIHT) (<SLEKKI}

Rhafro Rhasul Rhabin Gmlib Dytdau Calawd  Aci sern
(noLsig.) (notsig} (oot sig)  {<001) {notsig} (<0.0001)

Rhasp.  Notuod Notkic  Notir  Notbor  Lioalf Lacsp.  Hygsp2 Hyg say Hdpsp) Hdpsp. Hdasp. Grpsp.  Dytsp.  Cal aud Agasp.  Acisp.
P B Sp 1 P P P:
{id} {id) (ied) {id.) (.d.) {id) {ick) {id.) (2} Gd.) (id} (i.d.) (id.) Gi.d) (id.) i)

Rhasul  Rhafro Rhabin  Grplib Dyiday Calavd  Aci sem
{natsig) (notsig) (nousip) (<0.01) {<h(i5) (<000}
Anclim  No funciionaily similar taxon available.
Bersui - Single specimen collezied in unly one pund.
Cyn: min Single specimen colkected in enly one pend; EnsufTicient information concerning functional feeding group. habit, dominant foad, or Teeding mechanism,
Cym vin Nofunctionally similar taxon available.
Enc ham Single specimen collecied in ozly ont pond.
Eno och  Single specimen collecwed in only one pond.
Helang  Single specimen coltecied in anly one pond,

Heltae  Singhe specimen collecied in anly one pond.

Hdb fus  Single specimen collecied in only one pond;  Insufficient information concemning functional feeding group, habit, dominant Jood, or feeding mechanism,
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TABLE 5. Continued.

Lost Taxa Paicntial Replacement Taxa

Hdeobt  Troda
Gl sig.}
Hdu pse  No functionally similar laxon availabie,
Tro lu Siggro  Sigalt  Hesvai Hesmin HMesato  Hdc o
(<L) (<QN01) (B0 (<05)  (<D01} (nat sig}
Frosp.  No functionally similar tzxan avaitable,
Teorsp.  Single specimen eollected in only one pend.

Hdrang  No functionally similar taxon available.

Cypsp. Single specimen eollected in oaly one pond;  EnsufGicienl information concerning functional feeding group, habit, dominant food, ar leeding mechanism.

4 insufficient da to compute significance of mean difference.
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TABLE 6. Functionally similar taxa showing probability of mean head capsule width difference between hypothetically lost taxa
(first column) and potential replacement taxa (subsequent columns) following partitioning of data by sampling interval

(species with significant head capsule width differences, as demonstrated by Student's t mean difference test, have been
excluded).

L.ost Taxa Potenlial Replacement Taxa

Hyaazl  No functionally similar taxon available.
Sip alt No functionally similar taxon available.
Cal sp. No functionaily similar taxon available,
Cae dim Cae you

{noi sig.)

Cae you Cae dim
(not sig.}

Aes can Anxjun  Aesint
(notsig.)  (<0.05)

Aes int Anxjun  Aescan
(notsig.)  (<0.05)

Anx jun Aes inl Acs can
(not sig.}  (not sig.)

Cor shu Symobt  Symdan
(<0.05) (notsig.)

Som wil Symobt  Symdan Libqua
(notsig) (notsig) (<0.05)

Leufn Single specimen collected in only one pond.

Leu hud Symdan leupro Leuint  Bancro
(<0.001) (notsig) (notsig.) (not sig.}
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TABLE 6. Continued,

Laost Taxa Potential Replacement Taxa

Leuint Symdan  Leupro  Leuhud Lesung  Les dry Les dis
(notsig.) {motsig.) (notsig} (notsig.) (notsig) (notsig.)

Leu pro Symobt  Symdan  Pisp. Levint  Leubud  Lesung Les dry Lesdis  Lescon  Bancro
(<0.05)  (not sig.} (notsig.} (oot sig.) (notsig.) (notsig) (no sig) (nmotsig) {aotsig.) (not sig.)

Lib qua Som wil
(not sig.)

Sym dan Symobt Somwil Leupro lewint Leyhud Corshu
(notsig.}  (notsig)  {not sig.) (notsig.)  (<0.00]) (not sig.)

Sym obt Symdan  Somwil Leupro  Corshu
(<0.05) (notsig) (<0.05) (<0.05)

Lescon Leupro  Lesdry Les dis
(notsig) (notsig)  (not sig.)

Les dis Leupro  Lewimt  Lesung Lesdry Lescon
(notsig.) (motsig) (aotsig) (notsig.)  (not sig.)

Les dry Leupro  Leuint  lesung  Lesdis Les con
(notsig.} (notsig.) (notsig) (oot sig.) (not sig.)

Les ung Leapro  Leuint  lesdry  Lesdis
(notsig.)  (notsig.) (not sig.)  (not sig.)

Coe ang Pti sp. Enacya Bancro
(notsig.)  (notsig) (notsig.)

Coe res Pri sp. Ban cro
(notsig)  {not sig.)

Enacya Plisp. Cocang Bancro
(notsig.} (notsig) (notsig.)

Micpul  All potential replacement taxa excluded because of significant size differences.
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TABLE 6. Continued.

Lost Taxa Potential Replacement Taxa
Gerbue Al potential replacement taxa exchided because of significant size differences,
Ger dis All potential replacement taxa excluded because of significant size differences.
Letame  Single specimen collected in only one pond.

Ran fus - Single specimen collected in only one pond.
Cal aud Rha sp. Rha fro Hda sp. Grp sp. Dyt sp. Aci sp.
(dy  (notsig) (<005} (not sig.) (notsig) (not sig)

Hesato  All potential replacement taxa excluded because of significant size differences.
Hesmin Al potential replacement laxa excluded because of significant size differences.
Hes vul . All potential replacement taxa excladed because of significant size differences.
Sig alt All potential replacement taxa excluded because of significant size differences.
Sigcon  Single specitnen collected in only one pond.
Sig dec Single specimen collected in only one pond.

" Sig gro All patential replacement taxa excluded because of significant size differences,
Not bor Rhasp.  Notkir Notir  Hda sp.  Hdaaru  Gipsp.  Dyisp,

(i.d.) (<0.01)  (notsig) (<0.0%) (notsig.} (not sig.) (not sig.)
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TABLE 6. Continued.

Fost Taxa

Polential Replacement Taxa

Not irr

Not kir

Not und

Ban cro

Pti sp.

Ana sp.

Lim spl

Lim sp2

Nem hos

Oec inc

Gyr aqu

Hai can

Hal con

Rha sp.
(i.d.)

Rhasp.
(i.d)

Rhba sp.
(i.d)

Pli sp.
{not sig.)

Leu pro
(101 sig )

Not und
(not sig.}

Not und
(not sig.}

Not kir
(nat sig.)

Leu pio
(not sig.)

Enacya
(ot sig.)

Not kir
(not sig.)

Not i
(not sig.)

Not i
{not sig.)

Leu hud
(not sig.)

Coe res
(not sig.)

Mot bor
(not sig.)

Not bor
{<0.01)

Dyt sp.
{not sig.}

Enacya
(not sig.)

Coe ang
{nol sig.}

Single specimen collected in only one pond,

No functionally similar taxon available.

Single specimen colleeted in only one pond.

Single specimen collecied in only one pond,

Hdp spl
(not sig.)

Hdp spl
(not sig.)

Coe res
{not sig.)

Ban cro
(not sig.}

Hdasp. Hdaaru
(not sig.}  (not sig.)

Hdasp. Hdaaru
(not sig)  (not sig.)

Coe ang
(not sig.)

All potential replacement taxa excluded because of significant size differences,

Single specimen collected in only one pond.

All potential teplacement taxa excluded because of significant size differences.

Single specimen collected in only one pond.

Gip sp.
(not sig.}

G sp.
(not sig.)

Dyt sp. Aci sp.
(notsig.)  {not sig.)

Dyt sp. Aci sp.
(not sig.} (<0.0001)
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TABLE 6. Continued.

Lost Taxa

Potential Replacement Taxa

Hal imm
Hat lon
Hal sai
Had sp.
Hal stri
Hal sub
Pel ede
Pel sp.
Pel tor
Aci sem
Aci sp.
Apa ant

Agasp.

All petential replacement taxa excluded because of significant size differences.
Single specimen collected in only one pond,
Single specimen collecied in only one pond.
Pel sp.
(not sig.)
Single specimen coltected in only one pond.
Pel tor
(not sig.)
Single specimen collected in only one pond.
Hal sp.

(not sig.)

Hal sub
(not sig.)

All potential replacement taxa excluded because of significant size differences.

Calaud  Rhasp.  Notkir Notirr  Lacmac Hdpsp! Hdasp.  Gipsp.
(not sig.) {i.d.) (notsig) (notsig) (not sig.) (not sig.)  (not sig.) (not sig.)

Single specimen collected in only one pond.

Rhasp.  Lac mac Hygsp2  Hdpspl Hdasp.  Gipsp. Aci sp.
(i.d) (notsig)  (<0.01) (motsig) (ol sig.) (notsig)  (not sig.)

Dyt sp.
(not sig.)

Agasp,
(not sig.)
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TABLE 6. Continued.

Lost Taxa

Potential Replacement Taxa

Col lon

Col scu

Cop lon

Des con

Dyt dau

Dyt sp.

Grp lib

Gra per

Grp sp.

Hda aru

Hda sp.

Hdp pau

Hdp nib

Single specimen cojlected in only one pond.

Single specimen collected in only one pond.

Single specimen collected in only one pond.

Single specimen collected in only one pond.

All potential replacement taxa excluded because of significant size differences,

Rhasp, Notund Notkir  Notir  Notbor
(i.d.) (not sig.}  (nol sig.) (notsig.} (notsig)

Rha sut Rha fro
(notsig.)  (not sig.)

Single specimen collected in only one pond.
Rha sp. Not kir Not irr Notbor  Lacsp.
(id.) (notsig) (notsig) (notsig) (not sig.)

Not kir Notitr  Notbor  Dyisp.
(notsig)  (not sig.) {(notsig.)  (not sig.)

Rhasp.  Notkir Notir  Nothor  Lacsp.
(i.d.) (notsig.) (notsig)  (<0.05) (not sig.

Single specimen collected in only one pond.

Single specimen collected in only one pond.

Lac mac
(not sig.}

Lac mac
(not sig.)

Lac mac
{not sig.)

Hyg sp2
{not sig.)

Hyg sp2
(not sig.)

Hyg sp2
(not sig.}

Hdp spl
(not sig.)

Hdp spt
(not sig.)

Hdp spl
(not sig.)

Hda sp.
(not sig.)

Hdp sp.
(not sig.)

Hdp sp.
(not sig.)

Hda aru
(not sig.)

Hda sp.
(not sig.}

Grp sp.
{not sig.)

Grp sp.
(not sig.)

Dyt sp.
(not sig.)

Dyt sp.
(not sig.)

Cal and
{not sig.}

Cal aud
(not sig.)

Cal aud
(<0.05)

Aci sp.
(nat sig.)

Agasp.
{not sig.}

Agasp,
(not sig.}

Acisp.
(not sig.)

Acisp.
(not sig.}
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TABLE 6. Continued.

L.ost Taxa

Potential Replacement Taxa

© Hdp ruf
Hdp sp.
Help spl
Hyg p;t.l
Hyg sal
Hyg say
Hyg spl
Hyg sp2
Lac big

Lac mac
Lac sp.

Lio aff

Rha bin

Single specimen collected in only one pond.
Rha sp. Lioaff  Hdasp.  Grpsp.
(id) (notsig}  (notsig.)  (not sig)

Rha sp, Not kir Not iir Lacsp.  Lacmac Hygsp2 Hdasp.  Grpsp, Dytsp.  Agasp. Aci sp.
(id) (notsig.) (notsig) {not sig.) (notsig.}  (not sig.) (notsig) {notsig) (notsig) (nat sig.)  (not sig.)

Single specimen collected in only one pond.
Single specimen collected in only one pond.
Rhasp.  Lacsp.

(i.d) {not sig.)

Single specimen collected in only one pond,

Rhasp.  Lacsp.  Hdpspl Hdasp. Grmpsp. Dytsp.  Agasp.
(id) (not sig.) (ot sig.}  (not sig.) (notsig.) (not sig.} (not sig.}

Single specimen collected in only one pond.
Hdpspi  Hdasp. Grp sp. Dyt sp. Aga sp. Act sp.
(notsig) (notsig.) (notsig)} (not sig.) (notsig) (not sig.)

Rhasp. Hygsp2 Hygsay Hdpspl Hdasp. Grp sp.
(i.d) (notsig)  (not sig.) (notsig.}  (not sig.) (not sig.)

Rhasp.  Hdpsp.
(i.d.) (net sig.)

Rhasut  Rhafro
(notsig)  (not sig.)
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TABLE 6. Continued.

Lost Taxa Potential Replacement Taxa

Rha fro Rhasut  Rhabin  Grplib  Cal aud
(not sig)  (not sig)  (not sig.) (not sig.)

Rhasp. Notund  Not kir Not irr Not bor Lio aff Lacsp.  Hygsp? Hyg say Hdpspt  Hdpsp. Hdasp. Gep sp- Dytsp.  Calaud  Agasp.

(i.d) (i.d} (id) (i.d) (i.d.) (id.} (i) (i.d.) (id.) (i.d) (i.d.} (id.) (i.d.) (i.d.} {i.d.}

Rha sut Rhafro  Rbabin  Grplib
(notsig.) (notsig) (ot sig.)
Anclim  No functionally similar taxon available.
Ber stri Single specimen collected in only one pond.
Cymmin  Single specimen collected in only one pond; Insufficient inforination concerning functional feeding group, habit, dominant food, or feeding mechanism.
Cymvin  No functionally similar taxon available.
Enoham  Single specimen collected in only one pond.
Enooch  Single specimen collected in only one pond.
Helang  Single specimen collected in only one pond.
el lac Single specimen collected in onty one pond.
Hdb fus  Single specimen collected in only one pond; Insufficient information concerning functional feeding group, habit, dominant food, or feeding mechanism.

Hdc obt Tro lat
(not sig.}

Aci sp.

(i.d)

..-PS_



TABLE 6. Continued.

Potential Replacement Taxa

Lost Taxa

No functionally similar taxon available.

Hdu pse
Tro fat Hdc okt
(not sig.)
Tro sp. No functionally similar taxon available.
Tro sp. Single specimen collected in only one pond.
Hdrang  No functionally similar taxon available,
Cyp sp. Single specimen collected in only one pond; [nsuffi

cient information coenceming functional feeding group, habit, dominant food, or feeding mechantsm.

“# insufficient data 1o compute significance of mean difforence.

_gS_
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replace the ecological function of each other. Callibaeris sp. and Siphlonurus alternata

(Say) were without potential replacements.

Nineteen Odonata were identified, including 12 anisopterans and seven
zygopterans. All 19 species shared many ecological functions: separation was not distinct
between the two sub-orders. All are predators, although only Aeshna canadensis Walker,
Aeshna interrupta Walker, and Anax junius Drury capture prey by active stalking. Most
odonate species are climbers with the exception of the sprawlers Cordulia shurrleﬁi
Scudder, Somatochlora williamsoni Walker, and Libellula quadrimaculata L.,
Sympetrum spp. are both climbers and sprawlers (Merritt and Cummins 1984), thus may
have a wider niche breadth in this regard than other odonates. Lestes spp. may be both

climbers and swimmers, thus may also have a wider niche breadth than odonates restricted

to climbing or swimming.

All odonates had at least one potential replacement species; nine potential
replacements were identified for the libellulid, Leucorrhinia proxima Calvert, All
potential replacement species were odonates, except for Banksiola crotchi Banks and
Prilostomis sp.. Banksiola crotchi and Ptilostomis sp. were identified as potential
replacements for five odonates since they shared ecological function and had similar head

capsule widths.

Aeshna canadensis and A. interrupta did not differ significantly in head capsule
width when all individuals were pooled. However, when individuals were partitioned by
time, A. canadensis was significantly larger than A, interrupta (cf. TABLE 5 and TABLE
6; c¢f. Figure 2 and Figure 3). Walker (1958) observed elsewhere that A. canadensis

emerged earlier than A. inferrupta. These two aeshnid species developed at different
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Figure 2. 95% confidence intervals for mean head capsule widths of Aeshna canadensis
and A. interrupra.
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Figure 3. 95% confidence intervals for mean head capsule widths of Aeshna canadensis
and A. interrupta, following partitioning by time.
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rates, suggesting that resources may be partitioned by time. Several other similar-sized

odonates may also partition time in order to co-exist.

Seventeen aquatic or semi-aquatic hemipterans were found in the ponds. These 17
were composed of one veliid, belostomatid, and nepid species, two gerrid species, eight
corixid species and four notonectid species. Only Sigara (Vermicorixa) alternata Say was
common to all six ponds. Potential replacement species were identified only for the four
notonectids. Based upon generalized ecological function, all notonectid species would be
able to replace each other's function except for those species that differed significantly in
size. Two species of Coleoptera, Hydroporus sp. 1 and Hydaticus aruspex Clark, were
identified as. pétential replacements for Noronecta irrorata Uhler ‘and N. kirbyi
Hungerford.  Notonecta, Hydroporus, and Hydaticus are all piercing predators that
capture prey by swimming and climbing in microhabitat dominated by macrophytes.

These genera do not differ significantly in size in the pond habitat.

Notonecta kirbyi and N. borealis were not significantly different in size when all
individuals were pooled, but did differ when partitioned by sampling interval (¢f. TABLE

5 and TABLE 6). These two notonectids may partition time in order to co-exist.

Seven species of Trichoptera were present in the ponds; three species were
transient, and potential replacements were present for two of the remaining four species.
Banksiola crotchi Banks and Ptilostomis sp. shared ecological function with each other as
well as with a number of odonates. Barksiola and Prilostomis have wide niche breadths
along several resource axes. Both genera are predominantly shredders, eating living and
decomposing vascular tissue by chewing and mining. However, both genera are

opportunistic and may become predatory enguifers, thus overlapping with many odonates.
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Of the taxa identified, Coleoptera were the most diverse group inhabiting the
ponds; there were 28 genera and at least 49 species. Twenty-six species were transient.
Larvae were identified for 11 of the 28 genera. Two haliplids, Haliplus subguttatus
Crotch and Peltodyres tortulosus Roberts, could potentially replace each other's ecological
function, should either be lost from the habitat. A large number of dytiscids occurred in
the pond habitat although only a few had potential replacements. Many dytiscids shared
ecological function but often differed significantly in size. Graphoderus liberus (Sa'y)
could be potentially replaced by either Rhantus suturellus (Harris) or R. Jfrontalis
(Marsham). A third species, R. binoratus (Harris), although similar in functional
attributes, differed significantly in size from G. liberus. Like other dytiscids, Graphoderus
and Rhantus feed by attacking prey, piercing tissues, and removing fluids. Hydaticus
aruspex Clark could potentially be replaced by three species of Notonecta: N, kirbyi, N.
irrorata, and N. borealis. All have similar ecological function and are similar in size. An
unknown species of Hydroporus had four potential replacements. Two of the potential
replacements were other dytiscids (Laccophilus maculosus Say and Hygrotus sp. 2), while
the remaining two were the notonectids N. irrorara and N. kirbyi. Mean head capsule
width of the two notonectids was substantially larger than that of Hygrotus, but because of
the small sample size, could not be statistically rejected. Like dytiscids, the notonectids
are piercing predators. Most dytiscids prefer microhabitat with large numbers of
macrophytes. The notonectids do well in both open water and in microhabitat containing
macrophytes, so they may have an overall larger niche width in this regard. Hydroporus
sp. 1 could potentially replace the general ecological function of both Hygrotus sp. 2 and

L. maculosus.
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Twelve species of Hydrophilidae occurred in the pond habitat but most were
transient species. Only Anacaena limbata (Fabricius) and Hydrochara obtusara (Say)
were collected in large numbers, but insufficient information on ecological function

precluded further analysis.

One species of hydraenid and one species of scirtid were found in the ponds. The
hydraenid, Hydraena angulicollis Notman, was relatively abundant. There were no
species present that shared ecological function with H. angulicollis. Only a sinéle

specimen of the scirtid Cyphon sp. was collected, thus it was considered transient.

Of the original 108 taxa, 50 species were rejected from further consideration: 36
species were transient, insufficient ecological information was available for four species,
and 10 species were unknown Coleoptera larvae with adults of the same genus present.
Potential replacement species were not present for 22 taxa, because of either an absence of
spectes with shared ecological function or a significant difference in size spectra. The 22
taxa without potential replacements included a single amphipod species, two species of
Emphemeroptera and Trichoptera, eight species of Hemiptera, and nine species of
Coleoptera. Thus, 36 of the original 108 taxa (33.3%) had potential replacements in the
pond habitat based upon major ecological function and size. TABLE 7 contains a

summary list of all potential replacement taxa.



TABLE 7. List of hypothetically lost taxa (first column) and potential replacement t
six Sandilands Provincial Forest study ponds remaining after similarity

axa (subsequent colomns) collected from the
analysis and size spectrum comparison.

Lost Species

Potential Replacement Species

Caenis diminuta Caenis youngi
Caenis youngi Caenis diminuta
Aeshna Anax junius
canadensis

Aeshna interrupta Anax jurius
Anax junitws Aeshna interrupta

Cordulia shurtleffi Sympetrim danae

Somatochlora Sympetrum
williamsoni obrrusum
Leucorrhinia Leuchorrhinia
hudsonica proximo
Lencorrhinia Sympetrum danae
intacty

Leucorrhinia Sympetrum danae
proxima

Libetlula Somatachlora
quadrimacilata williamsoni

Sympetrum danae  Somatachlora
williamsoni

Sympetrum Somatochlory

obtrusum williamsoni

Lestes congener Leuchorrhinia
proxima

Aeshna
canadensis

Sympetrum danae
Leuchorrhinia
inlacta

Lenchorrhinia
proxima

Ptilostomis sp.

Lenchorrhinia
proxima

Lestes dryas

Banksiola crotchi

Leuchorrhinia Lestes Lestes dryas
hudsonica unguiculatyy
Lewchorrhinia Lenchorrhinia Lesres
intactu hudsonica snguicularis

Leuchorrhinia  Cordulia shurtleffi
ntacta

Lestes disjunctus
disjunctus

Lesies disjuncius
disfunctus

Lestes dryas

Lestes disjuncius  Lestes congener
disjuncius

Banksiola croichi

_Zé_



TABLE 7. Continued.

Lost Species

Potential Replacement Species

Lestes disjuncius
disjincius

Lestes dryas
Lestes
unguiculains

Coenagrion
anglatim

Coenagrion
resaluton

Enallagma
cyathigerion

Netonecta
borealis

Notonecta
irrorata

Neotonecia kirbyi
Notonecta
undulata
Banksiola crotchi

Ptilostomis sp.

Haliplus
subguttatus

Leuchorrhinia
proxima

Leuchorrhinia
proxima

Leuchorrhinia
Proxima

Prilostomis sp.

Prilostomis sp.

Prifestiomis sp,
Notonecia

irrorata

Notonecta
undidata

Nutonecia
undulata

Notonecta kirbyi

Prilostomis sp.

Leuchorrhinia
proxin

Pelrodytes
tortulosus

Lenchorrhinia
intacta

Leuchorrhinia
intacta

Leuchorrhinia
intacia

Enallugma
cyarhigerum

Bunksiola crotchi

Coenagrion
angulaium

Hydaticus
aruspex

Notonecta kirbyi
Notonecta
irrorata

Notonecta
irrorata

Leuchorrhinia
proxima

Enallagma
cyathigerim

Lestes
unguiculatus

Lesres
unguiculatus

Lestes dryas

Banksiola crotchi

Banksiola croichi

Notonecta
borealis

Hydroporus sp. |

Leuchorrhinia
findsenica

Coenagrion
resolutum

Lestes dryas
Lestes disjuncius
disjuncrus

Lestes disjuncius
disfuncius

Hydroperus sp. |

Hydaticus
aruspex

Enallagma
cyathigerum

Coenagrion
angufarum

Lestes congener

Lestes congener

Hydaticus
artspex

Coenagrion
resolusion

Banksiola crotchi
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TABLE7. Continued.
Lost Species Poteatial Replacement Species
Pelrodytes Haliplus
toriulosus subgnitatus
Graphoderns Rhantus Rhuntus frontalis
liberus suturellus
Hydaticus Notonecta kirbyi Norohecta Notonecta
aruspex irrorata borealis
Hydroporus sp. 1 Notonecta kirbyi Notonecta Laccophilus Hygrotus sp. 2
irrorata maculosis
Hygrotus sp. 2 Hydroporus sp. 1
Laceaphilus Hydroporus sp. 1
mactdasis
Rlwenieus binotatus Rhaurus Rhantus frontalis
suturellus
Rhantus frontalis Rhanius Rhantus binotatus Graphoderus
sutierelius tiberns
Rhantus Rhantus frontalis Rhantus binotatus  Graphoderus
suturellus liberus

_v6_
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CHAPTER V
NICHE OVERLAP IN CANONICAL SPACE AMONG ARTHROPODS ALONG
AN ENVIRONMENTAL GRADIENT IN SIX BOREAL FOREST STUDY PONDS

ABSTRACT

The aquatic arthropod community in six permanent, man-made ponds was studied
during a two-year period from 1988 through 1990. Pond maximum depths were from
0.95 to 1.70 m, pond volumes were ~ 19 to 68 m?, and surface areas ranged from ~ 40 to

80 m2. Well developed but variable macrophyte communities were present in all ponds.

A total of 108 arthropod taxa were identified; each pond contained a unique
assemblage, with only seven species being common to all six ponds. Leucorrhinia intacta
Hagen and Enallagma cyathigerum {Charpentier) were abundant in four of the six study
ponds. Hyalella azteca (Saussure) was present in all ponds but was abundant in only
three. Shannon-Wiener diversity ranged from 1.022 to 4.690. Variation in observed
distribution and abundance of taxa was related to measured or derived environmental

factors with the use of Canonical Correspondence Analysis (CCA).

Variation in species distribution and abundance was related to pH, area of pond
covered with macrophyte beds, and percent silt in bottom substrate. Hyalella azteca was
limited by the area of macrophyte species in association with Sphagnum sp.. Dominant
odonates were more abundant in ponds with less coloured, mineralized water relative to

ponds with highly coloured, acidic water from adjacent bog areas.
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Inter-species and species-environment niche overlap were calculated in canonical
space. Replacement by Mode! I (re-colonization) was predicted to be limited to ~ 10% of
the total available cases. Replacement by Model II (niche width expansion) or Model II1
(redundant species), could not be ruled out in any of the available cases, but was estimated
to be probable ~ 25% of the time. There was reasonable agreement between these results
and the probability of functional replacement estimated from studies reported in the
literature on niche overlap. Replacement by either Model I or Models II and T was more
likely for species located in ponds of average environmental conditions relative to pon::is

located at the distal ends of an environmental gradient.
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INTRODUCTION

Three models were developed (Chapter II) to describe the potential mechanisms by
which the ecological function of one species could be replaced by another. The
replacement species should process material and transfer energy in a similar manner as the
lost species, but the models differ in how the lost and replacement species relate to their
environment. For Model I (re-colonization), the lost species and their replacements do
not co-exist. Replacement species must first, be able to colonize the habitat vacated l;y
the lost species and second, be able to reach similar abundance as the lost species. For
Model II (niche width expansion) and Model III (redundant species) the lost species and
their replacements co-exist. Among other things, it is necessary that the replacement
species be able to increase in abundance to compensate for the loss of material processing
and energy flow caused by the removal of the original species (i.e., to satisfy the constraint

imposed by Eq. 8, Chapter II).

For each hypothetically lost taxon within a region, there may be a relatively large
pool of potentially available replacement species, based upon generalized ecological
function and size spectrum analysis (see Chapter IV). However, not all potentially
available replacement species can colonize specific habitats or reach similar or greater
abundance as the hypothetically lost taxa. Assessment of COmInuUmty structure in relation
to environmental factors can yield information on the tolerance of individual species along

the major environmental gradients affecting distribution and abundance.

Canonical Correspondence Analysis (CCA) is a non-linear, eigenvector ordination
method recently developed for detecting relationships between environmental gradients

and species distribution and abundance. It has been used in the following ways: (1) to
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demonstrate the relationship between the distribution of hunting spiders and environmental
data; (2) to link the occurrence of a number of species of macrophytes with water
chemistry and soil types; (3) to show the change in algae community structure along a
pollution gradient (ter Braak 1986); (4) to demonstrate the link between diatoms and
water chemistry in acidified lakes (Dixit er al. 1989); (5) to reconstruct lake pH based |
upon diatoms in sediment cores (Stevenson ez al. 1989); and (6) to yield insights into the
relationship between a lacustrine macrobenthos community and its environment
(Rodriguez and Magnan 1993). Canonical Correspondence Analysis has proven mo‘re
etfective for certain applications than methods such as canonical correlation or principal
components analysis (ter Braak 1986} because CCA can detect uni-modal relationships

rather than linear relationships. Most relationships between species composition and

environmental gradients are uni-modal rather than linear (ter Braak 1986, 1989),

Canonical Correspondence Analysis can also relate species composition directly to
measured environmental variables. The dominant gradients are extracted, given the
constraint that they must be orthogonal linear combinations of the environmental variables
(ter Braak 1986). Conventional methods (e.g., principal components) extract linear
relationships from the species data, which then must be indirectly related to environmental
data. The theoretical basis for CCA is described by ter Braak (1985, 1986). A species
response along an environmental gradient follows a Gaussian bell-shaped curve (Figure 1).
This response can be related to environmental factors by correlation analysis. Canonical
Correspondence Analysis solves a Gaussian response equation to fit speciés abundance
and distribution to an environmental axis By ordination, while simultaneously solving an
equation to fit the site or sample scores to the same environmental axis. The Gaussian

response model for species is shown in Eq. 1.
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u

Environmenta] Variable (x)

Figure 1. Description of the unimodal response of a species {o its environment (from ter
Braak 1987a). "c" is the maximum of the response curve, "u" is the mode or
optimum, and "t" is the species tolerance, as estimated by the standard
deviation, along an environmental gradient represented by some variable "x".
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(Eg. 1)

E (y,_k)= expected (average) value of y, at site i that has score X;

on the ordination axis;
C: = the maximum of the response curve for species k;

e = the mode or optimum for species & (the value of x for

which the maximum ., is obtained);
i = the tolerance of species & (an estimation of ecological
amplitude of species k as represented by its standard

deviation).

Canonical Correspondence Analysis correlates site scores with environmental data

by solving the following equation:

q
Xi :bo+2bj2:‘j’ where (Eq. 2)
=t

Xi = score x at site i on the ordination axis:

b,= intercept;

b ; T regression coefﬁcient for environmental variablie ;;
n X (g+1) matrix containing environmental data.

Zj

Transition formulae enable Eq. 1 and Eq. 2 to be solved simultaneously.
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The objectives of this chapter are as follows:

to assess the community structure of six study ponds located in Sandilands Provincial
Forest in relation to measured environmental variables;

to estimate niche widths along canonical axes for hypothetically lost taxa and potential
replacement taxa identified in Chapter IV relative to the pond environment;

to estimate niche overlap in canonical space between hypothetically lost taxa and
potential replacement taxa, and to estimate niche overlap in canonical space between
potential replacement taxa and specific pond habitats: and

to refine predictions concerning the potential for replacement among aquatic insects in
the six study ponds by using information generated from niche overlap in canonical
space. Niche overlap in canonical space can assist to predict those species able to
successfully colonize new pond habitat according to Model I, and to predict which co-
existing species may successfully reach similar or greater replacement abundance

according to Model IT or Model IIT hypotheses.
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MATERIALS AND METHODS

Study Area

A description of the study area is given in Chapter IV,

Arthropod Community

The methods used to sample the arthropod community are provided in Chapter IV.

Arthropod Community Structure

Species counts were converted to mean densities (organisms mr2) for each pond
for the entire study period. Geometric means were calculated from individual counts since
the data were approximately log-normally distributed. Even with this transformation,
some skewness remained because of the large number of zero counts, Because a number
of rare species were collected in the sweep net samples but not in the Ekman dredge
samples, it was thought important to convert this qualitative information into approximate
densities. Conversions were made by multiplying insect abundances in the sweep net
- samples by a factor unique to each pond. The conversion factor was an average ratio of
the approximate volurme sampled by the sweep net divided by the approximate volume
sampled by the Ekman dredge. On average, sweep net samples consisted of ~ 2.5 times
more volume relative to the Ekman samples. Thus, the average abundance of each species
in each pond consisted of the geometric mean of 27 individual Ekman samples plus nine
sweep net samples. Combined pond area sampled during the study was ~ 2.5 m2 or

between 3% and 6% of the total pond areas,
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Community structure was summarized by calculating total and proportional
abundance for each order, richness (number of species) and Shannon-Wiener diversity and

equitability indices. Shannon-Wiener diversity H was calculated as follows (Krebs 1985):

S .
H =3 (pr)(log,p:) (Eq. 3)

i=l

and equitability E was calculated as follows:

H where :
log, (S) ’ (Eq. 4)

H = information content of sample (bits individual-1) = species
diversity;

E = equitability;

S = number of species;

pi = proportion of total sample belonging to the ith species.

Habitat Structure

Pond morphometry was determined once in August, 1989. A 1 m2 grid pattern
was superimposed on each pond. Depth measurements were taken at 1 m intervals along
each latitudinal transect. Contour maps with 0.25 m isobaths were compiled. Area of the
total pond and that enclosed by each isobath was determined using a planimeter. The
pond circumference was determined ﬁsing a plan measure. Pond volume was calculated

from the following formula (Wetzel 1983):
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V = (%)[(A1+A2+m)]’ where (Eq. 5)

V= the volume (m?) of the pond between one depth stratum
and the successive one;
h = vertical height between the strata {m);

A, 20d A, = the surface area of the respective strata (m?2);

A reference marker was placed in each pond at the start of the study. Water levels

were measured to the nearest 0.5 cm at the reference markers during each site visit.

The distribution of aquatic macrophytes was mapped using the line transects that
were in place for pond morphology measurements. Specimens were identified to species
where possible. Macrophyte beds were plotted and area of each species Or species-

association was measured,

Five representative bottom sediment samples were collected, aggregated and
submitted to the Manitoba Provincial Soil Testing Laboratory (presently Norwest
Laboratories Inc., 203 - 545 University Crescent, Winnipeg MB R3T 5S6) for size
fraction composition (TABLE 1). Samples were placed in polyethylene bags and stored at

4°C until analyses could be completed.

Water Chemistry

Water samples for chemical analyses were taken coincidentally with site visits for

invertebrate sampling. Samples were analyzed at the W.M. Ward Technical Services
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TABLE 1. Summary of methods used to analyze bottom sedirment collected from the six
Sandilands Provincial Forest study ponds.

Variable Urits Methods
Organic Matter Content % dickromate digestion
Texture - visual estimation
Sand Content % digestion/sedimentation
Sitt Conteng % ! digestion/sedimentation

Clayv Particle Content % digestion/sedimentation
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Laboratory (presently Environmental Sciences Centre, 745 Logan Avenue,Winnipeg MB
R3E 1M8). Methods, summarized in TABLE 2, followed Sorba ef al. (1980} and
subsequent revisions, except where stated. Sample containers and caps were rinsed three
ti.mes with pond water and water was collected from ~ 0.25 m depth. Sample containers
were capped under water in order to minimize air space in the container. Samples were
immediately placed in coolers with ice. Sample containers destined for metal analyses
were first preserved with 5.0 mL of 50 % HNO; L1, Dissolved oxygen samples were
preserved with the addition of 2.0 mL manganous sulphate and 2.0 mL alkali-iodide-azide
reagent. Pond temperature was measured with an alcohol thermometer to the nearest 0.5°
C. General conditions (e.g., time, cloud cover, wind direction, as well as any unusual

pond conditions) observed at the time of sample collection were recorded.

Aliquots destined for nutrient analyses (nitrogen, phosphorus, and carbon) were
collected in duplicate. One series was submitted for the analyses of total si)ecies whereas
the other was filtered, and submitted for analyses of dissolved species. Samples were
filtered in the field using a Geotech Backflushing Filter apparatus through cellulose acetate
filters of 0.45 pum pore size (142 mm diametef). Filtration was preceded by rinsing the
filter, apparatus, and all associated tubing with ~ 100 mL deionized water, followed by ~

200 mL pond water. Sample containers were triple rinsed with filtered pond water.

Statistical Analysis

Canonical Correspondence Analysis was performed using CANOCO version 3.12
(ter Braak 1991). Species data were input as log-transformed densities (In (ay + c), where
2 = 1.0000 and ¢ = 1.0001). Environmental data were appropriately transformed and

normality was tested with %2 goodness-of-fit (o = 0.05), following distribution-fitting



-107-

TABLE 2. Summary of methods used to analyze water chemistry collected from the six
Sandilands Provincial Forest study ponds.

Variable Units Method

Field Temperature C Field measurement with alcohoi thermometer.

Field Laboratory pH Units Field measurement with Metrohm Modet E $88 meter.

pH Units Electrometric.

Field Laberatory Conductivity pSeml Field measurement with YSI Model 33 conductivity meter. Resuits were

(25 °C) standardized to 25 °C with linear conversion function (Greenberg ez al, 1992).

Conductivity (25 °C) uS em! Automated--conductvity bridge,

Sclids (Total Dissolved) mg L] Gravimetric.

Sofids { Totaf Suspended) mg L] Gravimetric.

Solids {Total) mg L,'1 Caicuiated: Total dissolved solids pius total suspended solids )

Alkalinity (Total) mg Ll Potentiometric. '

Alkatinity (Bicarbonate) mg L Calculation,

Alkalinity (Carbonate) mg L1 Calculation.

Alkalinity (Hydroxide) mg L1 Caiculation.

Calcium (Exmractable) mg I_.'; [CAP.

Magnesium (Extractable) mgL"! ICAP.

Hardness mg Lt Caleulated from calcium and magnesium. Hardness {m g equivalents of CaCO4)
=2.497 [Ca. mg L'} + 4.118 [Mg, mg L™}] (Greenberg e al '
1992).

Sodium {Extractable} mg ! Inductivety Coupled Argon Plasma (ICAP).

Potassium (Extractable) mg L Automated atomic adsorption.

Iron (Extractable) mg Ll ICAP.

Manganese (Extractable) mg L'l ICAP.

Dissolved Oxygen mg Ll Winkler titration after addition of 2.0 mL of manganous sulphate and 2.0 mE
alkaii-iodide-azide in the field.

Dissolved Oxygen % Sat. Calculated: Eguilibrium functions reported by Bowie et al. (1985).

Colour (True) Units Colourimetric comparison.

Turbidity NTU Field measurement, H.F. insirements Model DRT {5 B meter,

Nitrogen (Total} mg Ll Calculated: Total Kjeldal nitrogen plus dissolved nitrate - nitrite nitrogen.

Nitrogen (Dissolved) mg gl Caiculated: Dissolved Kjeldal nitrogen plus dissolved nitrate - nitrite
nitroget.

Nitrogen (Particulate) mg Ll Calcuiated: Total nitrogen minus dissolved nitrogen.

Nitrogen (Total Kjeldahl) mg L Automated phenate.

Nitrogen (Total Qrganic) mg Ll Calculated: Toetal Kjeldahl nitrogen minus total ammonia nitrogen.

Nitrogen (Dissolved Kjeldahi) mg L Automnated phenate after field filiration through 0.45 pm pore size cellulose
acetate filters.

Nitrogen (Particulate Kjeldah}) mg Lt Calculated: Total Kjeldah! nitrogen minus dissolved Kjeldahl nitrogen.

Nitrogen (Totai Ammonia} mg Ll Automated phenate.

Nitrogen {Un-ionized Ammonia) mg L Calculated: Equilibrum function reported by Emerson er a/. (1975).

Nitrogen (Dissolved Nitrate- mg L Automated Cd reduction.

Nitrite)

Phosphorus {Totai} mg L! Automated stannous chloride.

Phosphorus {Dissolved) mg Ll Autemated stannous chloride after field fiftration through 0.45 pm pore size
cellulose acetate filters.

Phosphorus {Particulate) mg Ll Caleutated: Total phosphorus minus dissolved phosphorus.

Chloride (Soluble) mg Ll Automated thiocyanate.

Sulphate (Scluble) mg L Automated methyithymal blue.
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TABLE 2. Continued.

Varable Units Method

Carbon (Total Organic) mg L Infrared analyzer

Carbon (Dissoived Organic) mg il Infrared analyzer after field filtration through .45 um pore size cellulose acetate
filters.

Carben (Particulate Qrganic) mg Ll Calcuiated: Total organic carbon minus dissoived organic carben,

Carbon (Total Inorganic) mg Ll [nfrared analyzer.

Carbon (Dissolved Inorganic) mg Lt Infrared analyzer after field filtration through 0.45 pm pore size cellulose acetate
filters.

Carbon {Particulate Inorganic) mg L Caleulated: Total inorganic carbon minus dissolved organic carbon.
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procedures (STATGRAPHICS version 5.1, STSC Corporation 1992). Distributions were
normal, log-normal, and arcsine. In some cases (e.g., water chemistry variables that were
influenced by data at or near the limit of detection), normality could not be obtained even
after numerous alternate transformations.  Data ¢xpressed as proportions were
transformed into radians by the arcsine function (Sokal and Rohif 1981). Selected species
input options included weighting species scores by mean sample scores. All species,
including rare species, were given equal weight. The least numbers of environmental
variables that best explained the observed variability in the species data were chosen usiﬁg
forward selection procedures. Unrestricted Monte Carlo permutation of the residuals
under the null model was used to test both the fit of the overall model and the fit of the

first canonical axis (o0 = 0.05) based upon the selected environmental variables.

The non-parametric Kruskal-Wallis one-way anmalysis of variance by ranks
(STATGRAPHICS version 3.1, STSC Corporation 1992) was used to test for water
chemistry differences among ponds (o = 0.05). This test was chosen since the parametric
one-way analysis of variance could be influenced by heteroscedastic variances and these
remained for several variables despite numerous alternate transformations. Duncan's
multiple range test, applied to each univariate water chermnistry variable, followed Kruskal-
Wallis tests in order to group ponds that were statistically indistinguishable from one
another. This test conformed well with the results of Kruskal-Wallis test, but should be
considered approximate for those water chemistry variables with unequal variances.

Duncan's multiple range test is applied to parametric data and therefore can be affected by

non-normality.

Multivariate cluster analysis (STATGRAPHICS version 3.1, STSC Corporation
1992 and STATGRAPHICS PLUS version 7, Manugistics 1993) was used to group
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ponds into similar units in order to further explore the relationships derived by CCA.
Ponds were grouped based upon insect abundances, general numerical descriptors of
comrnunity structure, the complete complement of environmental variables as well as
several subsets, including those selected during CCA. All data were appropriately
transformed as previously described and standardized (Johnson and Wichemn 1988). The
hierarchical centroid method of clustering was chosen, with input being euclidean distance.
Several clustering methods were tested (e.g., seeded, average, nearest neighbour, furthest
neighbour, median) and all yielded equivalent results. Therefore, the choice of method

appeared not to influence the result with the data set generated from this study.

Estimation of Niche Width and Niche Overlap in Canonical Svace

A species tolerance or ecological amplitude is estimated in CCA by the standard
deviation of a Gaussian response curvé (Dueser and Shugart 1978, 1979, 1982: Carnes
and Slade 1982; Van Horne and Ford 1982; Chessel er al. 1982, 1987; ter Braak and
Barendregt 1986; ter Braak and Looman 1986; Lebreton et al. 1988; ter Braak and van
Dam 1989). The species range or niche width can be estimated by the approximate 95%
confidence region around its optimum. If the ecological tolerance or amplitude is equal to
one standard deviation, then the species range or niche width is approximately four to six

tolerance units (ter Braak and Gremmen 1987).

Methods have not been developed to estimate confidence regions around species
tolerances when input to CCA has been abundance data. Confidence regions have been
estimated for CCA and for a Gaussian-logit response where input has been presence-
absence data (ter Braak and Looman 1986, ter Braak and Gremmen 1987, ter Braak

1987b). Gaussian-logit response is a generalized linear approach modified for use with
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presence-absence data. ter Braak (1987b) estimated confidence intervals from the
regression coefficients in the final reciprocal averaging algorithm of CCA to compare
changes in plant species along a gradient created by rising shore-line. However he
cautioned that the confidence intervals were likely underestimated since the axes in CCA
are chosen optimally; a factor not included in the estimation of confidence intervals,
Most researchers have chosen to represent the approximate range of a species along an
environment gradient with species scores plus and minus one standard deviation (e.g.,

13

Chessel et al. 1982, Lebreton er al. 1988), thus approximaﬁng 66% confidence regions.

It was desirable in the present study to use abundance data rather than presence-
absence values since abundance provides an important measure of a species success at a
given site. Dueser and Shugart (1979) noted that niche pattern consisted of three factors,
niche position (i.e., species score), niche breadth or ecological amplitude (i.e., standard
déviation), and population abundance. Presence-absence data may be more useful when
the number of sites is relatively large (e.g., > 1000 in the study by ter Braak and Gremmen
1987). As the number of sites increase, better estimates can be obtained of species
preferences for certain habitats, and population success becomes less important. In the
present study, the number of sites was small (ie., six ponds), thus considerable
information would be lost on the variability or success of populations within any one pond
if CCA were run with presence-absence data. Canonical Correspondence Analysis applied
to abundance data, on the other hand, should provide as much information on the
distribution of species as with nominal data, and should provide additional information on

the success of a species at any one site.

Simultaneous 100(1-¢)% confidence regions were estimated by the F-ratio method

around the optimum for each species for each of the first four canonical axes (Johnson and
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Wichern 1988). ter Braak (1991) reported that inter-species and inter-site distances in
CCA orthogonal space are approximate %2 distances. The F-ratio can therefore be used to
estimate confidence regions with %2 distances (Carnes and Slade 1982). Calculations were

as follows:

2

i \/ﬁ F,,_, () % where (Eq. 6)

U™ species score (its optimum) on each canonical axis;
Si = species sample standard deviation (tolerance) on each
canonical axis;
P = number of environmental variables retained in the CCA
model (3);

n = number of sites (6).

Output from CCA provides population standard deviations as estimates of
tolerances for species. Sample standard deviations were obtained by dividing population

1
standard deviations by (1-—) (ter Braak 1991) prior to calculation of simultaneous
n

confidence regions.

Consequently, projection of the 95% confidence regions around a species score on
each of the first four canonical axes results in a series of ellipses representing the
approximate niche widths for that species. This method is a better estimate of a species'
niche in multivariate space than the method proposed by Green (1974) and the methods
used by Chessel er al. (1982) and Lebreton ef al. (1988). Green (1974) suggested that

niche width in multivariate space can be estimated by the 50% confidence ellipse and the
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methods used by Chessel er al. (1982) and Lebreton ef al. (1988) estimated approximate
66% confidence regions. Subsequent workers have similarly used 95% confidence regions

to define niche widths (Dueser and Shugart 1979).

Once niche widths were estimated for each species along all canonical axes,
asymmetrical niche overlap between species and between species and sites was calculated

(Eq. 7). Niche widths were projected on each axis, then proportional overlap (Figure 2)

)

was determined as follows:

Percent Overlap of Species 2 on Species 1 along the 15t (Eq. 7)

Canonical Axis = ( b- CJ x 100, where
—a

a and b = 95% F-ratio coordinates calcuIated from

E \/ "()i” Dp @ j_ (Eq. 6) for Species I;

cand d = 95% F-ratio coordinates calculated from

ot ,?:i ) F,,. P(a)ji (Eq. 6) for Species 2,

® - Species score yy, for Species [ and Species 2;

m = Site score x, at Sire I.

The canonical axes are in standard deviation units. Depending upon the relative
species scores and niche widths, Eq. 7 can assume ~ 14 forms, although the overall
structure remains the same. Species 2 overlaps Species 1 by ~ 75% along the first
canonical axis in this example. Typically, values > 60% or 70% would be considered

significant overlap (Macdonald 1983, Fuller and Hynes 1987). The large overlap
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Species ]
——e—
a b

c d

—o—
Species 2

1

F+2.0 §D Units

-2.0 SD Units

A Site x

1.

-2.0 3D Units

3

+2.0 8D Units

Figure 2. Niche overlap estimation in CCA orthogonal space, showing location and
ecological tolerance for Species 1 and Species 2 along with the plotting
position of hypothetical Site x. Species I overlaps Species 2 ~ 75% along the
first canonical axis. Only Species I overlaps Site x.
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observed in the example could be interpreted to mean that Species 2 might be able to
replace the ecological function of Species 7. However, CCA allows more objective
estimations of potential replacement, at least concerning overlap along environmental
axes. Since Species ! overlaps the environment in Site X, it is inferred that Species 7 can
occupy or colonize Site x. The environment is represented by the site score. However,
similar inference cannot be made about the ability of Species 2 to occupy Site x since the
niche width of Species 2 does not overlap the score at Site x. Thus, while Species 2 has
high overlap with Species 1, Species 2 may not be able to colonize a specific habitat to

replace the ecological function of hypothetically lost Species 1.

Site scores in CCA are calculated by two methods (Palmer 1993). The weighted
average (WA) method generates site scores that are weighted by species, whereas the
linear combination (LC) method predicts site scores based upon linear combination of
environmental variables. Overlap of individu.al species on WA site scores is not too nseful
since the WA site scores and species scores are not independent. Indeed, in cases where
there is no environmental gradient but the species assemblage differs between sites, WA
site scores would still appear well separated in orthogonal space. In contrast, the LC
method produces site scores independent of species that are completely constrained by the
environment; thus, overlap of species scores on LC site scores is meaningful. Palmer
(1993) recommended the use of LC site scores for all CCA applications but Kenkel (pers.
comm.?) argued that the WA scores provide a more biologically relevant site score
because they account for both environment and species composition. In the present
application, sites scores representing only environment are required since the intent is to

infer whether a potential replacement species may be able to colonize a new pond based

' Dr Norman Kenkel, Professor, Department of Botany, University of Manitoba.
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upon species tolerance and pond environment. Linear combination site scores are
available only for the first three canonical axes. In CCA, the number of constrained or
canonical axes cannot exceed the number of external variables. Residual variability in the
insect community not accounted for in the first three constrained axes is included in the

fourth or additional unconstrained axes (Prentice and Cramer 1990),

Projection of relative niche widths on single dimensional axes has been used by
Green (1971, 1974), Chessel er al. (1982, 1987), and Lebreton et al. (1988) to show niche
position. May (1975) cautioned that calculation of overlap following projection of
confidence ellipses generated from discriminant analysis may overestimate niche overlap
for some species in multidimensional space with independent axes depending upon the
geometric configuration of a species' ellipse. In discriminant analysis and other
multivariate techniques however, the orientation of an ellipse is affected by the cov.ariance
structure of the matrix. In contrast, the axes in CCA are not simply derived by rotation;
thus, the original geometric configuration of a species ellipse may not be retained. It is

therefore not possible to construct ellipses with correct orientation.

Niche width calculations are affected by sample size, since the table value for the ¢
statistic becomes larger as the degrees of freedom are reduced. Degrees of freedom are
typically determined by the number of sites actually occupied by a species. Thus,
information on the absence of a species is not included. Consequently, a species limited to
two or three sites may have a larger niche width when estimated by the 95% confidence
region than a species occupying five or six sites. This undesirable property has been
discussed by Dueser and Shugart (1979, 1982), Van Horne and Ford (1982), and Carnes
and Slade (1982). Green (1971) suggested that the presence of a species conveyed

considerably more information than its absence. A species may be absent for a number of
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reasons, including: (1) the species cannot live at that site; (2) the species has not yet
dispersed to that site; or (3) the species does live at the site but was missed by chance
during sampling. Carnes and Slade (1982) argued that the absence of a species at a given
site provides valuable information which should be retained in data analysis. They
reasoned that Green's (1971) rationale may be appropriate for sedentary forms where
dispersion rates are low, but may not apply to highly mobile forms. Mobile animals may
occupy a site merely by chance for a limited period of time although that site may not be
within its preferred niche range (e.g., adult Coleoptera). For discriminant analysis, Carnes
and Slade (1982) suggested that samples be collected using a complete or stratified
random design and that habitat variables be measured and incorporated into the statistical
analysis even when species were absent. In discriminant analysis, this has the effect of
extending the range of habitat to that which is available rather than only that which is
occupled, thereby eliminating the effect of sample size on niche width as reported by

Dueser and Shugart (1979, 1982).

The method of Carnes and Slade (1982) was extended to CCA in order to
calculate niche widths without the influence of unequal species occurrences, with one
modification. In CCA, population standard deviations are calculated only from occupied
sites. By adding 0.0001 to all species abuﬁdances (i.e., as previously mentioned, ¢ =
1.0001 in the log-transformed abundances), CCA treated all species as being present at all
sites, thereby calculating standard deviations across all available habitat. The addition of
0.0001 to all species abundances is the equivalent of finding one additional specimen of
each taxon approximately once each 17 years, given the present sampling strategy. This
simple assumption is realistic and is consistent with both Green (1971) and Carnes and
Slade (1982). It is assumed that these highly mobile taxa will colonize all ponds

occasionally by accident, but may not establish successful populations; their absence in
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the samples is caused by chance alone. Confidence regions were calculated with five

degrees of freedom for all species (n-1, where n = 6 sites).

It is recognized that both the method used to calculate 95% confidence regions
around a species optimum and the method used to calculate niche overlap in canonical
space are approximate. Both methods are simple extensions of previous work (e.g.,
Chessel et al. '1982, Lebreton et al. 1988); however, the extensions are thought to better

represent niche width than previous work and to adequately estimate niche overlap.

RESULTS AND DISCUSSION

Pond Characterization

Pond 34 had a total volume of ~ 41 m?3, a surface area of 57 m2 (TABLE 3) and a
maximum depth of 1.5 m (Figure 3). The entire bottom was covered with dense beds of
Chara sp. with Typha sp. encroaching well into the pond along most margins (TABLE 4).
Pond sediment was mainly coarse sand (TABLE 5). Water chemistry was characterized
by low colour (~ 15 colour units), low dissolved organic carbon (8.8 mg L -1}, pH in the
low alkaline range, and moderate concentrations of dissolved minerals (total dissolved
solids of ~ 186 mg L-1; TABLE 6). Total phosphorus and total nitrogen concentrations
were relatively low (X = 0.0264 and 0.53 mg L1, respectively). The majority of
phosphorus and nitrogen was present in dissolved forms rather than bound to suspended
sediment particles or in algal cell walls. In addition, virtually all of the observed dissolved
nitrogen was of organic origin, indicating that most nitrogen is probably being cycled
within the pond through macrophyte tissue followed by senescence, rather than by the

introduction of new inorganic forms. Dissolved inorganic carbon concentration was
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TABLE 3. Summary of morphological features of the six Sandilands Provincial Forest

study ponds.
Varizble Units Pond 34 Pond 37 Pond 39 Pond 40 Pond 41 Pond 42
Circumference T 16.40 16.38 31.49 31.0i [7.09 3101
Area m> 57.35 40,45 82.00 78.45 54.38 81.20
Volume m3 41.63 19.38 58.52 58.43 52.16 67.67
Maximura Depth m 1.50 0.95 1.35 1.39 1.65 130
Circumference / Velume Ratio mm 0.39 0.85 0.54 0.53 0.33 0.46

Water Level Variation Coef. of Var. 0.30 0.54 0.32 0.46 0.51 0.53
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Figure 3.

Bathymetric maps of the six Sandilands Provincial Forest study ponds.
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Figure 3.  Continued.
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Figure 3.  Continued.
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TABLE 4. Area colonized by macrophyte species in the six Sandilands Provincial Forest
study ponds. All values are percent of total pond area.

Plant Species or Associaton Pond 34 Pond 37 Pond 39 Pond 40 Pond 41 Pond 42
Carex sp. 0 0 G 0 V] 1]
Chara sp. 48 0 6 9 G 0
Chara sp. and Sphagnum sp. 5 0 0 0 0
Chara sp. U. vulgaris L. and Sphagnum sp. 0 0 4] 0 44
Chara sp., Potemegeton foliosus Raf. and Sphagrian 0 & 0 0 1] 0
sp.
Filamentous algae and Sphagnum sp. G 8 G 0 0
P. foliosus Raf., Chara sp. and Sphagnum sp. 0 0 0 38
P. foliosus Raf. 0 23 i9 31 0 0,
P. foliosus Raf. and P. gramineus L. 0 0 0 0 0
P. foliosus Raf. and Sphagnum sp. 0 10 0 0 0
P. foliosus Raf., Charasp., P. gramineus L. and 0 0 ¢ 67 0
Sphagmnium sp.
P. gramineus L. 0 ) 15 ] 0 H
P. natans L. 0 0 0 3 0 0
Polygonum coccinewn Muhl. 0 0 ¢ 0 12 0
Ranunculus aquarilus L. and Sphagnum sp. 0 0 0 0 ¢] l
Scirpus sp., Carex sp. and Sphagnum sp. ¢ 0 0 0 0 11
Sparganium sp. 0 0 0 2 0 0
Sphagnum sp. 0 13 0 G ; 0
Typha sp. ¢ G G 0 21 0
Typha sp. and Chara sp. 52 2 0 0 G 0
Urricalaria vulgaris L. and Sphagnum sp. 0 o} 0 4] 0 0
U. vulgaris L., Chara sp. and G G [ 4 0 0
P. narans L.
U. vulgaris L. and Chara sp, 0 0 35 0 G
Polygonum coccinium Muhl. and Sphagnum Sp- 0 G 0
Sparganium sp. and Sphagnum sp. s} 0 0 G 5
Plant association with Sphagnum sp, 0 42 0 ; 67 100
Plant association with Chara sp, 100 11 6 48 67 82
Plant association with Potamogeton spp. 1] 39 53 34 1] 38
Plant association with Sphagnum sp, and arez covered 0 77 50 17 67 100
with detritus
Detritug 0 35 30 17 0 0

Plant Cover 100 65 50 83 100 100
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TABLE 5. Characteristics of bottom sediments in the six Sandilands Provincial Forest
study ponds. All values are percent of sample mass.
Sediment Type Pond 34 Pond 37 Pond 39 Pond 40 Pond 41 Pond 42
Organic 3 2 1 3 2 2
Silt 3 1 1 1 2 i
" Clay 2 1 0 2 3 1
Very Fine Sand 2 2 [ 2 6 1
Fine Sand 2 12 i7 33 49 36
Medium Sand 9 38 59 45 36 39
Coarse Sand 43 15 18 15 4 17
Very Coarse Sand 39 11 5 2 0 5
Textural Class coarse coarse medium medium medizm medium
sand sand sand sand sand sand
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TABLE 6. Summary of water chemistry in the six Sandilands Provincial Forest study

ponds.
Variable Units  Kruskal- Pond 34 Pond37 Pond39 Pondd40 Pond 41 Pond 42
Wallis!

Field Temperatre °C not sig. 13.4 13.1 12.8 14.4 13.9 13.2
Field pH Units  «0.001  §.12 8.0% 768 778 7.4b 7.6b
Laboratory pH Units  <0.0001 8058 7843 7355 7450 5q0d 7.47¢
Field Conductivity uSem™ <0.0001  3249% 3057 20290 32787 (2506 266300
{25 °C)
Laboratery Conductivity pSem’l <00001 32412 32331 22430 3g00¢ 13739 3082
(25 °C)
Solids (Total Dissolved) mgLl <0001 1862  |geA¢  1a73d sy 1200 207%¢
Solids (Total Suspended) mg L sig. <5 <3 <5 <5 <6 <6
Solids (Total) mgLl <0001  189%¢  1ga® 53 pg0d 1328 2pged
Alkafinity (Total) mgL™l <0.0001 1652 1662 1050 1084 60° 1578
Alkalinity (Bicarbonate) mell <0.0000 1982 202%  q28b  24d 73¢ 1922
Alkalinity {Carbonate) mgL! notsie. 2.1 9.0 0.0 0.0 0.0 2.0
Alkalirity (Hydroxide) mg Lt oo sig. 0.00 0.0¢ 0.00 0.00 0.00 0.00
Calcium (Exractable} mgLl <0000 4600 4g6d 3550 ga2t 2249 spgd
Magnesium (Extactable) mgL'l <0.0001 15080 1200 67C 10.8b 3.5d 8.7%
Hardness mgll <00001 17730 7 (7€ 2psh 704 ‘1664
Sedium (Extractabie) mgl? <001 1.9%0 172 2.14b 2.2b 24P 230
Potassium (Extractable) mg Ll not sig. <5 <3 <5 <5 <5 <5
Iron (Extractable) mgL’l <00001 006®  <0.05*  017° 026 036 053¢
Manganese (Extractable) mg I — sig, <(.03 <0.02 <0.03 <0.03 <0.05 <0.03
Dissotved Oxygen mgll  otsig 9.0 75 64 6.1 <85 79
Dissolved Oxygen % Sat.  not sig. 86.4 714 61.9 60.5 80.2 75.7
Celour (True) Units  <0.0001 153 142 445 380 45be a7¢
Turbidity NTU  rotsig. 0.6 0.4 0.7 0.6 1.0 13
Nitrogen (Total) mgL! <00001 0538 0372 g70PC  g7abe jged  gped
Nitrogen (Dissolved) mgL'l <00001 0422 028® 050 0582 095¢ 0.87¢
Nitrogen (Particulate) mg Ll ot sig. <(.22 <0.21 <(2.23 <(.23 <0.23 <0.22
Nitrogen (Total Kjeldahl) mgLl <00001 049% 0360 066 070  10o7¢ 0948
Nitrogen (Total Organic) mgLl <00000 04820 0352 geste gt 103d  pgped
Nitrogen (Dissolved Kjeldaht) mgLl <00001 038 <0272 p4rhe o579 goze  gode
Nitrogen (Particulate Kjeldahl) mgll notsig <022 <021 <023 <023 <023 <022
Nitrogen (Total Ammonia) mg | B — sig, 0.006 0.007 0.011 0.009 0.021 0.012
Nitrogen {(Un-ionized Amumonia) mg L oo sig.  0.0002  0.0002 00001  0.000F 0.0002  0.0001
Niwogen (Dissclved Nitrate-Nitrite) mg Ll ot sig, <0.03 <0.01 «0.02 <0.01 <0.01 <0.02
Phosphonas (Total) mg Ll et sig.  0.0264  0.0301  0.0421 0.0413  0.0562  0.0526
Phosphorus (Dissolved) meEl <0001 <0.0006% 0.0132% 00128580 00123 002765 0.0174P
Phosphorus (Particuiate) mg Ll ner sig. 00153 0.0159 00268 0.0366 0.0271 0.0317
Chloride (Soluble) mgLl <005 103 0.82 1020 120 140 1.0
Sulphate (Soluble) mgLl  <0.05 6ab 54 gab 52 100 680
Carbon (Total Organic) mgl'l <0.0001 1022 <73%  17qb 172b 242b 225D
Carbon (Dissolved Organic) mgtl <00001 88 <582 i55P 1s7b 200b  jo0P

Carbon (Particulate Organic) mg Ll ot sig. <5.2 <3.0 <35.1 <5.3 <5.2 <5.8
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Variable Units  Kruskal- Pond 34 Pond37 Pond 39 Pond 40 Pond 41 Pond 42
Wallis
Carbon (Total Inorganic) mgil <0.0001 32.0%  3p7#D  angb 377? 11.6°  3p.14bc
Carbon {Dissolved Inorganic} mgL1 <0000f 3118 30.12 2070 34,82 11.0° 2678
Carbon (Particuiate Inorganic) mg L} oo sig. <3.0 <5.0 <5.7 <6.2 <3.0 <5.6

! Probabilities that a staristically significant difference exists berween at

parametric Kruskal-Wallis One-Way Analysis by Ranks zest.

abede Values for each variable with the same lenter are not statisticaily different (o = 0.05), as determined b

range test.

least two pends, as demonstrated by the aon-

y Duncan's multiple

¥
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relatively high (X = 31.1 mg L-1). Inorganic carbon often increases as a result of
photosynthetic activity in the presence of cations, principally calcium and magnesium
(Horne 1978). Thus, elevated dissolved inorganic carbon can often be used as an
indicator of relative primary productivity. Relatively high dissolved inorganic carbon in
Pond 34 may therefore be consistent with the expected high rate of primary productivity

occurring in the dense beds of Chara sp..

The clear, mineralized water within Pond 34 is a reflection of the nature of tﬁe
surrounding catchment area. This pond is situated on relatively high ground; the pond
probably intercepts the ground water table within the surficial aquifer. The pond is
surrounded by stands of mature cedar, spruce, and aspen. The surface organic mantle is
thin (< 3 cm In most areas) and overlies extensive sand deposits. Percolation of
precipitation through the thin organic mantle and through the coarse sand deposits would
be rapid with little opportunity for dissolution of materfals associated with the surface

organic material.

Thirty-seven arthropod species were identified from Pond 34: Leucorrhinia
intacta Hagen was clearly dominant [> 80% of the total identified arthropod fauna; (X =
275.49 individuals m2; TABLE 7)]. Both Shannon-Wiener diversity and equitability
were lowest in Pond 34 relative to the other study sites (TABLE 8), reflecting the
overwhelming dominance of L. intacta. Two odonate and six coleopteran species were

unique to Pond 34.

Pond 37, the smallest of the study ponds, had a volume of 19.38 m3, a
circumference of 16.38 m, and a maximum depth of 0.95 m. Water level fluctuation

throughout the study was greatest in this pond (coefficient of varation = 354%).



TABLE 7.

Abundance of arthropods collected from the
m2) of ali samples collected during the study period.

six Sandilands Provincial Forest study ponds. Values are means (numbers

Order or Family Species Life Stage Code  Pond34 Pond37 Pond 3% Pond 40 Pond 41  Pondd42
Sub-Order
Amphipoda Talitridae Hyalella azteca (Saussure) aduit Hya azt 28.92 1.68 94.82 128.76 4.07 107
Emphemeroptera Siphicnuridae Siphlonurns alternata (Say) {probably) larvae Sipalt 0.00 0.00 0.60 0.00 0.00 (.13
Emphemeroptera Baetidae Callibaetis sp, Eaton larvae Cal sp. 0.00 (41 091 0.36 2,16 0.87
Emphermeroptera Caenidae Caenis diminuta Walker larvae Cae ditn G.00 0.00 0.20 0.00 0.00 0.56
Emphemeroptera Caenidae Caenis youngi Roemhitd larvac Cae you .00 0.00 1.10 0.27 0.68 0.00
Anisoplera Acshnidae Aeshna canadensis Walker nytiph Aes can 0.39 0.00 G.00 0.00 0.19 0.00
Anisoplera Aeshnidae Aeshna interrupta Walker nymph Aes int 0.22 0.t5 0.10 .21 [\N ¥ 0.00
Anisoptera Acshnidae Anax junius Drury nymph Anx jun 0.08 (.00 0.060 0.00 0.00 (.00
Anisoper Coduliidae Cordulia shurileffi Scudder nymph Cor shu 0.y2 0.00 0.00 0.00 0.00 .04
Anisoptera Corduliidae Somatactdora williamsoni Walker nymph Som wil .06 0.18 0.18 0.12 0.15 0.08
Anisoplera Libettulidae Leucorrhinia frigida Hagen nymph [eu fri 0.06 0.00 0.00 0.00 0.00 0.00
Anisoplera Libellulidae Leucorrhinia hudsonica (Selys) aymph Leu hud 0.20 0.00 4.00 0.00 0.00 G.00
Anisoplera Libellulidac Leucorrhinia intacta Hagen aymph Leuint  275.49 43.88 0.23 7.19 0.17 0.87
Anisoplera Libellutidae Leucorrhinia proxima Calvert nymph Leu pro 0.33 0.00 0.00 0.00 0.09 0.09
Anisoptera Libeiiulidae Libellula quadrimaculata Linne nymph Lib qua 0.09 0.00 6.33 1.55 0.06 0.20
Anisoplera Libeftulidae Sympetrum danae Sulzer nyinph Sym dan 0.00 0.00 0.00 0.00 0.00 .26
Anisoplera Libellulidae Sympetrim obrrusum (Hagen) aymph Sym obt 0.00 3.18 0.09 0.00 .00 0.00
Zygaplera Lestidac Lestes congener Hagen aymph Les con 6.20 0.00 0.8 0.43 0.78 0.18
Zygoptera Lestidae Lestes disfunctus disfunctus Selys nymph Les dis .00 0.60 0.07 0.00 0.09 0.06
Zygoplera Lestidae Lestes dryas Kirby nymph Les dry 0.00 0.00 .00 0.08 0.00 0.00
Zygoptera Lestidae Lestes unguiculatus Hagen nymph Les ung 0.64 0.00 0.07 0.060 0.00 0.31
Zygoptera Coenagrionidae Coenagrion angulanon Hagen nymph Coe ang 0.00 0.00 0.00 0.43 .30 0.36
Zygoplera Coenagrionidae Coenagrion resolutiun (Hagen) nyimph Cocres 0.20 0.60 0.00 1.03 061 1.31
Zygoptera Coenagrionidae Enallagma cyathigerum (Charpentier) nymph Enacya 2740 40.19 13.63 80.99 17.66 232
Hemiptera Veliidae Microvelia pulchella Westwood (probabl v} immature  Mic pul 0.00 6.00 0.00 0.00 0.00 0.14
Hemiptera Gerridae Gerris buenoi Kirkaldy aduit Ger bue 0.06 0.00 0.17 0.08 0.17 0.06
Hemiptera Gerridae Gerris dissortis Drake and Harris aduht Ger dis 0.13 0.05 0.52 0.00 0.00 0.00
Hemiplera Belostomatidae Lethocerus americanus (Leidy) adult Let ame 0.00 0.00 0.00 0.06 0.00 0.00
Hemiptera Nepidae Ranatra fusca Palisot de Beauvois adult Ran fus 0.00 0.00 4.07 .00 000 .00
Hemiptera Corixidae Callicorixa audeni Hungerford aduli Cal aud 0.00 0.00 0.60 0.06 (.30 0.16
Hemiptera Corixidae - Hesperocorixa atopodonta (Hungerford) aduit Hes ato 0.00 0.18 .18 0.45 0.13 0.75
Hemiptera Corixidae Hesperocoriva minorelln (Hungerford) adull Hes min 0.00 0.00 0.00 0.00 0.00 0.18
Hemiptera Corixidae Hesperocoriva vulgaris (Hungerflord} actult Hes vul 0.00 0.09 0.07 0.19 0.60 0.09
Hemiptera Corixidae Sigara { Vermicorixa} alternata (Say) aduk Sig alt 0.20 0.09 0.34 0.33 0.64 0.75
Hemiplera Corixidae Sigara (Arctosigara) conecephala (Hungerford) adulr Sig con 0.00 0.00 0.00 0.6 0.00 0.00
Hemiptera Corixidae Sigara (Arctosigara) decoratella (Hungerford) adult Sig dec 0.00 0.00 0.00 0.00 0,00 0.06
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TABLE 7. Continued

Order or Family Species LifeStage  Code  Pond34 Pond 37 Pond 39 Pond 40 Pond 41 Pondd2
Sub-Order
Hemiplera Corixidae Sigara (Vermicorixa) grosselineata Hungerford adult Sig gro 0.00 0.00 0.07 0.00 6.09 0.09
Hemiptera Notonectidae Notonecta borealis Bueno and Hussey adult Not bor 0.18 0,00 .00 0.00 0.00¢ 0.00
Hemiptera Notenectidae Notonecta irrorata Uhler aduli Not irr .09 0.00 0.00 0.00 0.08 0.00
Hcmiplcra Notonectidae Netonecta kirbyi Hungcrford adult Not kir 0.00 .00 0.G67 0.06 0.00 0.00
Hemiptera Nolonectidae Notanecta undulora Say adult Not und 0.00 Q.15 0.21 028 0.52 0.36
Trichoplera Phryganeidae Banksioly crotchi Banks larvae Ban cro 0.1t 0.09 Q.00 0.16 0.09 .29
Trichoptera Phryganeidae Prilostomis sp. Kolenati [arvae Pti sp. 0.00 0.00 010 0.09 G.00 Q.00
Trichoptera Lirnnephitidae Anabolia sp. Stephens larvae Anasp. 0.00 Q.00 010 0.00 0.00 0.00
‘Frichoptera Limnephilidae Limnephiius sp. | Leach larvac Lim spl Q.06 (.00 0.09 0.00 0.60 0.00
Trichopiera Limnephilidag Limnephilus sp. 2 Leach larvae Lim gp2 0.00 0.00 0.10 .00 0.00 .00
Trichoptera Limnephilidae Nematatlius hostilis (Hagen) lurvae Neen hos .00 0.00 010 0.00 0.00 0.00
Trichoptera Leploceridae Oecetis inconspicua (Walker) Complex larvae Oec inc 0.00 0.40 0.33 (.45 0.29 012
Coleoptera Gyrinidae Gyrinus aquiris LeConte adult Gyr aqu 0.00 (.05 0.00 0.00 0.00 0.00
Coleoplera Haliplidae Haliplus canadensis Wallis adul( Halcan  0.20 0.11 0.17 0.00 0.00 .00
Coleoplera Haliplidae Haliplus connexus Matheson adult Hal con 6.06 Q.00 0.00 0.00 6.00 0.00
Coleoptera Haliplidae Haliplus imsnaculicollis Harris adult Hal imm 0.06 0.17 017 0.09 0.51 0.13
Colcoptera Flaliplidae Haliplus longulus 1.eConte aduit Hai lon 0.00 0.00 0.00 0.00 0.06 .00
Coleoptera Haliplidae Haliplus salinaries Wallis adull Hal sal 0.00 0.00 0.00 (L00 0.06 0.00
Coleoptera Haliplidae Haliplus sp. Latreitie larvae Hal sp. 0.51 [.13 018 2.27 0.17 0.75
Coleoplera Haliplidae Huliplus strigatus Roberts aduht Hal sir .00 0.00 0.07 0.00 0.00 0.00
Colcoptera Haliplidae Heliplus subguttatus Crotch adult Hal sub 0.00 0.00 .07 0.06 0.00 0.00
Coleoplera Haliplidae Peltodyres edentuius (LeConte) adult Pel ede 0.00 0.00 0.00 .06 0.00 0.00
Coicoptera Haliplidae Peltodytes sp. Regimbart larvae Pel sp. 0.00 0.00 0.00 0.11 0.00 0.00
Coleoptera Haliplidae Peltodytes wortulosus Robests adul Pel tor 0.00 0.00 0.00 0.38 0.00 0.00
Coleoptera Dytiscidae Aciling semisulcatus Aube adule Acisem 0.18 0.00 .00 0.15 0.17 0.23
Coleoptera Dytiscidae Acilius sp. Leach larvae Aci sp. 0.00 G.00 021 0.00 0.00 0.00
Coleoptera Dytiscidae Agabus anthracinus Mannesheim aduft Aga ant 0.00 0.09 0.00 0.00 0.00 0.00
Coleoptera Dytiscidae Agabus sp. Leach larvae Agasp. 0.00 0.60 0.00 0.70 0.17 0.54
Coleoptera Dytiscidae Colymbetes longulus LeConte adult Col lon 0.09 0.00 0.00 0.00 0.00 0.00
Coleoptera Dytiscidae Colymbetes sculptilis Harris adul Col scu (.00 0.00 0.60 (.00 6.06 0.00
Coleoptera Diytiscidae Coptotomus longulus LeConte aduit Cop lon 0.00 .00 .00 0.06 0.00 0.00
Coleoptera Dytiscidae Desmopachria convexa (Aube) adult Des con 0.00 0.60 G.00 0.00 0.09 0.00
Colcoptera Diytiscidae Dytiscus dauricus Gebler adult Dyt dau (.00 0.09 0.07 0.00 0.00 0.00
Coleoptera Dytiscidae Diytiscus sp. Linnaeus larvae Dy1 sp. .00 6.09 0.00 0.28 0.00 0.06
Coleoptera Dytiscidae Graphoderus liberus (Say) adult Grp lib 0.00 0.00 G.18 6.00 0.00 G.00
Coleopiera Dytiscidae Graphoderus perplexus Sharp adult Gipper (.00 0.00 0.00 0.00 0.06 0.00
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TABLE 7. Continued
Order or Family Species Life Stage  Code  Pond34 Pond37 Pond 39 Pond 40 Pond 41 Pond42
Sub-Order
Coleoptera Pytiscidae Graphoderus sp. Dejean larvac Girp sp. 0.00 0.00 0.00 0.00 0.09 0.16
Coleoptera Diytiscidiae Hydaticus aruspex Clark adukg Hda ars 0.21 0,00 0.00 0.09 3.00 0.0
Colcoplera Dytiscidae Hydaticus sp. Leach larvae Hda sp. 0.00 0.00 0.00 0.31 0.00 0.00
Coleoptera Dytiscidae Hydroporus paugus Fall adult Hdp pau .00 0.05 0.00 0.00 0.00 .00
Coleopiera Dyiiscidac Hydroporus rubyi Larson adult Hdp rub 0.00 0.00 0.060 0.60 0.06 0.00
Coleoptera Diytiscidae Hydrop()rus rufinasus Mannerheim adult Hdp f 0.00 0.00 0.00 0.00 0.66 0.00
Coleoptera Diytiscidae Hydroporus sp. Clairville larvae Hdp sp. Q.00 0.2 0.00 .09 0.00 0.00
Coleoptera Dytiscidae Hydroporus sp. | Clairville adule Hdp spl 0.09 0.00 0.07 0.00 0.00 0.00
Coleopiera Dytiscidae Hygrotus patruelis (LeConte) adult Hygpat  0.00 0.00 .07 0.00 0.00 0.00
Coleoptera Diytiscidae Hygrotus salinarius (Wallis) adult Hyg sal 0.30 0.00 0.00 000 (.06 0.00
Coleoptera Dytiscidae Hygrotus sayi Balfous-Browne adult Hyg say .00 0.05 0.15 0.09 0.57 0.[8
Coleoptera Dytiscidae Hygrorus sp. 1 Stephens adult Hyg spl 0.00 0.00 0.10 0.060 0.00 ¢.00
Coleoptera Dytiscidae Hygroms sp. 2 Stephens adult Hyg sp2 0.00 0.00 0.00 0.00 0408 0.06
Coleoptera Dytiscidae Laccaphilus bigutiatus Kirby ackult Lac big Q.00 0.00 0.00 0.00 0.06 0.00
Coaleoplera Diytiscidae Laceaphilus maculasus Say adult Lac mac 0.00 0.00 0.10 04.06 0.06 0.06
Coleoptera Dytiscidae “Laccophilies sp. Leach larvae "~ Lac sp. .00 0.00 0.00 Q.12 .00 0.00
COEC‘O[)(CI'EI DyliSCidE\E Liodessa a_ﬁfnis (Say) adult Lio aff 0.00 0.09 0.09 0.06 0.69 G.15
Coleoptera Dytiscidae Rhantus binotatus (Harris) adult Rha bin Q.15 0.09 0.10 0.06 0.00 .06
Coleoptera Dytiscidae Rhantus frontalis {Marsham) adult Rha fio Q.15 0.00 0.00 0.00 0.00 0.00
Coleoptera Dytiscidae Rhanus sp. Dejean larvae Rhasp. G.00 0.00 0.07 0.00 0.00 0.00
CO]EOp[C['ﬂ Dytiscidae Rhantus sutureflus (Harris) adult Rha sut 0.09 0.00 010 .00 {1.00 0.00
Celeoplera Hydrophilidae Anacaena limbata (Fabriciug) adult Anc lim 0.17 0.00 0.6¢ 0.00 0.00 0.20
Colcoplera Hydrophilidae Berosus striatus (Say) adult Ber sty 0.00 0.00 0.00 0.60 0.00 (.06
Coleoptera Hydrophilidae Cymbiodyta minima Notman adult Cymmin  0.00 0.00 0.00 0.09 0.00 0.00
Coleoptera Hydrophilidac Cymbiodyta vindicata Fall adult Cym vin 0.00 0.00 .00 0.00 0.00 0.18
Coteoplera Hydrophilidae Enochrus (Lumetus) hamilroni (Horn) adult Enoham  0.06 0.00 0.00 0.00 0.00 0.00
Coleoptera Hydrophilidae Enachrus (Methydrus) ochraceus (Melsheimer) aduft Enc och 0.00 0.00 0.00 (.00 .06 0.00
Coleoptera Hydrophilidae Helophorus (Rhopalelophorus) angusticollis d'Orchymont adull Helang  0.00 0.00 0.00 0.00 0.00 .06
Coleoptera Hydrophilidae Heluphorus (Rhopalelophorus) lacustris LeConte adult Hel lac 0.60 0.05 0.00 0.00 0.00 0.00
CDIEODECH} Hydrophilidac Hydrabfusﬁgscipes {Linne)} adult Hdb fus .00 0.09 .00 0.00 0.00 0.00
Coleoptera - Hydrophilidae Hydrochara obrusata (Say) adult Hdc obt 020 0.00 .00 0.00 0.00 0.00
Coleoptera Hydrophilidae Hydrochus psendosquamifer D.C. Miller adult Hdu pse 0.00 0.00 0.07 0.00 0.06 4.00
Coleoptera Hydrophilidae Tropisternus lateralis nimbatus {Say} adult Tro lat 0.06 0.00 0.00 0.00 0.06 0.00
Coleoptera Hydrophilidae Tropisternus sp. Solier farvae Tro sp. 0.00 0.00 0.00 0.00 .00 [IN Y
Coleoplera Hydraenidae Hydraena angulicollis Notman adult Hdrang  0.06 0,00 0.00 0.00 0.58 0.18
_Coleoptera Scidtidae Cyphor sp. Paykuli achult Cyp sp. 0.00 0.00 0.00 0.00 0.06 0.00
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TABLES8. Summary measures of arthropod community composition in the six
Sandilands Provincial Forest study ponds.
Communiry Pond 34 Fond 37 Pond 39 Pond 40 Pond 4} Pond 42
Variable
Abundance Aggregated by Order {organisms m“z)
Amphipoda 28.92 1.68 94.82 128,76 4.67 1.07
Ephemeroptera 0.60 0.41 221 0.63 2.24 1.1
Anisoptera 277.84 44.39 0.92 9.07 0.84 1.59
Zygoptera 27.89 40.19 13.95 82.96 19.43 4.54
Hemiptera G.65 0.56 1.31 1.59 252 2,63
Trichoptera 0.11 0.49 0.81 0.69 0.38 041
Colecptera 2.35 227 2.04 5.14 392 3.24
Total Abundance 337.76 89,99 116.06 223.84 3359 14.64
(organisms m'z)
Number of Species 37 28 46 43 47 45
Proportional Abundance Aggregated by Order (%)
Amphipoda 8.56 .87 81.70 56.27 13.74 7.32
Ephemeroptera 0.00 0.45 .90 ' 027 6.58 7.89
Anisopiera 82.26 49,33 0.80 3.96 2.47 i0.84
Zygoptera 8.26 44.66 12.02 3625 57.17 31.02
Hemiptera 0.19 0.62 1.13 0.70 7.40 17.99
Trichoptera 0.03 0.54 0.70 0.30 1.11 2.82
Coleoptera 0.70 2.52 1.76 2.25 11.52 2213
Diversity and Equitability
Shannon-Wiener 1.022 1.527 1.182 1.606 3.013 4.690
Diversity (H)
Equitability {E) 0.196 318 0.214 £.296 0.542 0.854
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Macrophytes in Pond 37 were Potamogeton foliosus Raf., the moss Sphagnum sp., and
Chara sp.. Potamogeron foliosus Raf. and Sphagnum sp. were dominant. About 35% of
the area lacked well developed macrophytes and was covered in detritus.  Bottom
substrate consisted predominantly of coarse sand and was similar to that observed in Pond

34,

Dissolved minerals and colour in Pond 37 were similar to Pond 34. Nitrogen,
phosphorus, and carbon varied slightly relative to Pond 34 although only dissoiv:ad
nitrogen differed significantly (TABLE 6). These similarities were not unexpected since
Pond 37 was also situated on relatively high, well drained topography, with a thin mantle

of organic surface deposits overlying sand.

Twenty-eight species of arthropods were identified in Pond 37, the lowest
observed from any of the ponds. However, total abundance was ~ 90 arthropods m?, a
density substantially lower than that observed in Pond 34, but not the lowest relative to
other study ponds. Shannon-Wiener diversity was 1.527 and equitability was 0.318,
values slightly higher than those calculated for Pond 34. Although odonates dominated, L.
intacta and Enallagma cyathigerum (Charpentier) were approximately equal in
abundance. Coleoptera were more abundant in Pond 37 relative to Pond 34 and

comprised ~ 2.5% of the identified arthropods (Figure 4). Four species of Coleoptera

were unique to this site.

Pond 39 had the largest area (~ 82 m?), a volume of ~ 58 m?, nearly twice the
volumes in ponds 34 and 37, and a maximum depth of 1.35 m. Bottom macrophyte cover

was composed of several species of Potamogeton, scattered Chara s$p., and some limrted
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Figure 4. Bar graph showing percent composition of the arthropod community, aggregated by order, collected from the six
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Carex sp. colonized pond margins. Detritus covered 50% of the bottom area. Bottom

substrate in Pond 39 was principaily medium sand.

Water chemistry in Pond 39 differed significantly from ponds 34 and 37. Principai
among these differences were elevated colour, organic carbon, and several forms of
nitrogen, whereas dissolved minerals, pH, and inorganic carbon were lower. These
differences in water chemistry were a reflection of subtle differences in the surrounding
surface deposits. Organic soils near Pond 39 were deeper than at either pond 34 or 37.
Surrounding vegetation consisted of alder and willow, typical of poorly drained sites,
along with mixed deciduous trees. The thicker organic mantle combined with the finer
underlying sands would result in slower infiltration of precipitation relative to ponds 34 or |
37, which would allow more opportunity for dissolution of organic materials present in the

upper-most Jayers of soil. In addition, nearby marsh and bog areas may provide a source

of highly coloured water.

Hyalella azteca (Saussure) comprised over 80% of the arthropods in Pond 39.
Enallagma cyathigerum was the only other species to contribute over 10% to total
abundance. Although 46 species were identified, diversity and equitability weré low
(1.182 and 0.214, respectively), reflecting the dominance of one or two taxa. Ten species
were present in Pond 39 that were not identified from other ponds, including all four
species of Limnephilidae larvae. Total abundance of all arthropods was 116.06 m-2,

indicating a standing stock slightly higher than Pond 37 but substantially less than Pond

34.

Pond 40 was similar in physical configuration to Pond 39. Potamogeton foliosus

Raf., Utricularia vulgaris L., and Chara sp. were the dominant macrophytes in a diverse
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community. The bottom sediments in Pond 40 were composed principally of medium and
fine sands. Water chemistry resembled that of Pond 39, except for slightly reduced colour
and elevated concentrations of inorganic carbon and dissolved minerals. The elevated
inorganic carbon, similar to Pond 34, was indicative of enhanced primary productivity in
the presence of calcium or magnesium. Calcium concentration was significantly higher in
Pond 40 than in other study ponds; the likely source being nearby calcareous till derived
from carbonate rocks and deposited during glaciation. The surrounding vegetation al}d

surface soils were similar to Pond 34, although the surface organic mantle was deeper at

Pond 40.

Diversity and equitability in Pond 40 were similar to ponds 34, 37, and 39. As in
Pond 39, H. azfeca was dominant and comprised over 50% of the taxa. Enallagma
cyathigerum was more abundant in Pond 40 (X = 81 m2) than in other study ponds.

Nine species, mainly Coleoptera, were unique to Pond 40.

Pond 41 was similar in size to ponds 34 and 37 but was substantially smaller in
area and volume than ponds 39 and 40. Maximum depth was 1.65 m. The macrophyte
community consisted of an association of P. foliosus Raf,, Chara sp., P. gramineus L.,
and Sphagnum sp.. Typha sp. colonized the eastern margin of the pond. Bottom

sediment consisted of medium and fine sands, similar to that observed in Pond 40.

Water chemistry in Pond 41 was characterized by highly coloured water with low
pH, dissolved minerals, and inorganic carbon, and elevated nitrogen, phosphorus, and
organic carbon, relative to the other study ponds. Pond 41 is located on the periphery of
an extensive marsh and bog area characterized by Carex sp. along with sparse groups of

willow and alder. Thus, the observed chemistry reflects contributions of water from the
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adjacent bog. Flooding of Pond 41 from the surrounding bog occurred on at least one
occasion during a period of high rainfall in the summer of 1990 and may occur with some

frequency during spring melt.

Although nitrogen and phosphorus were higher in Pond 41 than other ponds,
overall primary productivity was probably lower, as indicated by low inorganic carbon
concentrations. Although the nutrient yield of the surrounding extensive marsh and bog
area was probably greater than observed in other study ponds, as evidenced by hiéh
organic nitrogen concentrations, overall primary productivity may have been limited by the
highly coloured water. Phosphorus therefore, may be remaining in solution rather than
being incorporated into macrophyte tissue. The macrophyte community was well

developed, but sparse relative to most other ponds.

Pond 41 was the richest site, with 47 taxa being identified. Diversity and
~equitability, at 3.013 and 0.542, respectively, were substantially greater than observed in
ponds 34, 37, 39, or 40. However, total overall abundance (X ~ 34 arthropods mr2) was
about one order of magnitude lower. Enallagma cyathigerum was the dominant species
and comprised nearly 60% of the fauna. Eleven species, all Coleoptera, were unique to

Pond 41.

Pond 42 was the deepest pond and held the greatest volume, although it was
similar in area to ponds 39 and 40. As in Pond 39 the macrophyte community was
diverse, but sparse relative to other study ponds. The community was composed of an
association of Chara sp., U. vulgaris L., Sphagnum sp., P. foliosus Raf., with Scirpus sp.
and Carex sp. encroaching into the pond along some margins. Bottom sediments were

principally medium and fine sands.



-137-

Water chemistry in Pond 42 was similar to that observed in Pond 41, probably
because of the nearby bog area. Dissolved minerals, as evidenced by conductivity and
total dissolved solids, were higher in Pond 42 and were similar to concentrations observed
at other study sites. Overland flooding was unlikely. Pond 42 was located on slightly
higher, relatively well-drained soils, unlike Pond 41, with surrounding aspen, birch and
alder. Primary productivity was similar to other ponds, as indicated by similar inorganic
carbon concentrations. However, some of this productivity may have been occurring n
phytoplankton rather than rooted macrophytes. Total phosphorus concentrations were
similar to those observed in Pond 41, but dissolved phosphorus was lower, suggesting that
more phosphorus was being incorporated into plant tissue in Pond 41 than in Pond 472,
The highly coloured water may limit light penetration required for macrophyte growth,
allowing algae some competitive advantage. This observation is partly supported by the
relatively higher turbidity and particulate phosphorus concentrations, which would be

expected as a result of increased algal growth.

Pond 42 had the highest arthropod diversity and equitability of all study sites.
Equitability was 0.854, indicating that abundance was relatively evenly distributed among
a larger number of taxa. Anisoptera, Zygoptera, Hemiptera, and Coleoptera all
contributed more than 10% to the overall abundance (Figure 4). Pond 42 was similar in
richness to ponds 39, 40, and 41; 45 species were identified and enumerated. However,
overall abundance (X ~ 15 arthropods m2) was lowest of all study ponds. Nine species

were unique to Pond 42.
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Canonical Correspondence Analysis

Species, sites and vectors representing pH, area of pond bottom covered with
macrophytes, and percent bottom sediment comprised of silt are shown on the first fwo
canonical axes in Figure 5. In this CCA ordination triplot, environmental variables are
shown as arrows whose direction is towards the greatest variability. The length of the
environmental vector is determined by the predicted rate of change in weighted average
and thus explains the variation observed in species distribution or abundance along the
arrow (Dixit er al. 1989). Longer arrows are therefore more important in explaining
observed variation in species abundance. Vectors positioned close to a canonical axis
indicate high correlation with that axis. Species common to all ponds and present in ail
ponds in relatively similar abundances will be plotted close to the origin. Ponds midway

along the environmental gradient will also be plotted close to the origin.

The combination of pH, total area of bottom covered with macrophytes, and
percent silt accounted for the greatest amount of variability in abundance of the species of
interest. The fit of the overall model and the fit on the first canonical axis were highly
significant (p = 0.005 and 0.004, respectively) when tested with Monte Carlo permutation
under the null model (TABLE 9). Variance inflation factors (TABLE 10) were all less
than 3.0, indicating that each variable provided unique information to the model. ter
Braak (1991) advised that if variance inflation factors are greater than 20, the two
variables are correlated and therefore not providing unique information to the model.

Variance inflation factors greater than 20 yield a highly unstable model (ter Braak 1991).

The gradient length for the first canonical axis is ~ 2.75 standard deviation units.

The gradient length represents the approximate species turnover rate along the axis (Allen
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TABLE 9. Results of the Monte Carlo permutation test on the fit of the CCA model of
arthropods with pH, silt, and area covered by macrophytes in the six
Sandilands Provincial Forest study ponds.

Monte Carlo Permutation Test Variable Value

Number of permutations under nuil model 1000
Test of significance of first canonicaf axis Eigenvalue 0.365
F-ratio 1.08

P-value 0.004

Overall 1est Trace 077
Foratio 1.85

P-value 0.005
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TABLE 10. Regression/canonical coefficients for standardized variables and variance
inflation factors generated from the CCA model with arthropods collected
from the six Sandilands Provincial Forest study ponds.

Axis | Axis 2 Axis 3 Axis 4 Vartance Inflation
Factors
Eigenvalue G.3650 0.2438 0.1564 0.1597
pH 0.8843 -0.5103 -0.6453 0.0000 1.4587
Silt 0.2497 0.9536 1.2770 0.0000 2.6063
Macrophyte Cover -0.1463 -1.4573 -0.2770 0.0000 22217
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and Peet 1990). ter Braak (1991) advised that data sets with gradient lengths less than 1.5
should be analyzed with multivariate methods based upon linear correlations, such as
principal components analysis. Species correlations with environment data over a narrow
range are likely linear rather than uni-modal, making indirect gradient methods more
“appropriate. When gradient lengths along the first axis are between 1.5 and 3.0, data sets
can be analyzed by either indirect or direct gradient methods (ter Braak and Prentice
1988). Data sets with gradient lengths greater than 3.0 are ideally suited for direct
gradient methods such as CCA. Because the gradient length of the first canonical axis
exceeds ter Braak's (1991) minimum, and is near the upper bounds of the range where

either method could be used (ter Braak and Prentice 1988), CCA was considered

appropriate.

Species and environment axes I, 2, and 3 are highly correlated (r = 0.9994,
0.9962, and 0.9734, respectively; TABLE 11). pH was correlated with the first
constrained canonical axis, which accounted for the greatest observed variability in the
species data (~ 35%; TABLE 12). Area covered by macrophytes was correlated with the
second constrained canonical axis, which accounted for an additional 23.4% of the
observed species variability. Percent silt was correlated with the third canonical axis. The
third constrained canonical axis accounted for an additional 15.0% of the species
variability. Remaining variability (27.5%) was accounted for in the fourth and, if
extracted, subsequent unconstrained axes. The remaining variability not accounted for in
the first three constrained axes is relatively small, indicating that most observed variability
in the species distribution and abundance is related to the three supplied environmental
variables. It is probable that the correlations of the three environmental factors with the

three canonical axes are significant, since the r-values of the regression/canonical
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TABLE 11. CCA weighted correlations of arthropod species collected from the six
Sandilands Provincial Forest study ponds and environment axes formed with
pH, silt, and area covered by macrophytes.

Species Axis | Species Axis 2Species Axis 3Species Axis 4 Environment Environment Environment Environment

Axis | Axis 2 Axis 3 Axis 4
Species Axis | 1.0G0O0
Species Axis2  -0.0023 1.0000
Species Axis3  -0.0004 -0.0124 1.0000
Species Axisd  -0.0348 0.0671 0.0064 1.0000
Environment (.9994 0.0000 0.0000 06060 1.0600
Axis |
Environment 0.0000 0.9962 0.6000 ¢.0000 0.0000 £.0000
Axis 2 .
Environment 0.0000 0.0000 0.9734 0.0000 0.0000 0.0000 1.0000
Axis 3
Environment 0.0000 0.0600 0.0000 0.0000 0.0000 0.00060 0.0000 0.0600
Axis 4
pH 0.9871 -0.0725 -0.1350 £.0000 0.9877 -0.0728 -(.1385 0.0000
Siit 0.4940 -0.2092 0.8211 0.0000 0.4943 -0.2100 0.8435 0.0600
Macrophyte -0.0217 -0.7933 0.5857 0.0000 -0.6217 -0.7984 0.6017 0.0000

Cover
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TABLE 12. Summary statistics of the CCA model of arthropods with pH, silt, and area
covered by macrophytes in the six Sandilands Provincial Forest study ponds.

Axes ! 2 3 4 Totat inertia
Eigenvalues 0.365 0.244 0.156 0.160 1.041
Species-environment comelations 0.999 0.996 0973 0.000

Cumulative percentage variance of species daza 35.1 385 73.5 28.8

Cumulative percentage variance of spacies-environment 47.7 © %6 100.0

relation

Sum of all unconstrained eigenvaiues [.041

Sum of all canonical eigenvalues

0.765
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coefficients are all greater than 4 (df = 3;: TABLE [3). TABLE 13 is a combination of
both regression and canonical coefficients. It is therefore not possible to compare the -
values directly to Student's ¢ probabilities since canonical coefficients are inherently more

variable than regression coefficients (ter Braak 1991).

The goal of CCA application to the aquatic insect data within the pond habitat was
to account for the greatest variability of as many species as possible, but more importantly,
to ensure the best fit for those species with replacement potential (i.e., the output from
Chapter IV). It is for the latter species that Jjudgments must be made concerning their
ability to colonize and to achieve similar population success as the hypothetically lost
species. The environmental variables that best describe the overall community structure
may not be the ones that best describe the variability in the principal species of interest.
Thus, numerous attempts were made not only to select the CCA model that best
accounted for the entire community structure, but also to select the model that accounted

for the greatest variability in the species with replacement potential.

The CCA mode{ that best described the overall species distribution and abundance
involved the environmental variables pH, pond circumference, and percent bottom area
covered with Sphagnum sp.. Both the fit of the overall model and the first canonical axis
were significant (p = 0.004 and 0.018, respectively), and all variables had low variance
inflation factors. Abundance of the amphipod Hyalella azteca was directly correlated with
the extent of bottom surface covered by Sphagnum sp.. However, H. azteca, a dominant
arthropod in most ponds, was not of principal interest since it did not have replacement
potential. pH, pond circumference, and area of bottom covered with Sphagnum sp.
explained, on average, 63.7% of the variability in distribution and abundance of the 36

species of interest that have replacement potential.
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TABLE 13. ¢ values of regression coefficients generated from the CCA model with
arthropods collected from the six Sandilands Provincial Forest study ponds
and pH, silt, and area covered by macrophytes.

Axis | Axis 2 Axis 3 Axis 4
Fraction of Variance Explained 0.4770 0.3186 0.2044 0.0000
pH 29.7182 -6.7796 -3.2113 0.0000
Silt 6.2789 $.5258 4.7546 0.0000

Macrophyte Cover -3.5845 -13.7333 -1.1170 0.0000
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Hyalella azteca was deleted from the data set, and CCA was re-run with forward
selection of variables. pH, area of bottom covered by macrophytes, and area of bottom
covered by plant communities associated with Potamogeton spp. provided the best fit
model. This model was attractive since all variables had low variance inflation factors, and
the fit of the overall model and the first canonical axis were significant (p = 0.005 and
0.002). This selection of environmental variables, on average, accounted for 69.2% of the
observed variability in distribution and abundance of the 36 species of interest, and was

therefore considered an improvement over the previous model.

The data set was examined in detail to determine if minor adjustments could be
made to the selection of environmental variables to yield an overall better fit. Area
covered by plant communities associated with Poramogeton spp. was inversely related
with percent silt (r = -0.9317, B # 0, p = 0.007). When percent silt was substituted into
the CCA model for area covered by plant communities associated with Potamogeton spp.,
the model had the same attractive features and the fit of the overall model was the same as
before (p = 0.00S), but the fit of the first canonical axis was marginally poorer (p = 0.004
rather than p = 0.002). However, this latter model explained a greater proportion of the
observed variability in distribution and abundance of the 36 key species (cf. 69.2% with
71.7%), even when adjusted for the slightly poorer overall fit. Approximately 30% of the
key species had cumulative fits > 90%, over half of the key species had cumulative fits >
75%, and < 15% of the key species had cumulative fits < 50%. Thus, the CCA model
with pH, percent silt, and percent bottom area covered by macrophytes accounted well for
the overall distribution and abundance of aquatic insect species in the six study ponds, and

in particular, accounted best for the variability observed in the 36 key species.
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There was a negligible effect to adding 0.0001 to the abundance of all species.
The significance of both the fit of the first canonical axis and the overal] fit did not change.
Species scores did not change (Student's ¢ paired difference test, & = 0.05), although
standard deviations predictably increased mainl.y because of the increase in standard
deviations from zero for species occupying a single pond. Standard deviations for species
found in more than one pond changed by less than 1%. The cumulative fit of the 36 key
species changed by less than 0.002%. Consequently, this transformation did not
significantly affect the model but provided output that could be used to calculate niche

widths based upon both species presences and absences.

The appropriateness of the niche width representation by 95% confidence ellipses
was tested through calibration using the species present only in single ponds. Niche width
of species occurring in only one pond should overlap only the site score of that pond. If
the estimated niche width is too wide, successful recovery of original plotting position
would not be possible along any of the axes, resulting in predicted location of a given
species in several other ponds. If the estimated niche width is too small, overlap with the
environment of ponds in nearby orthogonal space would occur infrequently or not at all.
Of the original 108 taxa, 56 oclcurred in only one pond. Calculation of species-
environment overlap for these 56 species yielded correct pond placement 100% of the
time when all three constrained axes were considered: this outcome was not too
surprising because the species scores were weighted by the site scores. Even so, the
calibration exercise was not trivial since estimated species niche width overlapped more
than one pond between 30% and 40% of the cases along the first three canonical axes.
The implication was that the niche widths may be overestimated. However, in cases
where misclassification occurred, it always occurred with the same ponds. Species that

occurred in single ponds were never misclassified into more than two ponds and in none of
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the cases did misclassification occur in two ponds simultaneously along all three canonical
axes. Thus, in all cases, species were classified into the correct single pond along at least
one of the axes; even canonical Axis 3 was an important component of the CCA model.
When misclassification occurred along canonical Axis 1, it was consistently with ponds 41
and 42. Similarly, misclassification along canonical Axis 2 always occurred with ponds 40
and 41, and misclassification along canonical Axis 3 always occurred with ponds 40 and
42. There was very little separation in orthogonal space along the respective axes (e.g., <
8% of the gradient length) for the misclassified ponds. Rather than miche widths beiﬁg
overestimated, ponds 41 and 42 could not be successfully separated along canonical Axis
1, simply because these ponds were very similar in those attributes represented by the first
axis (ie., pH). Similariy; ponds 40 and 41 were not well separated on the basis of
macrophyte cover, represented by canonical Axis 2, and ponds 40 and 42 were not well

separated on the basis of canonical Axis 3.

A similar pattern emerged when only the 36 key species were examined. Of the 36
key species, eight were present in single ponds. In all eight cases, species niche width,
estimated by the 95% confidence ellipse projected onto the first canonical axis, overlapped
only with the LC site score of the pond in which the species was actually found. A similar
success in recovering species position along the second and third canonjcal axes was

observed in six of the eight cases.

The calibration exercise was re-run using species scores plus or minus one
standard deviation to represent niche width, as used by Chessel ez al. (1982) and Lebreton
et al. (1988). Niche widths appeared to be underestimated because all species were
correctly placed along the first canonical axis. If one were using strictly a mathematical

approach, this outcome would be expected given the algorithms used by CCA. However,
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this result is intuitively unrealistic since it is expected that at least some species should be
incorrectly placed given the similarity in the pond environment represented by canonical
Axis 1. Therefore, it is inferred that the method of estimating niche width using 95%
confidence regions is more appropriate than merely representing niche width by species

score plus or minus one standard deviation.

Detrending is sometimes necessary in CCA to remove the "arch" effect that results
when the first and second axes are correlated by a second-order polynomial function (t'er
- Braak 1991). The arch effect occurs when a superfluous variable is highly correlated with
the second canonical axis (ter Braak 1991). Because percent area covered by
macrophytes is highly correlated with the second axis, the need for detrending was :
explored. Detrended Canonical Correspondence Analysis (DCCA), with detrending by
second-order polynomials, was used with the same three input variables. The eigenvalue
for the second axis did not change significantly (0.2297) relative to no detrending
(0.2449), an indication that detrending was not necessary. Detrending by third- and
fourth-order polynomials was not necessary. ter Braak ( 1991) suggested that when the
eigenvalues for the third and fourth axes steadily decline, detrending by second-order
polynomials may not be sufficient. Although both eigenvalues for the third and fourth
axes were less than those for the first and second axes, they did not decline in the manner
stated by ter Braak (1991); further detrending was therefore, unwarranted. Thus, percent
bottom area covered by macrophyte vegetation is an important variable in the selected
model. ter Braak (1991) advised that the need for detrending can be avoided when the
variables are carefully selected and the number of selected variables is small. The selected
CCA model therefore, meets these requirements. The finding that detrending was not

necessary, at least with this data set, is consistent with Palmer (1993).
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Typically, CCA is used with nominal (presence-absence) species data when
relationships between species tolerance and environment are examined. CCA was re-run
using nominal data with forward selection of variables. The same three variables selected
~when CCA was run with abundance data were also selected once H. azteca was removed
from the data set. However, the fit of the first canonical axis was not significant (p =
0.10) although the overall model was (p = 0.04). Sixty-five percent of variation in
distribution of the key species was accounted for in the nominal data model. This is
substantially less than the variation in key species accounted for when abundance data was
used. Because the overall nominal-data model was significant and the variables selected
provided the best fit, the same three variables may influence colonization potential as well
as affecting population success following colonization. Thus, the abundance-data model
provided the same information concerning colonization potential as the nominal-data
model, but also provided additional information concerning variability in. population

success in relation to the same environmental variables,

The selected variables should be considered as representative of a larger set of
inter-related environmental variables or processes rat.her than sole explanatory variables.
pH, percent silt, and percent bottom area covered by macrophytes were individually
correlated with a number of other measured variables. For example, pH was correlated
with dissolved phosphorus, dissolved organic carbon, several species of nitrogen, and
colour. Silt was correlated with area covered by macrophyte community associated with
Potamogeton spp., and percent bottom area covered by macrophytes is the inverse of
pond area covered with detritus. Consequently, although the selected variables provided
the best model, they likely represented a number of other related factors that, in

combination, accounted for the distribution and abundance of the aquatic insect

community.
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pH or the larger set of correlated environmental variables that it represents can
only be considered to influence community structure should there be 3 significant
difference in such variables among the study ponds. Such differences were examined
using Kruskal-Wallis and Duncan’s multiple range tests (TABLE 6). The ponds can be
separated into three groups, based upon pH. Ponds 34 and 37 both have pH ~ 8.0. Ponds
39, 41, and 42 all have a more acidic pH than pbnds 34 and 37. Pond 40 has a pH
midway between the two groups and is not distinguishable from either group. The pon&s
also form two roughly similar groups based upon dissolved organic carbon, several forms

of nitrogen and dissolved phosphorus.

Pond Similarity Assessment

Multivariate cluster analysis should link ponds with similar community structure in
an identical rnaﬁncr to linkages formed independently based upon environmental factors,
and thereby provide a second test of the data. Based upon log-transformed species
abundance and deletion of H. azteca, ponds 37 and 40 were most similar, followed by
- ponds 41 and 42. Both ponds 39 and 34 were subsequently linked with ponds 37 and 40
(Figure 6A). The same pattern appeared when the variables selected by CCA were used
as input to cluster analysis. Minor differences occurred in the last linkage; Pond 34 was
grouped with Pond 42, whereas it was linked with ponds 37, 40, and 39 when insect

abundances were used (Figure 6B).

The ponds were then clustered using all 91 measured or derived environmental
variables as input. However, the linkages formed did not match those formed by either

insect abundances or CCA selected variables although there were several similarities



-153-

Pond 34 Pond 37:, —
Pond 37— Pond 40
Pond 40 — Pond 39 ———o—l
Pond 39 Pond 41 }_
Pond 41 T Pond 42
Pond 42 ' Pond 34
. ; : ; 4 i : ; : —
12 13 14 15 16 0 1 2 3 4
A Insect Community Structure B Variables pH, Silt and Macrophyte
Cover.
Pond 34 ———— Pond 42— ———
Pond 37— Pond ng | :
Pond 39 ] ) Pond 40
Pond 40 Pond 34}
Pond 41 : Pond 41 -
Pond 42 Pond 37
I~ : : : : —t : ; ,
10 11 12 13 14 1 2 3 4 5
C All Environment Variables D Pond Morphology
Pond 34}_ _ Pond 34—
Pond 41 Pond 37—
Pond 39 Pond 40—
Pond 40 }'_[_J Pond 42—
Pond 37 Pond 39 ——————
Pond 42 Pond 41 ————
I 1 1 1 I L] L] T F
4 6 8 10 4 8 8 10 12
E Pond Macrophyte Community F Pond Water Chemistry
Pond 37
Pond 42}
Pond 40
Pond 39
Pond 41
Pond 34I ) ) '
1 1 1 3
o} 2 4 6
G Pond Bottom Sediment Characteristics

Figure 6. Cluster dendograms showing linkages between the six Sandilands Provincial
Forest study ponds based upon arthropod community structure and various
measures of environment. Euclidean distances are shown on the absissae.
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(Figure 6C). Thus, not all of the 91 environmental variables appear to influence the
aquatic insect community. The similarity between the cluster dendograms formed by
insect abundance and by the variables selected by CCA, appears more than a coincidence;
the aquatic ingect community is probably influenced by pH, percent silt, and percent area

of bottom covered with macrophyte beds.

Since many of the environmental variables are correlated, it is possible that the
observed variability in the arthropod community can be explained solely on the basis of
either water chemistry, pond morphology, structure of the macrophyte community or
bottom sediment composition rather than a limited combination of variables. To examine
this possibility, all water chemistry variables, all measures of pond morphology, all
descriptors of macrophyte community, and all bottom sediment characteristics were used
as input to cluster analyses. A simpler univariate approach would be suggested if ponds
were linked by any one of these four groups of variables in the same manner as linkages
based upon arthropod community structure. However, none of the linkages formed by the
four categories of environmental variables matched those formed by measures of
arthropod community structure (Figure 6D, 6E, 6F, and 6G). Thus, it is apparent that the
structure of the arthropod community is influenced by a limited combination of

environmental factors and that the three variables selected by CCA best describe this

influence.

Community Structure and Environment

Communities are shaped by density-dependent influences, such as competition for
resources and predation, or density-independent factors, such as environmental limitations

and disturbances (May 1986, Sousa 1979). Dytiscid beetles were shown by Larson (1985)
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to be affected by a number of environmental factors including pH of the water, elevation,
flow, habitat stability, salinity, pond size, mineral content, mosses, hydrophytes, and
terrestrial plant material. The structure of Coleoptera and Hemiptera communities is
influenced by salinity in the study sites examined by Lancaster and Scudder (1987).
Odonata in bog pools in Newfoundland appeared to be influenced by habitat stability and
pool size (Larson and House 1990). Odonata, although influenced by environmental
factors, may subsequently affect the presence and abundance of other aquatic insects
through intense predation (Benke 1976, 1978; Thorp and Cothran 1984: Larson 199b;

Larson and House 1990).

An environmental variable must have sufficient range for the arthropod community
to respond to it. pH did not influence the aquatic insect community in a study on bog
communities in Newfoundland (Larson 1990) but the pH range of the bog ponds was
relatively narrow (4.2 to 4.6). Changes within the insect community in response to pH
variation within this narrow range may be difficult to detect or may not exist. In contrast,
pH strongly influenced the richness of invertebrates in acid streams in southern England
(Hildrew er al. 1984). These streams had mean annual pHs ranging from 4.8 to 6.1. It
was concluded that the number of species available for colonization increased with pH.
Species richness increased principally because within the region there was a large pool of

colonizing species tolerant of higher pH.

The nature of the pH influence on the invertebrate community appears to be much
different between the Hildrew er al. (1984) study and the Sandilands Provincial Forest
study ponds. Species richness increased in the present study with declining pH. Ponds 41
and 42 had the highest number of species and had the lowest pH. The lowest individual

pH value observed during the present study (6.2) was near the highest mean annual pH
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within the study sites examined by Hildrew er al. (1984). Hence, the response observed
by Hildrew er al. {1984) may be related to physiological intolerance of aquatic insects to
low pH, whereas the response within the present study appears related to phenomena

other than direct stress caused by pH.

Macrophyte cover is an important factor affecting the structure of aguatic
comimunities (e.g., Larson 1983). In the Sandilands Provincial Forest pond habitat, overall
macrophyte cover was an important factor. Secondarily, the composition of tllle
macrophyte community may also have been important because aquatic arthropod
distribution and abundance was related to the area covered by various species of
Portamogeton. Further, population success of H. azteca appeared to be directly related to |
the extent of pond substrate covered with Sphagnum sp.. Rodriguez and Magnan (1993)
found aquatic vegetation to be an important factor in Laurentian Shield lakes, although
information was not available on the composition of the macrophyte community. These
authors also found sand and gravel to be important factors in shaping the macrobenthic
community. Sand and gravel did not appear to be important factors in the Sandilands

pond habitat. However, percent silt provided an equivalent fit as percent area covered by

Potamogeton spp..

Insect communities in bog pools in Newfoundland were structured by water level
stability and by pool size (Larson and House 1990). Water level stability in the present
study did not appear to be a significant factor. Water levels in Larson and House's (1990)
study varied so substantially that some pools actually dried. Therefore, the determinant in
Larson and House (1990) may have been temporary versus permanent habitats, rather than
water-level fluctuation. Temporary pools can only sustain species that are highly mobile

or species with life-history adaptations for periods of habitat loss. Larson and House
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(1990) also suggested that small pools may be affected to a greater extent than large pools
by substrate freezing during the winter period because there may be a smaller pool of
tolerant species available that can withstand winter freezing. Water level fluctuations in
the six Sandilands Provincial Forest sites were minor by comparison; all of the ponds

were permanent and all of the ponds probably were similarly affected by winter freezing.

Pond size was a factor both in Larson and House's (1990) study and the present
study. In the present study, pond size was a contributing variable in the original model
prior to elimination of the dominant H. azteca. Total abundance increased with pool size
probably because of pond stability; small pools were more likely to be temporary or to
freeze completely during the winter period, whereas large pools were permanent and had
less substrate freezing during winter {Larson and House 1990). The relationship between
increasing arthropod abundance and pool size may also be related to changes in the
macrophyte community or the increased availability of refugia; Larson and House (1990)
observed an increase in density of rooted macrophytes as pond size increased. Pond
circumference, aithough not significant by itself, improved the overall CCA model fit and
provided unique information to this study. However, the influence of pond size on the
structure of the arthropod community is not clear, since there is no apparent correlation
between the abundance of any taxon or group and pond size. This is not unexpected in
multivariate ordination methods, especially when attempts are made to understand the
significance of the second or third axes, because all factors are acting in concert. Pond
circumference may relate to site selection for oviposition or oviposition success of one or
more pond taxa. Pond circumference or other measures of pond size did not contribute

significantly to the final model once H. azteca was removed from the analysis.
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The distribution and abundance of aquatic insect communities may be influenced
by odonate predation (Benke 1976, 1978; Baker 1980: Thorp and Cothran 1984: Larson
1990; Larson and House 1990); a similar relationship may exist in the ponds of this
study. The reduced number of unique species in Pond 37 relative to other ponds might
support this hypothesis. Intense predation by both E. cyathigerum and L. intacta may
have extirpated unique species from Pond 37. Larson (1990} attributed the absence of
Coleoptera larvae from certain habitats 1o odonate predation. Coleoptera did not appear
to be similarly affected in the ponds of this study because total Coleoptera abundance was
relatively similar in all ponds, with or without dominant odonate populations. Pond 40
had the greatest density of Coleoptera, but also had an abundant population of E.
cyathigerum. Thorp and Cothran (1984) and Baker (1980) also found odonate predation
capable of significantly influencing the structure of aquatic invertebrate communities,
although it was not the only factor. However, the few unique species located in Pond 37
may be a result of its small size; this pond was ~ 20% smaller in area than other ponds,

suggesting that it may have fewer available niches than other larger ponds (Briand 1983).

Replacement Potential Based Upon Niche Overlap in Canonical Space

Confidence regions for each species are shown in Appendix I along with general
output from CCA. Detailed niche overlap and potential for replacement information are
listed in Appendix II. An example of the detailed information generated from the niche

overlap in canonical space analysis is shown in TABLE 14.

In the example shown in TABLE 14, Caenis youngi and C. diminuta were
identified as potential replacements for each other (see Chapter IV). Caenis youngi can

only replace C. diminuta by Model 1 in Pond 42, since this is the only pond in which C.
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TABLE 14. Example output from the niche overlap in canonical space analysis using two
species of Ephemeroptera collected from the Sandilands Provincial Forest
study ponds. Complete analysis is shown in Appendix 1L

Lost Species Replacement Species
Caenis diminuta Caenis youngi

inter-Species Overiap: Axis | 97 18%

Inter-Species Overlap: Axis 2 51.60%

Inter-Species Overlap: Axis 3 100.00%

tater-Species Overlap: Axis 4 100.00%
Species-Enviroament Overlap: Axis 1 Pond 39: Pond 40; Pond 42:
Species-Environment Overlap: Axis 2 Pond 34; Pond 37; Pond 3%; Pond 40; Pond 41; !
Species-Environment Overlap: Axis 3 Pond 34; Pond 37; Pond 39; Pond 40; Pond 42;
Species-Environment Overlap: Axis 4 LC site scores not calcuiated for Axis 4

Model I. Available Ponds Pond 42;
Model I: Potential for Replacermnent Pond 42 (No);
Model IT or IEI: Available Ponds Pond 39;
Model IE or 1II: Potential for Replacement Pond 39 (Possibie);
Caenis youngi Caenis diminura

Inter-Species Overlap: Axis | 65.78%

Inter-Species Overlap: Axis 2 100.00%

Inter-Species Overlap: Axis 3 66.31%

Inter-Species Overlap: Axis 4 9.17%
Species-Environment Overlap: Axis | Pond 3%; Pond 41; Pond 42;
Species-Environment Overlap: Axis2  pond 34; Pond 37; Pond 39; Pond 40; Pond 41: Pond 42;
Species-Envirenment Overlap: Axis 3 Pond 39; Pond 40; Pond 42;
Species-Environment Overlap: Axis 4 LC site scores not caiculated for Axis 4

Model I: Available Ponds Pond 40; Poad 41;
Medel | Potential for Replacement Pond 40 (No); Pond 41 (No);
Model Il or III: Available Ponds Pond 39

Modei I or TII: Potential for Replacement Pond 39 (Possible):
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diminuta is present and C. youngi is absent. Overlap between C. youngi and C. diminuta
is high along canonical Axis 1 (97.18%), and relatively low (51.60%) along canonical Axis
2. Caenis youngi overlaps Pond 42 along canonical Axis 1 but not along canonical Axis
2. Should C. diminura be lost from Pond 42, C. youngi may not be able to replace its

ecological function since it would not be able to colonize this specific habitat.

Canonical axes 1 and 2 accounted for the greatest variation in species distribution
and abundance (35.1% and 23.4%, respectively: TABLE 12). Using only species that
occurred in single ponds, all three constrained axes were important. Thus, judgments
concerning inter-species overlap and species-environment overlap were made using

information from the first three constrained axes.

Caenis youngi can only replace C. diminuta by Model IT or Model III in Pond 39;
this is the only pond in which both species co-exist. The principal consideration in Model
I and III replacement is whether the replacement species can reach similar population
success as the hypothetically lost species. Replacements were considered "probable”
given the following considerations: (1) under present co-existence, the potential
replacement species was at least as abundant as the hypothetically lost species; (2) when
the potential replacement species overlapped the specific pond habitat available for Model
IT or M1 replacement along the first three canonical axes; and (3) when there was > 60%
inter-species overlap along the first three canonical axes. When all three conditions were
not met, the potential replacement was considered "possible". Inter-species overlap of
60% was arbitrary, but is a value widely used in overlap studies (e.g., Fuller and Hynes
1987) and is consistent with the extent of overfap chosen in Chapter III to determine
stmilarity between species. In any case, inter-species overlap played only a small role in

determining whether a lost species could potentially be replaced by another. Caenis
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youngi met only two of the three conditions, thus replacement was considered "possible”.
Although the niche overlap method used here is asymmetrical, the overall outcome of C.
youngi replacement by C. diminuta and C. diminuta replacement by C. youngi was the
same. Neither could replace each other in the available ponds by Model I, and

replacement by Model IT or III in the available pond was judged to be only "possible”.

Niche overlap in canonical space did not result in the rejection of any of the 36
species identified in Chapter IV as having replacement potential. Rather, the conditiohs
under which specific replacement could occur were refined considerably.  Specific
replacement hypotheses were developed for each pond and for each species across all

ponds (TABLE 15).

Some generalizations can be made (TABLE 16 and TABLE 17). On average, ~
33% of the original species in the overall ponds have potential replacements. The range of
potential replacements is quite variable among ponds, with Pond 34 having potential
replacements for > 50% of the total species, whereas only ~ 18% of the total species in
Pond 37 have potential replacements. Replacement by Model I appears to be limited to a
few species in the pond habitat. Out of 148 initial combinations of available ponds and
species with Model I replacement potential, all but 16 (10.8%) were rejected through
niche analysis in canonical space. In some ponds (Pond 34 and Pond 39), there were no
species with potential for replacement by a Model I mechanism. All other ponds had at
least one species with Model I replacement potential. On the other hand, there were 153
combinations of available ponds and species with Model II or III replacement potential;
predictions were modified by niche overlap in canonical space such that only 38 {24.8%)
remained "probable” replacements. The remaining combinations could not be rejected, but

were qualified as having only "possible” potential.



TABLE 15. Hypothetically lost taxa (first column) and potential replacement taxa (subsequent columns) collected from the six
Sandilands Provincial Forest study ponds with habitat and mode of replacement.

Lost Species Replacement Species

Caenis diminuta

Caenis youngi

Model I: Potential for Pond 42 (No)*™,;

Replacement
Model il and U1 Potertiai for Pond 39
Replacement  {Possible)t&/(€/;

Caenis youngi
Model I: Potential for
Replacement
Model Tl and II: Potential for
Replacerment

Aeshna canadensis
Model I: Potential for
Replacement

Caenis diminwa
Pond 40 (No);
Pond 41 (No);

Pond 39
(Possible);

Anax junius
Pond 41 {No),

Model IT and IiI: Potentiat for Pond 34
Replacement (Possible);
Aeshna interrupia Anax junius
Modet I: Potential for  Pond 37 (No);
Replacemient  Pond 39 (No);
Pond 49 (No);
Pond 41 {No);
Madel Il and [IF: Potential for Pond 34
Replacement {Possible);
Anax junins Aeshna Aeshna
interrupta canadensis
Modei I: Potential for None Available None Available
Replacement
Model Il and 111: Potential for Pond 34 Pond 34
Replacement  (Probable); (Probable);
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TABLE 15. Continued.

Lost Species

Replacement Species

Cordulia shurtleffi

Model I: Potential for

Symperrum
danae
Pond 34 (No),

Replacement
Model IT and [I1: Potential for Pond 42
Replacement (Possible);
Somatochlora williamsoni Sytipetrum Sympetrian
obtrusim danae
Modet I: Potential for Pond 34 (No); Pond 34 (No);
Replacement  Pond 40 (Yesy,  Pond 37 (No);
Pond 41 (Yes);  Pond 39 (No);
Pond 42 (No),  Pond 40 (No);
Pond 41 (No);
Modei 11 and HI: Potential for Pond 37 Pond 42
Replacement (Possible); Pond (Possible);
39 (Possible);
Leucorrhinia hudsonica Leuchorrhinia  Leuchorrhinia Banksiola
proxima intacta crotchi
Madel I Potential for  None Available  None Available  None Available
Replacement
Madel Il and 11 Potential for Pond 34 Pond 34 Pond 34
Replacement  (Probable); (Probabie); (Possible);
Leucaorrhinia intacta Sympertrian Leuchorrhinia  Leuchorrhinia Lestes Lestes dryas  Lestes disjuncrus
danae proxima hudsonica unguicularus disjuncius
Model I: Potential for Pond 34 {(No); Pond 37 (No); Pond 37 (No);  Pond 37 (Yes);  Pond 34 (No); Pond 34 (No);
Replacement Pond 37 (No);  Pond 39 (Yes); Pond 39 (No);  Pond 40 (Yes):  Pond 37 (No); Pond 37 (No);
Fond 39 (No);  Pond 40 (Yes);  Pond 40 (No); Pond 41 (No); Pond 39 (No);  Pond 40 {No);
Pond 40 (No); Pond 41 (No); Pond 41 (No);
Pond 41 (No); Pond 42 (No); Pond 42 (No);
Model I and IIE: Potential for Pond 42 Pond 34 Pond 34 Pond 34 Pond 40 Pond 39
Replacement (Possible), (Possible); Pond (Possihle); (Possible); Pond {Passible); (Possible); Pond
4] {Possible); 39 (Possible), 41 (Possible);
Pond 42 Pond 42 Pond 42
(Possible); (Possible); (Possible);
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TABLE 15. Continued.

Lost Species

Replacement Species

Lencorrhinia proxima Sympetrum Prilestomis sp.  Lewchorrhinia  Leuchorrhinia Lestes Lestes dryas  Lestes disjuncius Lestes congener Banksiola
danae intacta hudsenica unguicularus disjuncius croichy
Model I: Potential for  Pond 34 (No); Pond 34 (No);  None Available  Pond 41 {No); Pond 41 (No); Pond 34 {(Noy; Pond 34 (No},  None Available Nonge Available
Replacement  Pond 41 (No); Pond 41 {No); Pond 42 (No), Pond 41 {No);
Pond 42 (No); Pond 42 (No);
Model 1l and HI: Potential for Pond 42 None Available Pond 34 Pond 34 Pond 34 None Available Pond 41 Pond 34 Pond 34
Replacement (Possible); (Probable), Pond {Possible); (Possible), Pond (Possible); Pond  (Possible); Pond (Possible); Pond
41 (Possibie); 42 (Probabie); 42 (Possible); 41 (Probabiey; 41 (Possible);
Pond 42 Pond 42 Pond 42
(Possibie); {(Probable); (Probable);
Libellula quadrimaculata Somatochlora
williamsoni
Model I: Potential for None Available
Replacement
Model Tl and TII. Potential for Pond 34
Replacement (Possible); Pond
39 (Possible);
Pond 40
(Possible); Pond
41 (Probable),
Pond 42
(Possible);
Sympetrum danae Somatochlora  Leuchorrhinia  Leuchorrhinia Cordulia
williamsoni proxima imacta shurleffi
Model I: Potential for None Available None Available None Available  None Available
Replacerment
Model Il and HI: Potential for Pond 42 Pond 42 Pond 42 Pond 42
Replacement (Possible); (Possible); (Possibie); (Possible);
Sympetrunt obtrusum Somatachlora
williamsoni
Model [: Potential for  None Available
Replacement
Model Il and HI: Potential for Pond 37
Replacement (Possibte); Pond
39 (Probable);
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TABLE 15. Continued.

Replacement Species

Lost Species

Lestes congener Leuchorrhinia
proximu

Model i: Potential for Pond 39 (Yes),

Replacement  Pond 40 (Yes);

Model 1t and 1NI: Potential for Pond 34
Replacement (Probable); Pond
41 (Possible);
Pond 42
(Possible);

Lestes disjuncius disjuncius Lenchorrhinia
proxima
Model I: Patemtiat for  Pond 39 (Ne);
Replacement

Model I1 and NI: Potential for Pond 41
Replacement (Possible); Pond
42 (Possible);

Lestes dryas Lexcharrhinia
proxima
Model I: Potential for  Pond 40 (Yes);
Replacement
Model 11 and Iil; Potential for None Available
Replacement

Lestes dryas  Lestes disjunctus
disjunctus
Pond 34 (Noy; Pond 34 (Na);
Pond 39 (No); Pond 44 (Noy;
Pord 4F (No);
Pond 42 (No);
Pond 40 Pond 39
(Possible); {Possible); Pand
41 {Possible};

Pond 42
(Possibie);
Leuchorrhinia Lestes
intacia unguiculatus

None Available  Pond 41 (No);

Pond 39 Pond 39
{Possible); Pond  (Possible); Pond
41 (Possible); 42 (Probabie);
Pond 42

(Possible);
Leuchorrhinia Lestes
intacta wnguiculatis

None Available  Pond 40 (Yes):

Pond 40 None Available

(Probable);

Lestes dryas  Lestes congener

Pond 39 (No);  None Available
Pond 41 {No);

Pond 42 (No);
None Available Pond 39
(Possible); Pond
41 (Probable);
Pond 42
(Probable);

Lestes disjunctus Lestes congener
disjuncius
Pond 40 (No);  None Availabie

None Available Fond 40
(Probable);
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TABLE 15. Continued.

Lost Species Replacement Species
Lestes unguiculatus Leuchorrhinia  Leuchorrhinia Lestes dryas  Lestes disjuncius
proxin intacta : disjuncius
Model I: Potential for Pond 39 (No);  None Available  Pond 34 (No); Pond 34 (No);
Replacement Pond 39 (No);
Pond 42 (No),
Model 11 and 1i: Potential for Pond 34 Pond 34 None Available Pond 39
Replacement  (Possible); Pond  (Possible); Pond (Possible); Pond
42 (Possible); 39 (Possible); 42 (Possibic);
Pond 42
(Possible);
Coenagrion angnlatum Prilostomis sp. Enallagma Banksiola
cyathigerum crotchi

Modet I; Polential for Pond 41 (No);  None Available None Available
Replacement  Pond 42 (No);
Madel Il and [1I: Polential for Pond 40 Pond 40 Pond 40
Replacement (Possible), (Probable); Pond  (Possible); Pond
41 (Probable); 41 (Possible);

Poend 42 Pond 42
{Probable); (Possible);
Coenagrion resolutium Prilostomis sp. Banksiola
crotehi

Model I: Potential for  Pond 34 (No);  None Available
Replacesment  Pond 41 {No);

Pond 42 (No);
Model i and UI: Potential for Pond 40 Pond 34
Replacement (Possible); (Possible); Pond
40 (Possible);
Pond 41
(Possible); Pond
42 (Possible);
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TABLE 15. Continued.

Loslt Species

Replacement Species

Euallagma cyathigerum
Model I: Potential for

Replacement

Maodel IT and [1{: Potential for
Replacement

Notonecta borealis

Model I: Potential for
Replacement

Model I and I1I: Potential for
Replacement

Notonecta irrorata
Model I: Potential for
Replacement
Maoadel i and 1I: Potential for
Replacement

Noronecta kirbyi

Model I Potential for

Ptilostomis sp.

Pond 34 (No);
Pond 37 (No);
Pond 41 (No);
Pond 42 (No);
Pond 39
{Possible); Pond
40 (Possibie);

Notonecta
frrorala
None Available

Pond 34
(Possibie);

Naronecia
undulata
Pond 34 (No),

Pond 4|
(Possibie);

Notonecra
undulata
None Available

Coenagrion Banksicla
angulatm crotchi
Pond 34 (No);  Pond 39 (No):
Pond 37 (No);
Pond 39 (No);

Pond 40 Pond 34

(Possible); Pond (Possibie); Pond

41 (Possible); 37 (Possibie);
Pond 42 Pond 46

(Possible); (Possible); Pond

41 {Possible);

Pond 42
(Possibie);
Hydaticus
aruspex
None Available
Fond 34
{Probable);
Notonecta kirbyi Notoneeta
borealis

Pond 34 (No); Pond 41 (No);
Pond 41 (No);

None Available Pond 34
(Possible),
Notonecta Hydroporus sp.
irrorata 1

Poad 39 (No); Pond 40 (No);

Hydraporus sp.
i
Pond 41 (Yes);

Pond 34
(Possible);

Hydaticus
aruspex

Pond 39 (No);

Replacement Pond 40 (No);
Model Il and 11E; Powential for Pond 39 None Available Pond 39 Pond 40
Replaceiment (Probabie); Pond (Possible); (Possible);
40 (Probable);

Hydaticus
aruspex
Pond 41 (No);

Pond 34
(Possible);
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TABLE 15. Continued.

Lost Species

Replacement Species

Notonecta undulura
Model I: Potential for

Replacement

Model il and 11T Potential for
. Repilacement

Notonecia kirbyi Notonecta

irrorata
Pond 37 (No); Pond 37 (No);
Pond 4§ (No); Pond 39 (No);
Pond 42 {No); Pond 40 (No);
Pond 42 (No);

Pond 39 Pond 41

(Possible); Pond (Possible);
40 (Possible);

Banksiolu crofchi Pritostomis sp.  Leuchorrhinia  Leuchorrhinia Enallagma Coenagrion Coenagrion
proxima hidsonica cyathigertum resohuum angidation
Model |: Potential for  Pond 34 (Noj; Pond 37 (No); Pond 37 (No);  None Available  Pond 37 (Yes);  Pond 34 (Noj:
Replacement  Pond 37 (No),  Pond 40 (Yes);  Pond 40 {No); Pond 37 (No);
Pond 41 (No); Pond 41 (No);
. Pond 42 (No); Pond 42 (No);
Model I and 1I: Potential for Pond 40 Pond 34 Pond 34 Pond 34 Pond 34 Pond 40
Replacement (Possible); {Probable); Pond (Possible); (Probable); Pond  (Possible); Pond (Possible); Pond
41 (Possible); 37 (Probable); 40 (Probable); 41 (Possibie);
Pond 42 Pond 40 Pond 41 Pond 42
(Possible); (Probable}; Pond  (Probable); Pond (Possible);
41 (Probable); 42 (Probable);
Pond 42
(Probuble);
Prilastomis sp. Leuchorrhinia Enallagma Coenagrion Coenagrion Banksiola
. proximea cyathigerum resolutim angilatum crofehi
Model I: Potential for Pond 39 {No);  None Available  Pond 39 (No); Pond 39 (No); Pond 39 (Noy;
Replacement  Pond 40 (Yes);
Model il and HII: Potential for None Availabie Pend 39 Pond 40 Pond 40 Pond 40
Replacement (Probable); Pond (Possible); (Probable); {Probable);
40 (Probable):
Haliplus subguttarus Peltadytes
fortulosus
Model |: Potential for  Pond 39 (No);
Replacement
Model IT and [H: Potential for Pond 40
Replacement  (Possible);
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TABLE 15. Continued.

Lost Species

Replacement Species

Peltodytes torwlosus Haliplus
subguttatus
Model I: Potential for None Availabie
Replacement

Model I and H: Potential for Pond 40
Replacement {Possible);

Graphoderus liberus Rianius
suturellus
Model I: Potential for  None Available
Replacement
Madel [T and H: Potential for Pond 39
Replacement {Possible);

Hydaticus aruspex Noronecta kirbyi

Model I: Potentiad for Pond 34 (No);
Replacement
Modet 1 and 1II; Potential for Pond 40
Replacement {Possibie);

Hydraporus sp. | Norenecta kirbyi

Modef I: Potential for  Pond 34 (No);
Replacement
Madef H and [1f: Potential for Pond 39
Replacement (Possible);

Hygrotus sp. 2 Hydroporus sp.
i
Model I: Potential for Pond 4] (Yes);
Replacement  Pond 42 (No);
Model IT and H1: Potential for None Available
Replacement

Rhantus
Srontalis
Pond 39 (No);

None Availsble

Notonecta
irrorata
Pond 40 (No);

Pond 34
{Possibie);

Notonecia
irrorata
Pond 39 (No);

Pond 34
{Possible);

Notonecta
borealis
Pond 40 (No);

Pond 34
(Possible);

Laccophilus
nacitdosus

Pond 34 (Noj;

Pond 39
(Probable);

Hygrotus sp. 2

Pond 34 (No),
Pond 39 (No);
None Available
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TABLE 15. Continued.

Lost Species

Replacement Species

Laccophilus maculosus

Meodel I: Potential for
Replacement

Model [T and I1I: Potentiai for
Replacement

Rhantus binotarus

Model I: Potential for
Repiacerment

Meadel Il and 11: Potential for
Replacemen(

Rhantus frontalis

Model |: Potential for
Replacement

Madel 11 and i11: Potential for
Replacement

Rhantus sutureltus

Model I: Potential for
Replacement

Medel Ii and TIT: Potential for
Replacement

Hydroporus sp.
1
Pond 40 (No);
Pond 41 {Yes);
Pond 42 (No};
Pond 39
(Possible);

Rhantus
suturellus
Pond 37 (No);
Pond 40 (No);
Pond 42 (No);

Pond 34
(Possible): Pond
39 (Possible);

Rhiantus
suturellus
None Available

Pond M
{Possible);

Rhantus
Sfronsalis
Pond 39 (No),

Pond 34
{Passible);

Rhantus
Sfrontalis
Pond 37 (No);
Pond 39 (No);
Pond 40 (No);
Pond 42 (No);
Pond 34
(Possible);

Rhiantus
binotatus
None Available

Pond 34
(Possible);

Rhantus
binotatus
None Available

Pond 34
(Probable); Pond
39 (Possible);

Graphoderys
liberus
Pond 34 (No);

None Available
Graphoderus
liberug

Pond 34 (No);

Pond 39
{Possible);
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TABLE 15. Continued.

a

b

Replacement by Model [ considered likely when the replacement species overlaps the specific pond from which the original species is hypothetically lost along the first three canonical axes.

Replacement by Modet H or Model 111 considered "Possible” when the replacement species co-exists in lessor abundance than the hypothetically lost species, and there is cither less than 60% inter-
species overlap on the first three canonical axes or thete is no overlap with the specific pond from which the original species is hypothetically lost along the first three canonical axes.

Replacement by Model 1 or Model 11 considered "Probable” when the replacement species co-exists in greater abundance than the hypothetically lost species, there is greater than 60% inter-specics
overlap on the fiest three canonical axes, and there is oveifap with the specific pond from which the original species is hypothetically lost along the first theee canonical axes.
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TABLE 16. Summary statistics of replacement potential of arthropods collected from the six Sandilands Provincial Forest study
ponds, based upon abundance and distribution characteristics of the hypothetically lost taxa.

Total Number of Total Number of  Number of Species  Number of Specics  Numiber of Species Number of Number of Number of
Species Species With With Potential With Potential With Both Potential Replacements / Replacements / Replacements /
Potential Model [ Model H or LI Model I and Model  Number of Original  Number of Original  Number of Original
Replacements Replacements Replacements Hlorif Species With Species With Species With
Replacements Potential for Medel I Potential for Model  Potential for Model 1
Replacement Il or Model 111 and Model 1) or
Replacement Medel 11
Replacerment
Pond 34 37 19 (51.4%) 0 (0.00%) 19 (100.0%) 0 (0.00%) .00 2.05 0.00
Pond 37 28 3{17.8%) I (20.0%) 3 (60.0%) 1 (20.0%) .00 .00 2.00
Pond 39 46 18 (39.1%) 0{0.00%) 18 (100.0%) 0(0.0%) 0.00 1.39 0.00
Pond 40 43 15 (34.8%) 1(6.7%) 9{60.0%) 5(33.3%) 1.00 1.67 2.38
Pond 41 47 14 (29 .8%) 3(21.4%) 10 (71.4%) 1 {7.1%) 100 2.20 2.00
Pond 42 45 13 (28.9%) 0 (0.0%) 13 (100.0%) 0 (0.00%) 1.006 2.69 0.00
Combirned Ponds 108 36(33.3%) 1 (2.8%}) 20 {55.6%) 15 (41.7%) 100 2.15 3.93
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TABLE 17. Summary statistics of replacement potential of arthropods collected from the six Sandilands Provincial Forest study
ponds, based upon abundance and distribution characteristics of the potential replacement taxa.

Model | Replacement Model I or Il Potential Replacement
Potential Replacement Total Available Frobable Potential Replacement Possible Potential Replacement Totai Available
Opporunities (2) Opportunilies
Congeneric Confamikial or Congeneric Confamilial or Congeneric Conflamilial or
Replacement Higher Replacement Higher Replacenient Higher
Replacement Replacement Replacement
Pond 34 0 (0.0%) 0(0.0%) 27 5(£2.8%) S(12.8%) 10 (25.6%) 19 (48.7%) 39
Pond 37 0 (0.0%) 2 (10.5%) 19 0{0.0%) 1 (25.0%) 0 (0.0%) 3(75.0%) 4
Pond 39 1(3.79) 1 (3.7%) 27 F (4.0%) 3(12.0%) 8(32.0%) 13 (52.09) 25
Pond 40 2{8.0%) 6 (24.0%) 25 2(7.4%) T (25.9%) 301119 [5 (55.6%) 27
Pond 41 4 (0.0%) 4 {(§3.8%) 29 1 (4.3%) 5(21.7%) 4 (£7.4%) 13 {56.5%) 23
Pond 42 0 (0.0%) 0 (0.0%) 21 3(8.5%) 5{14.2%) 4(11.4%) 23 (65.7%) 35
Combined Ponds 3 (2.0%) 13 (8.8%) 148 12(78%) 26 (17.0%) 29 (19.0%) 86 {56.2%) 153

() Total Available Opponunities is the sum of all available species with potential opportuiity for replacement within cach pond (from Appendix II).
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Most hypothetically lost species had several potential replacements. This greatly
increases the odds that functional replacement could actually occur. However, those
species identified as having only Model T potential replacements available, tended to have
only single replacements available (TABLE 16). In cases where species had only
replacements available through Model II or III replacement mechanisms, multiple
replacements were usually available, with ratios of hypothetically lost to potential
replacement ranging to 2.69:1. Some hypotheticaily lost species in ponds 37, 40, and 41
had a combination of potentially available species for replacement by both Model I and
Model IT or III mechanisms. In these cases, the ratio of hypothetically lost : potential
replacement species was at least 2:1 and probably offers the highest probability that

functional replacement could actually occur.

There appeared to be a subtle pattern regarding placement of a pond in canonical
space, the number of species with potential replacements, and the predominate type of
replacement potential. It is expected that, at least in the case of Model I replacement,
there should be more species in the available colonizing pool capable of inhabiting average
conditions relative to conditions at the more distal ends of the gradient. For example,
Pond 40 was plotted in a central location along both canonical axes 1 and 2. Habitat
located centrally in canonical correspondence bi-plots is representative of average
environmental conditions and therefore, may be more common. Pond 40 had a larger
number of species with potential capability for Model I replacement relative to other
ponds (32.0% versus 0.0% to 13.8% in other ponds). Further, the ponds located at the
extreme ends of the gradient represented by the first two canonical axes (ponds 34, 39,
and 42) had the lowest number of species with Model I potential replacement (0.0%, 7.4%

and 0.0%, respectively). This pattern tended to hold for Model II or III replacement.
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Pond 40, located centrally in the bi-plot, had the greatest number of species identified as
"probable” Model II or III replacements (33.3%) whereas Pond 39, located at the extreme
end of the gradient represented by canonical Axis 2, had the fewest number of "probable”
Model II or III potential replacement species (16.0%). All other ponds had similar
proportions of Model II or III "probable” potential replacement species, This pattern held
regardless of the total number of species within each of the ponds and the number of
transient species found in any one of the ponds. One would expect habitat representative
of average conditions to be suitable for a greater number of species than habitat at the
more extreme end of a gradient. However, within the study ponds, most available niches
may be filled, and the number of available niches may be similar among ponds, thus
placing similar limits on the total number of species that any one pond may be able to
support. As previously mentioned, pond size and the related number of available niches
may account for the fewer species found in Pond 37. Pond 37 is ~ 20% smaller than the
other ponds and simply may have fewer available niches, Similarly, one would expect
greater numnbers of transients in ponds at the extreme ends of the gradients than in average
habitat, because successful colonization should be more likely in less extreme habitat.
However, the number of transients were similar in all ponds. Habitat may not be a factor
affecting distribution of transient species. Interspecific interaction may play a role in the
colonization potential of transients. Transient species may simply be poor competitors,

and remain poor competitors regardless of the nature of the habitat.
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CHAPTER VI
GENERAL DISCUSSION

It is now possible to return to the studies cited in Chapter I and re-order
observations on the apparent presence of functional replacement. Cairns (1974) and
Stautfer and Hocutt (1980) probably were referring to Model I (re-colonization) when
describing change in community composition below an effluent outfall. It is almost certain
that Odum et al. (1979) were referring to Model I when the conceptual response 'of
aquatic communities to stress was described. Similarly, Minns er al. (1990} were referring
to Model I when they indicated that acid-tolerant species may increase species richness in
lakes affected by acid precipitation, following initial taxonomic losses. Conversely, Caims -
and Dickson (1976} and Kimball and Levins (1985) referred to systems with structural and
functional redundancy, but their meaning was not clearly defined. They probably meant
replacement by Model II (niche width expansion) or Model III (redundant species).

Similarly., Stephan et al. (1985) were probably inferring Model II or Model ITI

replacement.

Schindler er al. (1985) referred to a:cidiﬁed Lake 223 as having "redundant
features”, but both Model I and Model III were involved in Lake 223 recovery. Semotilus
margarita (Cope) - Pimephales promelas Rafinesque and Daphnia catawba Coker -
Daphnia galeata mendota Birge were identified as redundant features of the lake
(Schindler et al. 1985). Semotilus abundance increased following the loss of Pimephales
and D. catawba abundance increased following the disappearance of D. galeata mendota.
Schindler er al. (1985) reported that there was substantial overiap in diet between S.
margarita and P. promefas (see also Tallman et al. 1984). Hence, replacement probably

occurred by Model III since Semotilus increased D,; without apparently increasing niche
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Width. Conversely, D. catawba first appeared in 1980, following the decline of D. galeata
mendota (Malley and Chang 1986), a Model I replacement. By this latter model, D.
catawba is able to successfully re-colonize following release of competition by the
disappearance of D. galeara mendota. Malley and Chang (1986) speculated that D.
catawba increased dramatically following re-colonization because of reduced predation,
since acidification resulted in the collapse of the small cyprinid predators. In any case,

Daphnia carawba re-colonized following the loss of Daphnia galeata mendota, and then

H

increased its overall processing of resources (i.e., D, increased).

Schindler ez al. (1985) reported that the loss of P. promelas from an experimental
lake undergoing acidification was predicted, based upon the known sensitivity of this
species. However, its replacement by S. margarita was not predicted. Usilng data from
existing niche overlap studies conducted on the two species, and interpreted according to
the methods advanced here (Chapter IIT), it could have been predicted that S. margarita is

a potential replacement for P. promelas and that replacement would occur by Model 111,

The concept of functional replacement has been reported in the scientific literature
for a considerable period of time, but reference to guiding theory and application to
apparent observations of functional replacement has been confused. As evidenced by the

principle advanced here, the mode of replacement can clearly differ among systems and

among species.

Stephan ef al. (1985) assumed that all but 5% of the genera at any one site
required protection from the impact of toxic materials. It is possible to make some
qualified comment on the whether 5% is a reasonable estimate of the number of taxa that

may have replacements at a given site. During examination of the resource partitioning
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studies reported in the literature, 13% of the aquatic insects had potential replacements,
and slightly less than half of these or 6% had potential replacements within the same family
but different genera. About 8.8% of the 33% of taxa with potential Model I replacement,
or ~ 3% of all taxa in the present study, had replacements available at the confamilial level.
The percentage of all taxa available for Model II or Model III replacement at the
confamilial level ranged from 5.6% to 18.5% for "probable” and "possible" replacements,
respectively. Thus, the arbitrary level of 5% chosen by Stephan er al. (1985) seems
reasonable, although perhaps slightly high. It is probably not reasonable to consid.er
replacement at a lower taxonomic level for toxic materials, since the responses of
congeneric taxa are generally similar (Stephan er al. 1985). It would be unlikely that a
potential replacement taxon within the same genus as the lost species would be more

tolerant, and thus capable of surviving in the altered habitar. The FESponses among

congeneric taxa may differ for conventional pollutants (Resh and Unzicker 1975).

It is not possible to compare directly the findings from the re-interpretation of
resource partitioning studies in Chapter ITT to the results of niche overlap analysis in
canonical space in Chapter V using aquatic arthropods from the six study ponds.
However, there are some apparent similarities. First, in both cases, the potential for
replacement is not widespread, although the percentage of potential replacement is slightly
higher in the aquatic arthropod community in the six study ponds relative to the studies
reviewed in the literature. The reasons for this difference are not clear because the reverse
might be expected. Replacement should be more common within functional guilds. The
literature studies on resource partitioning generally were restricted to examining
relationships within functional guilds, whereas the field study conducted in the six ponds
examined the overall aquatic arthropod community regardless of functional guild.

Intuitively, there should be a lower percentage of potential replacements in the six pond
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habitats relative to the studies reviewed from the literature. It is possible that this may
change once further studies are conducted on the identified potential replacements within
the six study ponds. Second, using both approaches, Model I replacement appears to be
the least common of all types of replacement. This finding has further implications for the
mamtenance of ecosystem integrity, because Model I replacement is the only type in which
original species diversity is maintained. Although system function is preserved in Model IT
~and Model LI replacement, there may be residual effects on community stability, resilience

or other measures of community response (e.g., Cherfas 1994, Kay and Schneider 1994).

These residual effects have not be considered.

Niche overlap and species replacement theory presented in Chapter II can be
directly linked to the underlying principais of CCA, adding internal consistency to the
overall approach advanced in this study. There are many similarities between the bell-
shaped species response curve modelled in CCA and the curve describing a species niche
presented in Chapter II (¢f. Figure 1, Chapter V and Figure 1, Chapter 1I). First, the

variables defining the Gaussian response curve can be directly related to those in the

equations used by MacArthur (1972). K ;» the asymptote of resource j (Egs. 4 and 5,
Chapter II) is equivalent to C;» the maximum of the response curve for species & (Eq. 1,
Chapter V); K; occurs at some optimum location on the resource axis, equivalent to u,
(Eq. 1, Chapter V); K ; has variability equivalent to t, (Eq. 1, Chapter V). Second, ter
Braak (1986) listed four assumptions about species response models inherent in CCA, and
he advised that three of these assumptions derive from the species packing model
discussed by Whittaker ez al. (1973) but which can be directly traced to MacArthur
(1972). Model II and Model III replacement were derived from the species packing
model of MacArthur (1972). Finally, one option available for weighting species

abundances in CCA to derive species scores (the option chosen for this assessment) is to
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use Hill's (1973) N, diversity. N, diversity is equivalent to the inverse Simpson index,
described by Eq. 7, Chapter II and used in Eq. 1, Chapter IT and most importantly, Eq. 8,
Chapter II.

Habitat factors have been included in the overall potential replacement analysis in
several places.  First, genera with preferences for broadly similar microhabitat
characteristics were grouped together in Chapter IV and, along with other factors (not all
independent of habitat), led to the clustering of functionally similar taxa. Second, tl'le
analysis in Chapter V is a refinement of the previous analysis, except now preferences for
habitat at the species level are included. The analysis in Chapter V may also represent
possible mechanisms used by functionally similar species to partition resources; this is
consistent with the findings of resource partitioning studies in which a large percentage of
aquatic insects co-exist by habitat partitioning. In any case, habitat has played a large role
in separating functionally similar species. Additional information generated in future
studies, (e.g., prey species preferences of predators), may similarly result in considerable

refinement of the clustering at the generic level, as done in Chapter IV.

According to Prigogine er al. (1972) and Nicolis and Prigogine (1977), living
systems that maintain entropy-reducing mechanisms are self-organized. The inherent
~ability to self-organize may form the basis for any given ecosystem to adjust to a certain
degree of stress, while still maintaining normal ecosystem function as evidenced by
material cycling and energy flow. Paine and Suchanek (1983, p. 821) viewed the role of
an organism in terms of its "behaviour, the type and range of its ecological interactions,
and especially its influence on other community members”. After demonstrating that
functional. convergence of ecological traits had occurred in two distantly related

organisms, they then suggested that ecologists must add a new dimension to their
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examination of communities. A unique analysis of community ecology has been presented
here given the new dimension suggested by Paine and Suchanek (1983). The potential for
functional replacement offers some hope that self-organized, natural systems are able to
compensate for extemal perturbations, at least to some degree, but its continued use in
environmental management applications must be guided by a thoughtful and responsible
ethic. It is most important to understand better the various modes by which functional

replacement may occur and the constraints or limitations associated with each.

SUMMARY AND CONCLUSIONS

The phenomenon of functional replacement of lost species following environmental
disturbance has not previously béen rigorously examined. Three models of potential
functional replacement are developed. Generalized equations are fitted that can be used to
relate original community function in terms of type, abundance and diversity of resource
use, species overlap, and species diversity of the original, undisturbed community to the
community after species replacement. The first, Model I (re-colonization), follows from
literature on classic succession.  As environmental conditions change following
environmental disturbance, sensitive species are displaced while more tolerant taxa
colonize the vacated niches. The replacement species, following this hypothesis, would be
a poor competitor relative to the original taxon, would have an inflexible niche width and
would have good dispersal capability. Predictive evidence for the likelihood of Model I
replacement may be significant niche overlap between allopatric populations of
functionally similar species and the presence of competitive exclusion. The second and
third models follow from theory on species packing. Model 11 (niche width expansion)
predicts that remaining species in a community will expand their niche width to utilize

resources left unused by the lost taxon. Replacement species would have the ability to
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alter niche width through behavioural or short-term phenotypical response to competition,
may co-exist as part of a functional guild, and would co-exist with the original taxon by
partitioning resources. Predictive evidence for the likelihood of Model II replacement may
be significant niche overlap in allopatric populations with wider niche width in allopatric
populiations relative to sympatric populations. Model IIT (redundant species) predicts that
co-existing functionally similar species would have large niche overlap such that, even
with removal of sensitive species, all available resources would continue to be utilized.
Replacement species would co-exist as part of a functional guild and would co-exiist
without resource partitioning prior to disturbahce. Predictive evidence for the likelihood
of Model III replacement would be significant niche overlap in sympatric populations of

functionally equivalent species.

Over 200 studies were reviewed on niche overlap and resource partitioning to
determine how widespread potential replacement might be, based upon the predictive
tools associated with each of the models. Approximately 120 of the studies contained
sufficient detail to makel judgments on the potential for repiacement. The potential for
replacement does not appear widespread, but would be limited to ~ 20% of guild-forming

organisms. Replacement by Model II would be most likely, followed by Model III and

Model 1.

The aquatic arthropod community was examined in six study ponds located in
Sandilands Provincial Forest in order to begin the task of experimentally assessing the
hypotheses concerning potential replacement. The six ponds were excavated ~ 35 years
ago to hold water for fire suppression purposes. The study ponds are relatively uniform in
configuration with surface areas ranging from ~ 40 to 80 m? and maximum depths of ~ 1.0

to 1.7 m. The ponds were sampled from September 1988 to October 1990. Over 100
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aquatic arthropod taxa were identified and ~ 90 environmental variables were measured or

derived.

Relative to the original taxa, potential replacement species must process similar
food materials in the same microhabitat, at the same time, and using the same feeding
method. The size spectrum of the replacement community must remain unchanged in
order to ensure that energy flow and material cycling remain unaltered in the replacement
community. Out of the original 108 taxa, 36 (33.3%) had at least one potenti'al

replacement species that performed an equivalent ecological function and was similar in

size.

Despite the six ponds being similar in size, uniform in morphology, located in the
same area, and having been colonized for the same period of time, the aquatic arthropod
community differed substantially among ponds. Canonical Correspondence Analysis was
used to relate the distribution and abundance of aquatic arthropods in the six study ponds
to the measured environmental variables. When all aquatic arthropods were included in
the model, pond pH, area covered by Sphagnum sp., and pond circumference best
explained the observed variability in distribution and abundance (overall model fit: p=
0.004; first canonical axis: p = 0.018). The abundance of the amphipod Hyalella azteca,
a dominant species without a potential replacement, was directly related to the area of
pond substrate covered by Sphagnum sp.. The model was re-run excluding H. azteca.
The resulting mode] that best explained the observed variability in the remaining 107
species was pond pH, area covered by macrophyte, and percent substrate comprised of silt
(overall model fit: p = 0.005; first canonical axis: p = 0.004). This model explained
88.8% of the variability in species distribution and abundance of the 107 species and

71.7% of the variability in the key 36 species with replacement potential.
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A method was derived to calculate niche overlap in canonical space in order to
predict which of the 36 candidate replacement species had potential to colonize available
pond habitat and to successfully achieve similar abundance as the hypothetically lost taxa.
There were 148 "opportunities” for replacement by Model 1, based upon a combination of
available ponds and potential replacement species. Replacement by Model I was limited to
16 cases or ~ 10% of the total available. There were 153 "opportunities" for replacement
by Model II or HI. Although nome could be rejected completely by this analys'is,
replacement by these latter models was probable in 38 cases or ~ 25% of the total
available. In many cases, each hypothetically lost taxon was associated with multiple
potential replacement species. However, on average, hypothetically lost taxa with only
Model I replacements could be replaced by only a single species, whereas hypothetically
lost taxa with Model I or III replacements could be replaced by up to two species. In
cases where a hypothetically lost taxon could be replaced by any of the models, such
species had, on average, nearly four potential replacements. Actual replacement would
occur with greater probability in cases where multiple species were available and this
occurred more often under Models IT or HI than Model I. Replacement by any model was
more likely for species located in ponds of "average" environmental conditions relative to

those located near the lower or upper ends of a gradient.

FUTURE STUDIES

Unequivocal species replacement can be demonstrated only through systematic
experimentation. This includes: (1) developing hypotheses concerning available potential
replacement species; (2) estimating diversity and amount of resources processed by the

community (D, from Eq. 1, Chapter II); (3) removing target species, (4) tracking
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ecosystem structure during the post-removal period; and (5) comparing D. of the
community before and after species removal to determine replacement success (ie., Eq. 9,
Chapter II). The work here was focused on developing the theoretical basis for potential
functional replacement and then achieving the objective in (1). The basis for the larger
experiment involving species removal has now been set. Hypotheses concerning available
potential replacement species in the six study ponds have been developed from the
preliminary work and candidate taxa can be targetted for removal. Candidate removal
taxa are listed in TABLE [ along with the type of replacement expected and the pond iin
which replacement would occur. These predictions lend themselves to further
experimentation with the opportunity for replication by species, habitat and type of
replacement. It is now possible to follow key variables describing system function after
replacement, using the equations fitted to the generic model of comrmunity interaction and

function, to ensure that the ecological function of the system has not be disrupted.

Several modifications are suggested for future studies aimed at testing the
hypotheses developed here. First, biomass size spectra should be used rather than simply
size spectra. Although this may not affect the overall outcome, the use of biomass size
spectra is more comparable to data generated elsewhere. The use of the techniques
suggested here have greater value if they can be used for predictive purposes with data
that are commonly generated. Second, CCA is a powerful tool for gaining a better
understanding of complex relationships among species distribution and abundance and
environmental variables. Mathematical statisticians should be encouraged to validate or
improve the method developed in this study for defining niche width in canonical space
and for subsequently calculating inter-species and species-environment overlap. Third,
analysis of food resource consumption should be included in studies on species

distribution and abundance when the goal is to develop predictions concerning the



TABLE 1. List of taxa collected from the six Sandilands Provincial Forest study ponds suitable
~ replacement, with replication by species, habitat, and mode of replacement.

for field verification of

Lost Species Replacement Specics
Anax junius Aeshna interrupra Aeshna canadensis
Model I: Potential for
Replacement
Model 1t and 1H: Potential for Pond 34 Pond 34
Replacement
Semnatochlora williamsoni Sympetrum obtrusum
Model I: Potential for Pond 40, Pond 41
Replacement
Model It and [l Potential for
Replacement
Leucorrlinia hudsonica Leuchorrhinia proxima Lenchorrhinia intacta
Model I: Potential for
Replacement
Model IT and I1: Potential for Pond 34 Pend 34
Replacement
Lewcorrhinia intacia Leuchorrhinia proxima Lestes ungniculatus
Model I: Potential for Pond 39; Pond 49 Pond 37; Pond 40

Replacement
Model Il and {H: Potential for
Replacement

Leucorrhinia proxima Leuchorrhinia intacta Lestes unguicudueus Lestes congener
Model I: Potential for
Replacement

Modet It and [{l: Potential for Pond 34 Pond 42 Pond 41; Pond 42
Replacement

Libellula guadrimaculata Somatochlora williamsoni
Model I: Potential for
Replacement
Madel Il and HE: Potential for Pond 41
Replacement

Banksiola crotchi

Pond 42

981~



TABILE i. Continued.

Lost Species

Replacement Species

Sympetrunt obtrusim
Madei I: Potentiad for
Replacement
Model Il and lI: Potential for
Replacement

Lestes congener
Model It Potential for
Replacement
Model Il and 1II: Potential for
Replacement

Lestes dispuncius disjunctus
Model {: Potentiai for
Replacement
Model 1t and HI: Potential for
Replacement

Lestes dryas
Model }: Potential for
Replacement
Model Il and [1E: Polential for
Replacement

Coenagrion angulatum
Model I: Potential for
Replacement
Model [1 and ITI: Potential for
Replacement

Notonecta borealis
Modei I: Potential for
Replacement
Model H and II: Potential for
Replacement

Somatachlora williamsoni

Pond 39

Leuchorrhinia proxima

Pond 39; Pond 40

Pond 34

Lestes unguiculatus

Pond 42

Leuchorrhinia proxima

Pond 40

Enallugma cyathigerum

Pond 40; Pond 41; Pond 42

Hydaricus aruspex

Pond 34

Lestes cngener

Pond 41; Pond 42
Levchorrhinia intacia Lestes unguiculatus
Pond 40
Pond 40

Lestes cangener

Pond 40

“L81-



TABLE 1. Continued.

Lost Species

Replacement Species

Notonecta irrorata
Model I: Potential for
Replacement
Model Il and 11: Potential for
Replacement

Notonecta kirbyi
Model }: Potential for
Replacement
Madel 11 and {8; Potential for
Replacement

Banksivla crotchi
Model i: Potential for
Replacement
Model [ and U Potential for
Replacement

Prifostomis sp.
Model I: Potential for
Replacement
Maoadel IT and I: Potential for
Replacement

Hydroporus sp. |
Model I: Potential for
Replacement
Model IT and {11 Potential for
Replacement

Hygroms sp. 2
Model §: Potential for
Replacement
Model Ii and [Il: Potential for
Replaceinent

Hydroporus sp. |
Pond 41
Notonecta undulata
Pond 39; Pond 40
Leuchorrhinia proxima
Pond 40
Pond 34
Leuchorrhinia proxima
Pond 40
Laccophilus maculosus

Pond 39

Hydroporus sp. 1
Pond 41

Enallagma cyathigerum Coenagrion resolutiun

Pond 37

Pond 34; Pond 37; Pond 40; Poad 41;
Pond 42

Pond 4(; Pond 41; Pond 42
Enallagma cyathigerion

Coenagrion angularum

Pond 39; Pond 40 Pond 40

Banksiola crotchi

Pond 40

881~



TABLE 1. Continued.

Lost Species Replacement Species

Laceophifus maculosis Hydroporus sp, |
Model 1: Potential lor Pond 41
Replacemem
Model I and 111 Potential for
Replacemient

Rhantus suturellus Rhantus binotatus
Model F: Potential for
Replacement
Model I and 1H: Potential for Pond 34
Replacement

-681-
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potential for replacement. This will allow overlap to be better estimated along this
important resource axis rather than reliance upon generalizations reported in the available
literature. On the other hand, gerieraiizations from the literature on food consumption are
readily available for many species; this therefore enables the more widespread use of the
methods suggested here for predictive purposes. At the very least, specific food
consumption by each species in each community needs to be compared with generalized

food resource use reported in the literature.
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TABLE 1. 95% confidence regions calculated from CCA species scores and sample standard deviations for arthropods collected
from the six Sandilands Provincial Forest study ponds.

Species Species Scores Sample Standard Deviation 95% Confidence Regions
Code
Axig | Axis 2 Axis 3 Axis4 Axis 1 Axis 2 Axis3 Axis4 Axis | Axis 2 Axis 3 Axis4  RootMecan  Weight N, (Effective Number of
Square Number of Actual
Tolerance QOceurrences) Occurtences
Sip alt 09526 -1.6595  -0.6973 1323 0.1009  0.1568 0.0914 00213 02142 03328 0.1940  0.2575 10.97 012 1.01 f
Cal sp. -0.6801 04316 02017 0.0403%  0.6790 1.3204 i.1496 1.2568 14416 28037 24408 2.6686 103.14 3.08 4.03 5
Cae dim 07634 03777 -0.3034 14004 0.1978  2.0212 03946  0.1135  0.4201 42916 (L8378 (12410 94.57 0.33 £.98 2
Cae you -0.5392 14223 -0.0560  0.7340  0.2923 1.0429  0.5950 [.2376  0.6206 2.2143 1.2035 26278 79.82 1.06 1.83 3
Aes can 0.6338  -0.2852  1.1896 -0.0309 1.4321 02160 02365 07675  3.0407 0.4587  0.5022 }.6296 75.59 Q.50 1.83 2
Aes int 0.2097 02109 04571 02473 L1140 0.8134 1148t 0.9581 2.3652 L7270 24378 2.0343 92 85 0.78 4.73 5
Anx jun 1.5720 -0.4222 1.0307 0.4750 0.1835 0.1163 0.1395 0.1054 0.3938 0.2470 0.2961 0.2238 £2.78 0.08 1.01 i
Cor shu 1.2871  -0.5704  0.8353  0.5755  0.8951 0.4384  0.6129 0.2975 19005 0.9308 1.3014  0.6317 55011 .74 1.26 2
Som wil 01729 03548 -0.0997  0.0323  0.9639 1.1992 1.0877 LIG4B 20466 25462 23094  2.4732 {ONE! 0.72 5.36 5
Leu fri 15679 04210 1.0281 04741 02126  0.1335  0.1599 0.1209 04515 0.2835  033%  0.2568 14.66 0.06 1.o2 i
Leu hud 1.5794  -0.4244  1.0355 04766 0.1209 00758  0.0909 0.0686  0.2568  0.1610  0.193} (11456 8.33 .18 Lol ]
Leu int 0.8649  -0.1055 -0.0474 -0.0545 0.8844  0.6439 1.1378  0.7805 1.8777 13672  2.4160 1.6572 80.37 12.52 3.08 6
Leu pro 0.5874  -0.5826 0793 0.3583 1.4058  0.5986  0.8108 0.7958  2.9849 1.2709 i.7217 1.6898 86.91 G.46 2.18 3
Lib qua -0.2558 01318 -04387 -0.1876  0.6109 1.1442  0.6739 1.2099 1.2972 24294 1.4309  2.5690) 86.01 1.55 2,39 §
Sym dan 09546  -1.6635 -0.6982 13150 0.0735  0.1143 0.0665  0.0883  0.1561 0.2426  0.1412  0.1875 8.00 0.23 100 i
Sym obt (.3247 10055  -0.7844 Q1158 07395  0.8217  0.6392 10719 1.5702 1.7447 13572 272759 76.10 0.25 1.83 2
Les con -0.4738  -0.0282 04483 -0.2632 09690  0.9910 £.1028 11200 20575 21043 23415  2.3780 95.65 1.45 3.82 5
Les dis 09275 0.1854 04132 04267  0.2686 1.5724 1.OF15 1.2898 05703 33387  2.1478  2.7386 104.40 0.21 293 3
Les dry 01245 -0.038 07770 -0.9889  0.0%48  0.1070  0.1195 0.1458  0.2012 02272 02538  0.3096 10.80 0.08 1.01 |
Les ung -1.3840  -0.8217 -0.2318  1.1703 1.0983 14693 0.7583 03932 23320 3.119% 6100  0.8348 92.36 042 212 3
Coe ang -0.6943 05733 -0.1158  .0.2287 05032 0.8446 1.0977 1.1935 1.0685 1.7933 23308  2.5341 86.56 0.93 296 3
Coe res -0.5240  -0.6856  -0.1121  0.0050  0.8335  0.8503 1.0579 1.2061 1.7698 1.8054 22462 25609 g1.19 2.20 332 4
Ena cya 0.0867 04951 -00502 -0.1297  1.0515 [.001¢6 1.1067 L0540 22327 21266 2.3499  2.2380 96.23 18.28 542 6
Mic pul -0.9529  -1.6601 -0.6975  1.3127  0.0975 0515  0.0883 0.1171 02076 03217 0.1875  0.2486 10.60 0.13 1.0t |
Ger bue -0.4947 03794 03830 0.2025  0.9066 1.3366  0.9817 [.2543 1.9249  2.8379 20845 2.6632 103.54 (.51 4,16 5
Ger dis 05768 0.7J05 02467  0.6894 1.0992 12368 0.8853  0.8093 23138  2.6260 1.8798 i.7184 93.28 0.28 2.69 3
Let ame 01244 -0.0384 -0.7751 -0.9862 0.1088  ©0.1228  0.1371 0.1673  0.2310 02607 02912 0.3552 12.39 0.06 1.02 i
Ran fus 06035 20265 0.0186 14597 01147 02326 0.1012  (.1746 0.2435 04938  0.2149 03708 15.00 0.07 101 1
Cal aud -0.9684 05430 0.5076  -0.2625  0.3665  0.8388 1.1982 11785 07783 17810 2.544} 25022 87.35 047 234 3

-Gce-



TABLE 1. Continued.

Species Species Scores Sample Standard Deviation 93% Confidence Regions
Code )
Axis | Axis 2 Axis 3 Axis 4 Axis | Axis 2 Axis 3 Axis 4 Axis | Axis2 Axis3 Azis4  Root Mean Weight N, (Eifective Number of
Square Number of Actual
Tolerance Qceurrences) Oceurrences
Hes ato -0.4986  -0.3860  -0.5044 02826  0.6650 1.3424  0.7553 1.2381 . 14129 2.8502 16037 2.628% 95.17 1.38 3.68 5
Hes min -0.9537 16617  -0.6982 1.3138  0.0868  0.1348  0.0785 0.1043  0.1842  0.2863 0.1668 0.2214 9.44 0.17 [.0i i
Hes wvul 07038 00212 04476 -0.5409  0.7016  0.8575 1.2357  0.9786  1.4898 [.8207 26237  2.077% 87.94 0.88 .89 5
Stg alt -0.5082 02070 0.1091  0.2253  0.9127 1.3178 L0752 1.2191 1.9380 27981  2.2829 25885 104.20 1.90 4.72 6
Sig con 01244 D038 -07751 -09862  0.1088  0.1228  0.1371 0.1673 02310 02607 0.2912  0.3552 12.39 0.06 1.02 1
Sig dec 0.9479  -1.6503  -0.6937 12059  0.1456 02261  0.1319 0.1748 03091 04801 02800 0.3712 [5.83 0.06 1.02 1
Sig gro 09309 -0.0296 02840  0.530F  0.2528 1.6150 1.0282 12524  0.5368 34291  2.1831 2.6592 105.06 .24 2.97 3
Not bor 1.5788 04242 1.0351 04765  0.1269 00795  (.0954 (L0720 02693 0.1689 02026  0.1528 8.74 017 1.0l 1
Not ir 0.2866  -02333  1.24(8 -0.2155 1.5022 0.2343 02627 0.8068  3.1896 04975 0.5578 L7131 79.47 0.16 200 2
Not kir -0.3831 1.075F -0.33505  0.32B1 02745 L1409 04439 13477 05829 24225  0.9425 28616 84.04 0.13 2.00 2
Not und -0.6250  -0.0581  0.0350  -0.0454  0.6829  |.243] 1.1431 1.2335 1.4500 2.6395 24271  2.6190 10041 1.30 4.39 5
Ban cro 01870 -0.6413  -0.2390  0.1484 1.0690  0.9G79 1.0321 11228 22699  1.9277 21915 2.3841 94.58 0.68 4.11 5
Pii sp. 03777 1.0514 03606 0298 02718 11416 04428 3500 05771 24239 0.940] 2.8665 84.11 0.18 2.00 2
Ana sp. -0.6049  2.0315  0.0187 L4631 0.0967  0.1963  0.0854 0.1474 02054 04188  0.1814  0.313) 12.66 0.10 1.01 1
Lim spl -0.6045  2.0302 0.0187 [.4622 0.1017 0.2064 0.0898 G.1550 02158 0.4382 0.1907 0.3291 13.31 0.09 1.0} I
Litn sp2 .0049 20315 00187 14631  0.0%7  0.1963  0.0854 0.1474 02054 04168 0.1814 0313} 12.66 0.10 1.01 i
Nem hos  -0.6049 20315  0.0187 14631 0.0967  0.i963  0.0854 0.1474  0.2054 04168 0.1814 0313 12.66 .10 1.0t I
Oec inc -0.2582 03905 -02893  -0.1860  0.7807 1.1604 1.0351 1.1523 1.6577 23364 21978 24467 93.76 1.36 4.52 5
Gyr agu 0.8012 04633  -1.1912  -0.5816  0.1595  0.1423  0.1849 0.1505 03387 03021 03926  0.3196 14.62 0.05 [.02 ]
Hal can 06261  0.6576  0.1499  0.5776 1.0539 L1857 09571  0.8546 22378 25176 2.0322 1.8145 93.13 0.44 2.87 3
Hal con L3679 04210 10281 04741 02126  0.1335  0.1599 01209 04515 02835 0.3396  0.2568 14.66 0.06 .02 ;
Hal imm -0.4864  0.1553 0.3328 01695 0.9489 1.1089 1.2018 £.1452 2.0147 2.3545 2,5518 2.4315 100.89 0.99 4.03 6
Hal lon -LA5S31 06190 14635 -0.9830 0.1617 0.1227 0.1982 0.1671 0.3433 0.2605 0.4208 0.3547 15.02 0.06 102 |
Hal sal -11531 0 -0.0190 14635  -09830  0.1617  0.1227  0.1982 01671 03433 0.2605  0.4208  0.3547 15.02 0.06 1.02 1
Hal sp. 0.0927  -0.1441  -04845 01873 09259 09482  (.8885 1.0388 19659 20133  1.8866  2.2057 86.90 324 4.17 &
Hal str -0.6035  2.0265  0.0i8 14597  0.1147 02326  0.1012 01746 02435 04938 02049  0.3708 £5.00 0.07 1.01 1
Hal sub -0.3831 10751 -0.3505 0328 0.2745 11409  0.4439 L3477 05829 24225 09425 28616 B4.04 (.13 2.00 2
Pel ede -0.1244 00384  -0.7751 09862 0.1088  0.1228 01371 01673 02310 02607 02912 0.3552 12.39 0.06 1.62 ]
Pel sp. 01246 -0.0388  -0.7785  -0.9912  0.0815  0.0920 0.1028  0.0254 01730  0.1954 02182 0.2663 9.29 0.10 1.01 1
Pel tor 01248 00392 07814 -0.9955  0.0464  0.0525  0.0587 0.6716  0.0986 01114 01247  0.1521 5.30 0.32 1.00 I




TABLE 1. Continued.

Species Species Scores Sample Standard Deviation 93% Confidence Regions
Code
Axis | Axis 2 Axis 3 Axis 4 Axis | Axis2 Axis 3 Axis 4 Axis | Axis2 Axis 3 Axis4  Root Mean Weight N, (Effective Number of
Square Number of Actual
Tolerance Qccurrences) Occurrences
Aci sem 02454 06916 01716 0.1536  1.1736  0.7998 1.0945 10223 24918 1.6982 23238 23829 96.55 071 3.80 4
Aci sp. -0.6065  2.0377  0.0188 14674  0.0686  0.1392  0.0605  0.1045 0.1456 02956  0.1284  (.2219 8.97 0.19 1.04 I
Aga ant (8058 04654  -1.1973  -0.5853  0.1205  0.1074 01398  0.1137 0.2559 02279 0298  0.2414 11.04 0.09 1.01 1
Aga sp. 03913 -0.6644  -04337  -0.1038 04914 08712 0.8475 1.2343 £.0434  1.8498 17996 2.6209 82.19 1.z 2.35 3
Col lon L5734 04226 1.0316 04753 0.1754 01100 0.1319  0.099 03724 0.2335 02800 02114 12.09 0.09 1.01 I
Col seu -LIS31 00190 14635 -0.9830  0.1617 01227 0.1982  0.1671 0.3433 02605 04208 0.3547 15.02 (.06 1.02 1
Cop lon 01244 00384 07751 09862 0.1088  0.1228  0.0371  0.1673 0.2310 0.2607 02912 0.3552 12.39 .06 1.02 1
Des con -L1367  -0.0093 14684 09867 01333 01010 0.1633 01377 02831  0.2145  0.3468  0.2924 £2.38 0.09 1.01 i
Dyt dau 0.1863 LIS70 -0.6645 03158 07738 08617 06693 10212 16430 1.8296 14211 23806 79.67 0.15 1.58 2
Dyt sp. -0.0425  -0.1697  -0.8624  -0.5620 0.5906 0.7232  0.2088  0.8815 12539 1.53%6 04433  1.8717 59.38 0.39 214 3
Grp lib -0.6063 20368  0.0188 14667  0.0735  0.1493 00650  0.1121  0.1561 03170  0.1379 0.2379 9.63 0.17 1.01 I
Grp per -L1531 -00190 14635 09830  0.4617  0.1227 01982 0.1671 03433 02605  0.4208  0.3547 15.02 6.06 .02 l
Grp sp. -L.0306  -1.0596  0.0997 04678 01331  0.8736  1.1508 12711 0.2826  1.8549 24434 25927 86.56 (24 1.88 2
Hda aru LOS01 03048 04707 00187  0.8697 02046 0.9248  0.74%4 18466 04345  1,9636  1.5912 67.93 0.28 1.76 2
Hda sp. 1248 -0.0392 07811  -09951 0.0507 0.0573  0.0641 0.0782 01077 G216 0.1361  0.166] 579 0.27 .00 1
Hdp +pau 0.8012 04633 -11912 -05816 0.1595  0.1423  0.1849  0.1505 0.3387 03021 03926 0319 14.62 0.05 1.02 i
Hdp b -1.153F  -0.0190 14635 -09830 0.617 0.1227  0,1982 0.51671 03433 0.2605 (4208 0.3547 15.02 0.06 1.02 1
Hdp rul -LIS31 00190 14635 -0.9830 00617 01227  0.1982  0.1671 0.3433  0.2605 04208  0.3547 15.02 0.06 1.02 l
Hdp sp. 0.4058  0.2484  -1.0199  -07635 05118 02832 02440  0.2352 LOBGT 06013 05180  0.4994 30.86 0.20 1.97 2
Hdp spl  '0.6176  0.6580 0.5880  (.9118 1.1929 L3431 0.5592 05466 23329 28518  1.1874 11606 89.43 0.15 1.98 2
Hyg pal 06035 20265 0.0186 14597 0.1147 02326 0.1012  0.1746 0.2435 04938 02§49  0.3708 15.00 0.07 1.0t i
Hyg sal -L1531 -00190 14635 -0.9830 0.1617  0.1227  0.1982  0.1671 0.3433 02605 0.4208 03547 15.02 0.06 1.02 ]
Hyg say -0.8294  0.0226 04793 -0.1562  0.5625  1.1917 L1525 12264 11944 25304 24471  2.6039 97.56 0.8% 3.06 5
Hyg spl -0.6049 20315 0087 14631  0.0967 0.1963  0.0854  0.1474 0.2054 04168 01814  0.3131 12.66 0.10 1.04 |
Hyg sp2  -1.0705 .0.7265 0.5372  0.0026 0.1516  0.8975 1.1825 12540 03219 19056 25109  2.6625 85.97 0.14 1.97 2
Lac big -1LIS31 -0.0190 14635 09830 0.0617  0.0227 01982 01671 03433 02605 04208  0.3547 15.02 0.06 .02 1
Lac mac  -0.6977 03480 00056 03734  0.4065 1.5303  0.9234 1.3083  0.8632  3.2493 19605 27779 (0279 027 379 4
Lac sp. 0.1247  -0.0389  -0.7788  -09917  0.0782  0.0883  0.0987  0.1204 01661 0.1875 02096  0.2556 8.91 o1y - 1.G1 1
Lio aif -0.819%  -0.0327  0.5919  -03568  0.6621 1.0143 L1938 L1119 14058 21536 25348  2.3608 92.74 0.90 2.56 5
Rha bin 0.3888  0.1738  -0.0988 03990  1.0871 12731 09600 09505 23083 27632  2.0185 2.1031 9201 0.44 4.48 5

LTT



TABLE 1. Continued.

Species Species Scores Sample Standard Deviation 95% Confidence Regions
Code
Axis 1 Axis 2 Axis 3 Axis 4 Axis | Axis2 Axis 3 Axis 4 Axis | Axis 2 Axis 3 Axis4  Root Mean  Weight N, (Effective Number of
Square Number of Actual
Tolerance Occurrences) Occurrences
Rha fro L3777 -0.4239 10344 04762 0.1380  0.0865 0.1037  0.0783 0.2931  0.1837 (L2203 0.1663 9.51 .14 1.0} ]
Rha sp. 16035 2.0265  0.0186 14597  0.1147 02326 0.1012  0.1746 02435 04938 02149 0.3708 15.00 .07 1.01 i
Rha sut 04315  0.8684 0.5016 09968 1.1997 L3517 05614 0.54%4 25474 28700 1.1920 1.1665 89.95 0.18 200 2
Anc lim 0.2186  -1.0913 01041 09279 1.3878  0.6817 09504 04625 29467 14474  2.0180 0.9820 85.49 0.34 1.99 2
Ber sir 09479 -1.6503  -0.6937 L3059 0.1456  0.2261 00319 0.1748 03091 04801  0.2800 03712 15.83 0.06 - 1.02 1
Cym min  -0.§246  -0.0387 -07776 09898 00896 0.101] G.EI30 01379 01903 02147 0.2400 0.2928 10.21 109 1.01 1
Cyin vin -0.9537  -1.6617  -0.6982 £.3138 0.0868 0.1348 0.0785 0.1043 0.1842 .2863 0.1668 0.2214 .44 0.7 1.01 |
Eno ham 15679 -0.4210 10281 04741 02126  0.1335  0.1599  0.1209 04515  0.2835 03396  0.2568 14.66 0.06 1.02 1
Eno och -L1531  -0.0190 1.4635 -0.9836 0.1617 0.1227 0.1982 0.1671 0.3433 0.2605 0.4208 (.3547 15,02 6.06 1.02 i
Hel ang -0.9479 16503  -0.6937 1.3059 0.1456 06.2261 0.1319 0.1748 0.3091 0.4801 0.2800 0.3712 15.83 .06 i.02 i
Hel lac 0.8012 0.4633  -1.1912  -0.5816  0.1595 .1423 0.1849 0.1505 (L3387 0.3021 0.3926 0.31% 14.62 0.05 1.02 1
idb fus 0.8058 04654  -1.1973  -0.5853  0.0205  0.1074 0.1398  0.1137  0.255¢ 02279 02968 0.2414 [1.04 0.09 1.01 [
Hdc obt 1.5794 -0.4244 E.0355 0.4766 0.1209 0.0758 0.0509 0.0686 (12568 0.1610 0.1931 0.1456 8.33 0.18 1Ol l
Hdu pse -0.8617  1.084]1 06911 03296  0.3175 L1303 0.8008  1.3461  0.6741 23999 17003 2.8581 89.34 0.13 2.00 2
Tro lat 02089  -0.22§5  1.2523 02564 15040 02392 02717 0.8089 3.1935  0.5080 0.5768 17175 79.68 G.12 2.0 2
Tro sp. -0.9519 16381 -0.6967 13113 01090 01696 00988 0.1311 0.2317 03601  0.2098  0.2784 11.87 010 L.oi 1
Hde ang -0.8780  -0.4545 09108 -03062 0.8316  0.7633 L0099 LIGIS  1.7656 16207  2.1443  2.3397 8549 0.68 1.94 3
Cyp sp. -LAS3E 00190 14635 09830 0.1617 00227 0.1982 0.1671 0.3433 02605  0.4208  0.3547 [5.02 0.06 1.02 1

-8CC-



TABLE 2. Weighted average (WA) site scores with various measures of site vartability generated from the CCA model with
arthropods collected from the six Sandilands Provincial Forest study ponds and pH, silt, and area covered by

macrophytes.
Site Scores (Weighted Average) Site Heterogeneity (Root Mean Squared Deviation for Samples)
Axis | Axis 2 Axis 3 Axis 4 Axis | Axis 2 Axis3 Axis 4 Root Mean Weight N, Biversity
Square
Tokerance

Pond 34 §.5685 -0.3753 0.9648 0.4778 1.1451 0.4571 0.9805 4.5139 82.85 14.20 4,57
Pond 37 0.8308 .3336 -0.8137 -(15902 0.7056 0.4631 I.1181 0.5246 7479 1184 4.23
Pond 39 -0.65G1 2.1623 -0,0513 I.4716 0.5581 1.6706 0.2558 £.3243 11).92 9.26 9.56
Pond 40 -0.G888 -0.0258 -1.1266 -0.9975 0.4706 0.3592 0.6821 0.8924 63.48 15.49 8.51
Pond 41 ~£.1302 -0.1254 1.6331 -0.9943 0.8776 0.3353 1.3040 0.8993 92.08 12.09 11.72
Pond 42 -1.0031 -1.5956 -0.6233 1.3181 {7783 1.40060 07154 1.2347 107.29 10.34 21.75
Gradient Length 2.6987 3.7579 2.1597 2.469]

{Standard
Deviation Units)
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TABLE 3. Site scores generated from the CCA model with arthropods collected from
the six Sandilands Provincial Forest study ponds and pH, silt, and area
covered by macrophytes, calculated as linear combination of environmental

variables (LC).
Site Scores (Linear Combination of Environmental Variables)
Axis | Axis 2 Axis 3 Axis 4 % Species Fir

Pond 34 1.5848 -0.4260 1.0390 (.0000 98.89
Pond 37 0.811% 0.4683 -1.2055 0.0000 535.48
Pond 39 -0.6082 2.0439 0.0190¢ 0.0000 95.19
Pond 40 -(,1249 -0.0394 -(0.7828 0.0000 58.84
Pond 41 -1.1642 -0.0198 1.4788 0.0000 95.03
Pond 42 -0.9569 -1.6679 -0.7006 0.0000 99.26
Gradient Length 2.7490 37118 2.6843 0.0000

{Standard Deviation
Units)
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TABLE 4. Cumulative fit per species as fraction of variance of species, generated from
the CCA model with arthropods collected from the six Sandilands Provincial
Forest study ponds, and pH, silt, and area covered by macrophytes.

Axis i Axis 2 Axis 3 Axis 4 Variance (y) Percent Varance
Explained

Fraction Fitted 0.35G6 0.2342 0.1502 0.1534

Sip al 0.1524 0.6149 0.6966 0.9858 595 69.66
Cal sp. 0.7641 0.7927 0.8600 0.8626 0.61 86.00
Cae dim 0.2095 0.2608 0.2939 0.998% 2.78 29.3%
Cae you 0.0932 0.7421 0.7431 09159 3.2 74.31
Aes can 02115 0.2543 0.9593 0.9998 1.90 99.93
Aes int 0.2504 0.5037 0.6442 0.9924 0.18 6442
ADx jua 0.6112 (.6553 0.9180 0.9738 4.04 91.80
Cor shu 0.5385 0.6443 0.8711 05787 3.08 87.11
Som wil 0.1389 0.7234 0.7696 0.7745 0.22 76.96
Leu fri 0.6111 0.6552 0.9180 0.9738 4.02 91.80
Leu hud 06112 0.6554 0.9181 0.9738 4.08 91.81
Leu imt 0.9540 0.9682 0.9711 0.9749 0.78 47.11
Leu pro 0.2392 0.4745 0.9106 0.9997 1.44 91.06
Lib qua 0.0596 0.0754 0.2507 0.2827 1.10 25.07
Sym dan 0.1524 0.6150 0.6967 0.9858 5.98 69.67
Sym obt 0.0388 0.4103 0.6364 0.6414 2.72 63.64
Les con 0.4383 0.4398 C.8324 0.9677 0.51 83.24
Les dis 0.6569 (.6832 0.8136 0.9526 1.3t 81.36
Les dry 0.0043 (.0047 0.1714 0.4415 3.62 17.14
Les ung 0.0655 0.3656 0.3895 0.9981 225 38.95
Coe ang 0.5099 0.8576 0.8718 0.9271 0.95 87.18
Coe res 0.3391] 0.9196 0.9352 0.9352 0.81 93.52
Ena cya 0.1154 0.6997 0.7383 0.6965 0.07 73.83
Mic pul 0.1524 0.6149 0.6966 0.9858 5.96 69.66
Ger bue 0.4150 0.6592 0.9080 0.9776 0.59 50.80
Ger dis 0.2421 0.6096 0.6539 0.9999 1.37 65.39
Let ame 0.0043 0.0047 0.1715 0.4415 3.60 17.15
Ran fus 0.0542 0.6658 0.6659 0.9832 6.71 66.59
Cal aud 0.5694 0.7484 (.0048 0.9466 1.65 90.48
Heg ato 0.3387 0.5417 0.8883 6.9971 0.73 88.83
Hes min 0.1524 0.6150 0.6966 0.9858 5.97 69.66
Hes vul 04717 0.4722 0.6629 0.9415 1.05 66.29
Sig alt 0.7067 0.8239 0.8565 0.9954 6.37 85.65
Sig con 0.0043 0.0047 0.1715 04415 3.60 17.15
Sig dec 0.1525 0.6147 0.6963 0.9857 5.89 69.63
Sig gro 0.6699 0.6705 07329 0.9501 [.29 7329
Nor bor 0.6112 0.6554 0.9181 0.9738 4.08 91.81
Not irr 0.0470 00782 0.9608 0.9873 1.75 96.08
Nort kir 0.0655 0.5811 0.6359 0.6840 224 63.59
Not und 0.9321 0.9402 0.9431 (0.9480 G.42 94.31
Ban cro 0.0663 0.8460 0.9542 0.9960 0.53 9542
Pii sp. 0.0648 0.5672 0.6263 0.6668 2.20 62.63
Ana sp. 0.0542 .6659 0.6659 0.9832 6,75 66.59
Lim spl 0.0542 0.6658 0.6659 0.9832 6.74 66.59
Lim sp2 0.0542 0.6639 (.6659 0.9832 6.75 66.59

Nem hos 0.0542 3.6659% 0.6659 0.9832 675 66.59
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TABLE 4. Continued.

Axis | Axis 2 AXis 3 Axis 4 Variance {y) Percent Variance
Explained
QOec inc 0.1913 0.6287 0.8688 0.9681 0.35 86.88
Gyr aqu 0.1193 0.1592 0.4229 (14858 5.38 42,29
Hal can 0.3266 0.6868 0.7056 0.9836 1.20 70.36
Hal con 0.6111 0.6552 0.9180 0.9738 4.02 91.80
Hal imm 0.4295 04733 0.6743 0.7265 0.55 67.43
Hat lon 0.2715 0.2716 0.7089 0.9062 4.90 70.89
Hal sal 0.2715 0.2716 0.7089 0.9062 4.90 70.89
Hal sp. 0.0277 0.0945 0.8499 0.962¢ .31 84.99
Hal sir 0.0842 0.6638 0.6659 0.9832 6.71 66.59
Hal sub 0.0655 03811 0.6359 0.6840 2.24 63.59
Pel ede 0.0043 (.0047 G.1715 0.4415 3.60 7.1,
Pef sp. 0.0043 (.0047 0.1713 0.4415 364 17.13
Pel tor 0.0042 0.0047 0.1712 0.4414 3.67 17.12
Aci sem 0.0099 0.8934 0.9422 0.5813 0.60 94,22
Aci sp. 0.0542 0.6639 0.6659 0.9831 6.79 66.39
Aga ant 0.1194 0.1563 0.4230 0.,4860 544 42.30
Aga sp. 0.2886 0.6529 (.808t 0.8170 1.21 80.81
Coi lon 0.6112 .6553 0.9180 0.9738 4,05 91.30
Col scu 0.2715 02716 0.7089 0.9062 490 70.89
Cop lon 0.0043 0.0047 0.1715 0.4415 3.60 17.15
Des con 02714 0.2715 0.7088 0.9063 4.93 70.28
Dyt dau 0.0137 0.5409 0.7147 0.7540 2.54 T71.47
Dyt sp. 0.0014 0.0230 0.5822 0.8197 1.33 5822
Gp lib 0.0542 0.6659 0.6659 0.9831 6.78 66.59
Grp per 0.2715 02716 0.7089 0.5062 490 70.89
Grp sp. 0.4080 0.8394 (.8432 0.9273 2.60 84.32
Hda amu 0.5904 0.6401 0.7587 0.7589 i.87 75.87
Hda sp. (.0043 0.0047 0.1712 0.4414 3.46 17.12
Hdp pau 0.1193 0.1592 (.4229 (.4858 5.38 42.29
Hdp rub 0.2715 02716 0.7089 0.9062 4.90 70.89
Hdp nuf 0.2713 0.2716 0.7089 0.9062 450 70.89
Hdp sp. 0.0839 0.1154 0.6455 09426 1.96 64.55
Hdp spl 0.1815 0.3875 0.5520 0.9476 2.10 5520
Hyg pat 0.0542 0.6658 0.6659 0.9832 6.71 66.59
Hyg sal 0.2715 0.2716 0.7089 0.9062 4.90 70.89
Hyg say 0.6661 0.6666 .8890 0.9127 1.03 88.90
Hyg spt 0.0542 0.6659 0.6659 0.9832 6.75 66.59
Hyg sp2 0.5149 0.7520 0.8817 0.8817 2.23 88.17
Lac big 02715 0.2716 0.7089 €.9062 4.90 70.89
Lac mac 0.6124 0.7648 0.7648 0.9402 0.79 76.48
Fac sp. 0.0043 0.0047 0.1713 0.4415 3.64 17.13
Lio aff 0.4859 0.4867 0.7400 0.8320 1.38 74.00
Rha bin 0.4314 0.5176 0.5455 10300 0.35 54.35
Rha fro 06112 0.6553 0.9181 0.9738 4.07 91.81
Rha sp. 0.0542 0.6658 0.6659 09832 6.71 66.59
Rha sut 0.0811 0.4095 0.5190 09517 2.30 51.80
Anc lim 0.0226 0.5869 0.5920 1.0000 2.11 59.20
Ber str 0.1525 0.6147 0.6963 0.9857 5.89 69.63
Cym min 0.0043 0.0047 0.1714 0.4415 3.63 17.14
Cym vin 0.1524 G.6150 0.6966 0.9838 5.97 69.66

Eno ham 06111 0.6552 0.9180 0.9738 4.02 91.80
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TABLE 4. Continued.

Axis | Axis 2 Axis 3 Axis 4 Variance (y) Percent Variance
Explained
Enc och 0.2715 0.2716 0.7089 0.9062 4.90 70.89
Hei ang 0.1525 0.6147 0.6963 0.9857 5.89 69.63
Hel lac 0.1193 0.1592 0.4229 0.4858 5.38 4229
Hdb fus 0.i1%4 0.1593 ¢.4230 0.4860 5.44 42,30
Hdc obt G.6112 0.6554 0.9181 0.9738 4.08 91.81
Hdu pse 0.2944 0.7605 0.9459 0.9929 2,52 94,99
Tro lat 0.0248 0.0527 .9448 0.9822 1.76 0448
Tro sp. 0.1524 0.6149 0.6963 0.9858 5.94 69.65
Hdr ang 0.3581 0.454] 0.8395 .8831 2.15 83.95

Cyp sp. 0.2715 02716 0.7089 0.9062 4.99 70.89
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TABLE 5. Squared residual length per pond with four axes generated from the CCA
model with arthropods collected from the six Sandilands Provincial Forest
study ponds and pH, silt, and area covered by macrophytes.

Axis | Axis 2 Axis 3 Axis 4 Squared Residuat Percent Fit
Length

Fraction Fitted G.3506 0.2342 0.1502 0.1534

Pond 34 0.2274 0.1937 0.0490 00125 [.13 G8.89
Pond 37 0.4867 0.4639 0.3844 0.3288 0.74 55.48
Pond 39 1.4953 0.3589 0.3592 0.0134 1.65 99.19
Pond 40 0.5779 0.5777 0.3977 0.2388 0.58 58.84
Pond 41 0.6267 0.6256 0.2122 0.0543 1.09 95.03

Pond 42 0.9667 0.3472 0.2874 0.0099 1.33 96.26
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TABLE 6. Biplot scores of pH, silt, and area covered by macrophytes generated from
the CCA model with arthropods collected in six Sandilands Provincial Forest

study ponds.
Axis | Axis 2 Axis 3 Axis 4
Correlation Coefficient (r} Species vs 0.9994 0.5962 0.9734 0.0o00
Envircament
pH 0.9877 -0.G6728 -0.1387 0.0000
Silt 04943 -0.2100 0.8435 0.0000
-0.0217 -0.7984 0.6017 0.0000

Macrophyte Cover




APPENDIX II

INTER-SPECIES OVERLAP, SPECIES-ENVIRONMENT OVERLAP,
AVAILABLE PONDS, AND REPLACEMENT POTENTIAL
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TABLE 1. Inter-species overlap, species-environment (LC site scoreé) overlap,
replacement in the six Sandilands Provincial Forest study ponds.

available habitat, and potential for functional

Lost Species

Replacement Specics

Caenis diminuta
Inter-Species Overlap: Axis 1
Inter-Species Overlap: Axis 2
Inter-Species Overlap: Axis 3
Inter-Species Overlap: Axis 4
Species-Invironment Overlap:

Axis |
Species-Environment Overlap:
Axis 2

Species-Environment Overlap:
Axis 3

Species-Environment Overlap:
Axis ¢la)
Model I: Available Ponds

Caenis youngi
97.18%
51.60%
100.00%
100.00%

Pond 39; Pond

40; Pond 47;

Pond 34; Pond

37; Pond 39

Pond 40; Pond
41,

Pond 34; Pond

37, Pond 39%;

Pond 40; Pond
42;

Pond 42,

Model I: Potential for Pond 42 (No)\®*

Replacement

Model W and I Avaitable
Ponds

Model II and HI: Potential for
Replacesent

Caenis youngi
Inter-Species Overlap: Axis 1
Inter-Species Overap: Axis 2
Iner-Species Overlap: Axis 3
Inter-Species Overlap: Axis 4
Species-Environment Overlap:

Axis |
Species-Environment Overlap:
Axis 2

Species-Environment Overlap:
Axis 3

Pond 39;

Pond 39
(Possible)le/e),

Caenis diminuta
65.78%
100.00%
66.31%

917%
Pond 39; Pond
41; Pond 42;
Pond 34; Pondt
37; Pond 39;
Pend 40; Pond
41; Pond 42;
Pond 39; Pond
40; Pond 42;
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TABLE 1.

Continued.

Lost Species

Replacemend Species

Species-Environment Overlap:
Axis 4
Model I: Available Ponds

Model I: Poteatial for
Replacement

Muodel I1 and 1i: Available
Poads

Model 1 and H: Potential for
Replacement

Aeshua canadensis
Inter-Species Overlap: Axis |
Inter-Specics Overdap: Axis 2
Inter-Species Cverdap: Axis 3
Inter-Species Overlap: Axis 4
Species-Environment Overlap:

Axis |

Species-Environment Overlap:
Axis2

Species-Environment Overlap:
Axis 3

Species-Environment Overlap:
Axis 4

Model I Available Ponds
Model I: Potential for
Replacement

Model Il and HI: Available
Ponds

Model £ and I1[: Potential for
Replacement

Aeshna inferrupta
Inter-Species Overlap: Axis §
Inter-Species Overtap: Axis 2
inter-Species Overlap: Axis 3
Inter-Specics Overlap: Axis 4

Pond 40; Pond
41;
Pond 40 (No),
Pond 41 {No);
Pond 39;

Pond 39
(Possible);

Anax jurnius
12.95%
53.85%
58.96%
13.73%
Pond 34;

Pond 34;

Pond 34;

Pond 4t;
Pond 41 (No};

Pond 34;

Pond 34
{Possible);

Anax funius
16,65%
14.30%
i2.85%
[1.00%

-6ET-



Model Il and {l1: Available
Ponds

Madel I and [IE: Potential for
Replacement

Anax juninsg

Inter-Species Overlap: Axis |
Inter-Species Overlap: Axis 2
Inter-Species Overlap: Axis 3
Inier-Species Overlap: Axis 4
Species-Environment Overlap:

Axis |

Species-Environment Overdap:
Axis 2
Species-Environment Overlap:

Axis 3

Species-Environment Overlap:
Axis 4

Pond 4) (No);
Pond 4§ (No);
Pond 34,

Pond 34
(Possible);

Aeshna
interrupta
100.00%
100.00%
100.00%
100.00%
Pond 34; Pond
37; Pond 39;
Pond 40; Pond
41; Pond 42;
Pond 34; Pond
37; Pond 40,
Pond 41,
Pond 34; Pond
37; Pond 39;
Pond 40; Pond
41; Pond 42;

Aeshna
canadensis
100.00%
100.00%
100.00%
100.00%
Pond 34; Pond
37, Pond 39;
Pond 40; Pond
41; Pond 42,
Pond 34; Pond
40; Pond 41;

Pond 34; Pond
41;

TABLE 1. Continued.
Lost Species Replacement Specics
Species-Environment Overlap: Pond 34;
Axis |
Species-Environment Overlap: Pond 34;
Axis 2
Species-Environment Overlap: Pond 34,
Axis 3
Species-Environnment Overlap;
Axis 4
Modei I: Available Ponds  Pond 37; Pond
39; Pond 40,
Pond 41;
Model I: Potential for  Pond 37 (No);
Replacement Pond 39 (No);

-OF¢-



TABLE 1.

Continued.

Lost Species

Replacement Species

Maodel I: Availabie Ponds

None Available

None Available

Model I: Potential for None Available  None Avaitable
Replacerment
Moedel 1) and 111 Available Pond 34; Pond 34;
Ponds
Madel Hl and [}F: Potential for Pond 34 Pand 34
Replacement  (Probable); (Probable);
Cordulia shurtleffi Synipetrum
dunae
Inter-Species Overlap: Axis 1 0.00%
Inter-Species Gverlap: Axis 2 4.32%
Inter-Species Overap: Axis 3 0.00%
Inter-Species Overdap: Axis 4 6.31%
Species-Environmient Overdap; Pond 42;
Axis |
Species-Environment Overlap; Pond 42;
Axis 2
Species-Environment Overlap:  Pond 40; Pond
Axis 3 42
Species-Environment Overlap:
Axis 4
Model I: Available Ponds Pond 34;
Model I: Potenttal for  Pond 34 (No);
Replacement
Model H and [1F; Available Pond 42;
Ponds
Model I and {I1: Potential for Pond 42
Replacement (Possible);
Samatactiora williamsoni Symipetrum Sympetrum
obtruswn danae
Inter-Species Overtap: Axis | 76.21% 1.63%
Inter-Species Overfap: Axis 2 68.52% 9.53%
Inter-Species Overlap: Axis 3 58.7171% 6.11%
Inter-Species Overlap: Axis 4 92.02% 1.58%
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TABLE |

Continued.

Lost Specics

Replacement Specics

Species-Environment Overtap:
Axis |

Species-Environment Overlap;
Axis 2

Species-Environment Overlap;
Axis 3

Pond 34; Pond
37; Pond 39
Pond 40; Pond
41; Pond 42,
Pond 34; Pond
37 Pond 39;
Poad 40; Pond
41;
Pond 37; Pond
39; Pond 40;

Pond 42;

Pond 42;

FPond 40; Pond
42,

Pond 42;
Species-Environment Overlag:
Axis 4
Medel I: Available Ponds  Pond 34; Pond Pond 34; Pond
40; Pond 41; 37, Pond 39;
Pond 42; Pond 40; Pond
41;
Model i: Potential for  Pond 34 (No); Pond 34 (No);
Replacement  Pond 40 (Yes);  Pond 37 (No);
Pond 41 (Yes);  Pond 39 {No);
Pond 42 (No); Pond 40 (No);
Pond 41 (No);
Model 1l and Hil: Available  Pond 37; Pond Pond 42;
Pords 397
Model Il and 11 Polential for Pond 37 Pond 42
Replacement  (Possible); Pond (Possible);
39 (Possible);
Lencorrhinia hindsonica Lewchorthinia  Leuchorrhinia Banksiola
proxima intacia crotchi
Inter-Species Overap: Axis | £00.00% 100.60% 100.00%
Inter-Species Overlap: Axis 2 100.00% F00.00% 100.00%
Inter-Species Overdap: Axis 3 100.00% H00.00% 100.00%
Inter-Species Ovedap: Axis 4 100.00% 100.00% 100.00%
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TABLE 1. Continued.

Lost Specics Replacement Species

Species-Environment Overlap:

Pond 34; Pond

Pond 34; Pond

Pond 34, Pond

Axis 1 37, Pond 39; 37, Pond 39, 37; Pond 39;
Fond 40; Pond  Pond 40; Pond  Pond 49; Pond
41; Pond 42; 42, 41; Pond 42;
Species-Environment Overlap:  Pond 34; Pond Pond 34; Pond  Pond 34; Pond
Axis2 37 Pond 40; 37; Pond 40; 37, Pond 40,
Pond 41; Pond Pond 41; Pond 41; Pond
42; 42;
Species-Environment Overlap:  Pond 34; Pond  Pond 34; Pond  Pond 34 Pond
Axis3 39, Pond 40, 37, Pond 39; 37; Pond 39;
Pond 41; Pond  Pond 40; Pond  Pond 40; Pond
42, 41; Pond 42; 41; Pond 42;

Species-Envitonment Overlap:
Axis 4
Model I: Available Ponds

Model I: Potential for None Available None Available None Available
Replacement
Model IT and 1II; Available Pond 34; Pond 34; Pond 34,
Ponds
Madel IE and I111: Potential for Pond 34 Pond 34 Pond 34
Replacement (Probable); {Probable); (Possible);
Lencorrhinia intacta Sympetrum Leuchorrhinia  Leuchurrhinia Lestes Lestes dryas  Lestes disjunctus
duncae proxima hudsonica unguictlatis disjunciys
Tnter-Species Overlap: Axis 1 5% 100.00% i3.68% 100.00% HL.71% 17.46%
Inter-Species Overlap: Axis 2 1.89% 79.03% EL77% 100.00% 16.62% 100.00%
Inter-Species Overlap: Axis 3 5.84% 68.24% 7.99% 66.64% 10.50% 84.92%
Inter-Spectes Overlap: Axis 4 11.31% 88.52% 8.79% 38.23% 18.68% 100.00%
Species-Environment Overlap: Pond 42; Pond 34; Pond Pond 34, Pond 34; Pond Pond 40; Pond 39; Pond
Axis 37, Pond 39, 37, Pond 39; 41; Pond 42;
Pond 40; Pond Pond 44); Pond
41; Pond 42; 4§; Pond 42;
Species-Environment Overlap: Pond 42; Pond 34, Pond Pond 34; Pond 34; Pond Pond 40; Pond Pond 34; Pond
Axis 2 37, Pond 40; 37; Pond 39; 41; 37; Pond 39
Pond 41; Pond Pond 40; Pond Pond 40; Pond
42; 41; Pond 42, 41; Pond 42:

None Available

None Available

None Available

AL



TABLE .

Continued.

Lost Species

Replacement Species

Species-Environment Overlap:
Axis 3

Species-Environment Overlap;
Axis 4
Madel §: Available Ponds

Pond 40, Pond
42;

Pond 34; Pond
37, Pond 39;

Pond 34; Poad
39; Pond 40;
Pond 41, Pond
42,

Pond 37; Pond
39; Pond 40);

Pond 34,

Pond 37; Pond
39; Pond 40,

Pond 34; Poad
37; Pond 39;
Pond 40; Pond
42;

Pond 37; Pond
40; Pond 41;

Pond 40, Pond
42;

Pond 34; Pond
37. Pond 39;

Pond 34; Pond
37; Pond 39,
Pond 40; Pond
41; Pond 42,

Pond 34; Pond
37; Pond 40;

Pond 40; Pond Posd 41; Pond Pond 41; Pond
41; 42, 42;
Model I: Potential for  Pond 34 {No),; Pond 37 (No); Pond 37 (No);  Pond 37 (Yes);  Pond 34 (No); Pond 34 (No);
Replacement  Pond 37 (No);  Pond 39 (Yes);,  Pond 39 (No);  Pond 40 (Yes);  Pond 37 (No); Pond 37 (No);
Pond 39 (No);  Pond 40 (Yes);  Pond 40 (No); Pond 41 (No);  Pond 39 (No); Pand 40 (No),
Pond 40 (No); Pond 41 (No); Pond 41 (No);
Pond 41 (No); Pond 42 (No); Pond 42 (No);
Model Il and HI: Avaifabie Pond 42; Pond 34; Pord Pond 34; Pond 34, Pond Pond 40; Pond 39; Pond
Ponds 41; Pond 42; 39; Pond 42; 41; Pond 42;
Madel IT and LII: Potential for Pond 42 Pond 34 Pond 34 Pond 34 Pond 40 Pond 39
Replaceiment {Possible); (Possible); Pond (Possible); (Possible); Pond (Possible), (Possible); Pond
41 (Possible); 39 (Possible); 41 {Possible);
Pond 42 Pond 42 Pond 42
{Possible); {Possible); {PPossible);
Lencorrhinia proxima Sympetrum Pritostomis sp.  Leuchorrhinia  Lenchorriinia festes Lestes dryas  Lestes disjuncius Lestes congener Banksiola
danae intacty Idsonica ungricilargs disfuncius crotehi
. Inler-Species Overlup: Axis | 5.23% 19.33% 62.91% B.60% T2.79% 6.74% 19.01% 66.69% 75.05%
Inter-Specics Overlap: Axis2 17.02% 81.08% 85.02% 12.66% 100.00% 17.88% 160.00% 100.00% 100.00%
Inter-Species Overlap: Axis 3 8.20% 43.80% 100.00% 11.21% 66.99% 1.77% 100.00% 100.06% 100.00%
Inter-Species Overlap: Axis 4 11.09% 100.00% 86.82% 8.02% 49.40% 18.32% HI0.00% 100.00%: 106.00%
Species-Envitonment Overlap: Pond 42; Pond 39;Pond  Pond 34; Pond Pond 34, Pond 34, Pond Pond 40; Pond 39; Pond  Pond 37; Pond  Pond 34; Pond
Axis 1 40; 37; Pond 39, 37; Pond 39; 41; Pond 42; 39; Pond 40; 37; Pond 39,
Pond 40; Pond Pond 40; Pond Pond 41; Pond  Pond 40; Pond
42; 41; Pond 42; 42 41; Pond 42;
Species-Environment Overlap; Pond 42; Pond 34; Pond  Pond 34; Pond Pond 34; Pond 34; Pond ~ Pond 40; Pond  Pond 34; Pond  Pond 34: Pond  Pond 34; Pond
Axis 2 37; Pond 39; 37; Pond 40, 37, Pond 39; 41; 37; Pond 39; 37; Pond 39; 37 Pond 40;
Pond 40; Pond Pond 41; Pond 40; Pond Pond 40; Pond  Pond 40; Pond  Pond 41; Pond
41, 41; Pond 42; 41; Pond 42; 41; Pond 42; 42
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TABLE 1.

Continued.

Lost Specics

Replacement Species

Species-Enviromment Overlap;
Axis 3

Species-Environment Overlap:
Axis 4
Model I: Available Ponds

Model I: Potential for
Replacement

Model 1} and III: Available
Ponds

Model Hl and 11{: Petential for
Replacement

Libellula quadrimaculara

Inter-Species Overlap: Axis |
Inter-Species Overlap: Axis 2
Inter-Species Overlap: Axis 3
Inter-Species Overlap; Axis 4
Species-Environment Overlap;

Axis 1

Species-Environment Gverlap;
Axis 2

Species-Environment Overlap;
Axis 3

Species-Environment Overlap:
Axis 4

Pond 40; Pond
42;

Pond 34; Pond
41;
Pond 34 (No),
Pond 41 (No);

Pond 42,

Pond 42
{Possible);

Somatochlora
williamsoni
100.00%
97.81%
100.00%
93.86%
Pond 34; Pond
37; Pond 39;
Pond 40; Pond
41; Pond 42;
Pond 34; Pond
37; Pond 39,
Pond 40, Pond
4F; Pond 42;
Pond 34; Pond
37; Pond 39;
Pond 40; Pond
41; Pond 42;

Pond 37, Pond
39; Pond 40,
Pond 42;

Pond 34; Pond
41; Pond 42,
Pond 34 (No);
Pond 41 (No),
Pond 42 (No);
None Available

None Available

Pond 34; Pond
37, Pond 39;
Pond 40; Pond
41; Pond 42;

Nene Available

None Available

Pond 34; Pond
41; Pond 42;
Pond 34
(Probable); Pond
41 {Possible);
Pond 42
{Possible),

Pond 34;

Pond 4t; Pond
42,
Pond 41 (No);
Pond 42 (No);

Pond 34;

Pond 34
(Possible);

Pond 34; Pond
37, Pond 39;
Pond 4(}; Pond
42;

Fond 41,

Pond 41 {No);

Pond 34; Pond
42,
Pond 34
(Possible); Pond
42 (Probable);

Pond 40; Pond
42;

Pond 34; Pond
41; Pond 432,
Pond 34 (No);
Pond 41 (Ne);
Pond 42 (No);
None Available

None Available

Pond 34; Pond
37; Pond 39;
Pond 40; Pond
41 Pond 42;

Pond 34;

Pond 34 (No);

Pond 41; Pond
42,
Pond 41
(Possible); Pond
42 (Possible);

Pond 34, Pond
37, Pond 3%
Pond 40; Pond
41; Pond 42;

None Available

None Available

Pond 34; Pond
41; Pond 42;
Pond 34
(Possible); Pond
41 (Probable);
Pond 42
(Probable);

Poad 34; Pond
37, Pond 39;
Pond 40; Pond
41; Pond 42;

None Available

None Available

Pond 34, Pond
41; Pont 42;
Pond 34
{Possible); Pond
41 (Possible);
Fond 42
(Probable);
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TABILE 1.

Continued.

Lost Species

Replacement Species

Model I: Available Ponds
Model 1: Polential for
Replacement

Model 1 and 11z Available
Ponds

Model Il and Li: Powentiad for
Replacement

Symipetrum danae

inter-Species Overtap: Axis |
inter-Species Overlap: Axis 2
Inter-Species Overlap: Axis 3
Inter-Species Overlap: Axis4
Species-Environment Qverlap;

Axis |

Species-Environment Overlap:
Axis2

Species-Environment Overiap;
Axis 3

Species-Enviconment Overlap:
Axisd

Maodel I: Available Ponds
Model I: Potential for
Replacenieny

None Available
None Available

Pond 34; Pond
39; Pond 40;
Pond 41; Pond
42,

Pond 34
(Possible); Pond
39 (Possible);
Pond 40
(Possible); Pond
41 {Probable);
Pond 42
{Possible};

Somatochlora
williamsoni
100.00%
100.00%
100.00%
100.00%
Pond 34; Poad
37, Pond 39;
Pond 40; Poad
41; Pond 42;
Pond 34; Pond
37, Pond 39;
Pond 40; Pond
41; Pond 42;
Pond 34, Pond
37; Pond 39;
Pond 40; Pond
41; Pond 42;

None Avaitabte
None Available

Leuchorrivinia
proximad
. 100.00%
89.16%
100.009%
100.00%
Pond 34; Pond
37; Pond 39;
Pond 40; Pond
41; Pond 42;
Pond 34; Fond
37; Pond 40;
Pond 41; Pond
42
Pond 34; Pond
39; Pond 40;
Pond 41; Pond
42;

None Available
None Available

Leuchorrhinia
intacia
68.66%
10.67%
100.00%
160.00%
Pond 34; Pend
37, Pond 39,
Pond 40; Pond
42;
Pond 34; Pond
37, Pond 40,
Pond 41

Pond 34; Pond
37; Pond 39;
Pond 40; Pond
41; Pond 42;

None Available
None Available

Cordilia
shurtleffi
0.00%
16.56%
0.00%
100.00%%
Pond 34; Pond
37, Pond 39;
Pond 40;

Pond 34; Pond
40; Pond 41;

Pond 34; Pond
39; Pond 41

None Available
MNone Available
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TABLE 1.

Continued.

Lost Species

Replacement Species

Model il and H1; Available Pond 42; Pond 42, Pond 42; Pond 42;
Ponds
Model Il and 11i: Potential for Pond 42 Pond 42 Pond 42 Pond 42
Replacemeni {Possible); (Possible); (Possible); (Possible);
Sympetrum obtrusum Somarochlora
williamsoni
Inter-Species Overlap: Axis 1 100L00%
Inter-Species Overlap: Axis 2 100.00%
Inter-Species Overlap: Axis 3 100.00%
Inter-Species Overlap: Axis 4 100.00%
Species-Eavironment Overdap:  Pond 34; Pond
Axis I 37; Pond 39;
Pond 40, Pond
4}; Pond 42;
Species-Environment Overtap:  Pond 34; Pond
Axis2  37; Pond 39;
Pond 40; Pond
41; Pond 42,
Species-Environment Overlap:  Pond 34; Pond
Axis3  37;Pond 39,
Ponrd 40; Pond
41; Pond 42;
Species-Environmem Qverlap:
Axis 4
Model . Available Ponds  None Available
Model 1: Potential for None Available
Replacement
Model lland III: Available Pond 37; Pond
Ponds 39;
Model IT and 11I: Potential for Pond 37
Replacement  (Possible); Pond
39 (Probable);
Lestes congener Leuchorrhinia  Lestes dryas  Lestes disfuncius
proximea disjuncius
Inter-Species Overlap: Axis | 96.75% 9.78% 27.72%
Inter-Species Overlap: Axis 2 60.40% 10.80% 100.06%
Inler-Species Overlap: Axis 3 713.53% 10.84% 91.73%
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TABLE 1. Continued

Lost Species

Replacement Species

Inter-Specics Overlap: Axis4 71.06% 13.02% 93.07%
Species-Environment Overfap;  Pond 34; Pond Pond 40; Pond 39; Pand
Axis | 37, Pond 39, 41; Pond 42;
Pond 40, Pond
41; Pond 42;
Species-Environment Overdap;  Pond 34; Pond  Pond 40; Pond ~ Pond 34; Pond
Axis2 37, TPond 40, 41; 37; Pond 39;
Poad 41; Pond Pond 40; Pond
42; 41; Pond 42;
Species-Environiment Overlap:  Pond 34; Pond Pond 40; Pond Pond 34; Pond
Axis3  39; Pond 40; 42; 37; Pond 39,
Pond 41; Pond Pond 40; Pond
42; 41; Pond 42;
Species-Environment Overlap:
Axis 4
Model I: Available Ponds  Pond 39; Pond  Pond 34; Pond  Pond 34; Pond
40, 39 Pond 41; 44;
Pond 42;
Model I: Powential for Pond 39 (Yes);  Pond 34 (No): Pond 34 (No};
Replacement  Pond 40 (Yes);  Pond 39 (No);  Pond 40 (No};
Pond 41 (No);
Pond 42 (No);
Model 1 and ;. Available  Pond 34; Pond Pond 40, Pond 39; Pond
Ponds 41, Pond 42, 41; Pond 42;
Model 1F and HI: Patential for Pond 34 Pond 40 Pond 39
Replacement (Probable); Pond {Possible); {Possible}; Pond
41 (Possible}; 41 (Possible);
Pond 42 Pond 42
(Possible); (Possible);
Lestes disjunctus disjuncius Lewchorrhivia  Leuchorrhinia Lestes Lestes dryas  Lestes congener
proxima intactu unguiculatus
Inter-Species Overlap: Axis | 100.00% 57.48% H0.00% 0.00% 160.00%
Inter-Species Overlap: Axis 2 318.07% 4195% 81.64% 6.81% 63.03%
Inter-Specics Overfap: Axis 3 80.16% 100.00% 12.47% 11.82% 100.00%
Inier-Species Overlap: Axig 4 61.70% 60.51% 30.48% L1.30% 80.82%
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TABLE 1. Continued.

Lost Species Replacement Species

Species-Enviroament Overlap:  Pond 34, Pond  Pond 34; Pend  Pond 34; Pond Pond 40, Pond 37, Pond
Axis | 37; Pond 39; 37; Pond 39, 37; Pond 39; 39; Pond 40;
Pond 40; Pond  Pond 40, Pond  Pond 40; Pond Pond 41; Pond
41; Pond 42; 42; 41; Pond 42; 42;
Species-Environment Overlap:  Pond 34; Pond  Pond 34, Pond  Pond 34;Pond  Pond 40; Pond  Pond 34; Pond
Axis 2 37; Pond 40; 37; Pond 40, 37; Pond 39; 41; 37; Pond 39,
Pond 41 Pond Pond 41; Pond 40; Pond Pond 40 Pond
42, 41; Pond 42; 41; Pond 42;
Species-Environment Overlap:  Pond 34; Pond  Pond 34; Pond  Pond 34; Pond  Pond 40; Pond Pond 34; Pond
Axis 3 39; Pond 40; 37; Pond 39, 37; Pond 39; 42, 37; Pond 39,
Pond 41; Pond Pond 40; Pond Pond 40; Ponc Pond 40; Pond
42, 41; Pond 42; 42; 41; Pond 42,
Species-Environment Overlap:
Axis 4
Model I: Avaitable Ponds Pond 39; None Available Pond 41, Pond 39, Pond  None Available
4b; Pond 42,
Model I: Potential for Pond 39 (No};  None Available  Pond 41 (No); Pond 39 {Nc);  None Available
Replacement Pond 41 {No);
Pord 42 (MNo);
Model Il and 1 Availuble Pond 41,Pond  Pond 39;Pond  Pond 3%9;Pond  None Available  Pond 39; Pond
Ponds 42, 4¥; Pond 42 42; 41; Pond 42,
Model I and HI: Potential for Pond 41 Pond 39 Pond 39 MNone Available Pond 39
Replacement {Pessible); Pond  (Possible); Pond  (Possible); Pond (Possible); Pond
42 (Possible); 41 (Possible); 42 (Probable); 41 (Probablg);
Pord 42 Pond 42
(Possible}: (Probable);
Lastes dryas Leuchorrhinia  Lenchorrhinia Lestes Lestes disjuncius Lestes congener
proxima intacia unguiculaties disjunctus
[ntee-Species Overlap: Axis { 100.00% 100.00% 100.00% 0.00% 100.00%
Inter-Species Overlap: Axis 2 100.00% 100.00% F00.00% 100.00% 100.00%
Inter-Species Overlap: Axis 3 79.86% 160.00% 100.00% 100.00% 10.00%
Inter-Species Overlap: Axis 4 1 00.00% 100.00% 0.00% 100.00% 100.00%
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TABLE 1.

Continued.

Losl Species

Replacement Species

Species-Environment Overtap:
Axis 1

Species-Environment Overlap:
Axis 2

Species-Environment Overlap:
Axis 3

Species-Environment Overlap:
Axis 4

Model I: Available Ponds
Model k: Polential for
Replacement

Model Il and I1f: Available
Ponds

Model 11 and [1E; Potential for
Replacement

Pond 34; Pond
37, Pond 39;
Pond 40; Pond
41; Pond 42,
Pond 34, Pond
37; Pond 40
Pond 41; Pond
42;
Pond 34; Pond
39; Pond 40,
Pond 41; Pond
42;

Pond 40;
Pond 40 (Yes);
None Available

None Available

Pond 34; Pond
37; Pond 39,
Pond 40; Pond
42,

Pond 34; Pond
37 Pond 40;
Pond 41;

Pond 34; Pond
37, Pond 39,
Pond 40; Pond
4k; Pond 42;

None Available
None Available
Pond 40,

Pond 40
{(Probable),

Pond 34; Pond
37, Pond 39;
Pond 40; Pond
41; Pond 42;
Pond 34; Pond
37 Pond 39;
Poad 40; Pond
41; Poad 42;
Pond 34; Pond
37, Pond 39;
Pond 40; Pond
42;

Pond 40;
Pond 40 (Yes),

None Available

None Available

Pond 39; Pond
41; Pond 42;

Pond 34; Pond
37, Pond 39,
Pond 40; Pond
41; Pond 42;
Pond 34; Pond
37, Pond 39;
Pond 40; Pond
41; Pond 42;

Pond 40,
Pond 40 (No);
None Available

None Available

Pond 37; Pond
39; Pond 40,
Pond 41; Pond
42;
Pond 34; Pond
37; Pond 39;
Pond 40; Pond
41; Pond 42;
Pond 34; Pond
37, Pond 39,
Fond 40; PPond
41; Pond 42;

None Available
None Avatlable
Pond 40;

Pond 40
(Probable);

Lestes unguiculatus Lenchorrhinia  Lewchorrhinia Lestes dryas  Lestes disjuncius
proxima intacta disfunctus
Inter-Species Overlap: Axis 1 93.17% 63.48% 8.63% 24.46%
Inter-Species Overlap: Axis 2 40.74% 43.82% 1.28% 87.37T%
Inter-Species Overlap: Axis 3 71.64% 100.00% 15.76% 96.67%
Inter-Species Overlap: Axis 4 100.00% 100.00% 0.00% 100.00%
Species-Environment Overlap:  Pond 34; Pond  Pond 34; Pond Pond 40 Pond 39; Pond
Axis | 37, Pond 39; 37; Pond 39; 41; Pond 42;
Pond 40; Pond ~ Pond 40; Pond
41; Pond 42; 42;
Species-Environment Overlap:  Pond 34; Pond ~ Pond 34; Pond  Pond 40; Pond  Pond 34: Pond
Axis2  37; Pond 40, 37; Poad 40; 4f; 37; Pond 39;
Pond 41; Pond Pond 41; Pond 40; Pond
42, 41; Pond 42;
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TABLE 1.

Continued.

Lost Species

Replacement Species

Species-Environment Overlap:
Axis 3

Species-Environment Overlap:
Axis 4
Modet [: Available Ponds

Modei I Potential for
Replacement

Model IT and II: Available
Ponds

Model I and IIT: Potential for
Replacement

Coenagrion angulatum

Inter-Species Overlap: Axis 1
Inter-Species Overlap: Axis 2
Inter-Species Overlap: Axis 3
Inter-Species Overlap: Axis 4
Species-Environment Overlap:

Axis |

Species-Environment Overlap:
Axis 2

Species-Environment Overlap:
Axis 3

Species-Environment Overlap:
Axis 4

Pond 34; Pond
39; Pond 40;
Pond 41; Pond
42,

Pond 39;

Pond 39 (No),

Pond 34; Pond
42,
Pond 34
{Possible); Pond
42 (Possible);

Prilostomis sp.

54.01%
72.28%
40.34%
96.15%
Pond 39; Pond
40;

Pond 34; Pond
37; Pond 39;
Pond 40; Pond
41;
Pond 37; Pond
39; Pond 40;
Pond 42;

Pond 34; Pond
37, Pond 39;
Pond 40; Pond
41; Pond 42,

None Avatlable

None Available

Pound 34; Pond
39; Pond 42;
Pond 34
(Possible); Pond
39 (Possible);
Pond 42
(Possible);

Enallagma
cyathigerim
100.00%
87.87%
99.00%
88.32%
Pond 34; Pond
37; Pond 39;
Pond 40, Pond
41; Pond 42;
Pond 34; Pond
37; Pond 39;
Pond 40; Pond
41; Pond 42;
Pond 34, Pond
37; Pond 39;
Pond 40, Pond
41; Pond 42;

Pond 40; Pond
42,

Pond 34; Pond
39; Pend 42;
Pond 34 (No);
Pond 39 (No),
Pond 42 (No);
None Available

None Available

Baiiksiola
crotchi
100.00%
100.00%
94.02%
89.60%
Pond 34; Pond
37, Pond 39,
Pond 40; Pond
41; Pond 42;
Pond 34; Pond
37; Pond 40;
Pond 41; Pond
42,
Pond 34; Pond
37; Pond 39;
Pond 40; Pond
41; Pond 42;

Pond 34; Pond
37, Pond 39
Pond 40; Pond
41; Pond 42;

Pond 34;

Pond 34 (No);

Pond 39; Pond
42;
Pond 39
(Possible); Pond
" 42 (Possible);
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TABLE 1. Continued.

Lost Species

Replacement Species

Model I: Available Ponds

Model I: Potential for
Replacement

Model 11 and 1Ii: Avaiiable
Ponds

Model Il and 1M: Potential for
Replacement

Coenagrion resolutum

Inter-Species Overlap: Axis |
Inter-Species Overlap: Axis 2
Inter-Species Overlap: Axis 3
Inter-Species Overlap: Axis 4
Species-Environment Overlap:

Axis i

Species-Environment Overlap:
Axis2

Species-Environment Overlap:
Axis 3

Species-Environment Overlap:
Axis4
Model I: Available Ponds

Pond 41; Pond
42,
Pond 41 (No);
Pond 42 (No);
Pond 40;

Pond 40
(Possible);

Pritostomis sp.

3261%
69.02%
41.86%
100.00%
Pord 39; Pond
40,

Pond 34; Pond
37, Poad 39,
Pond 40; Pond

.41
Pond 37; Pond
39; Pond 40;
Pond 42;

Pond 34; Pond

None Available None Available
None Available None Available

Pond 40; Pond  Pond 40; Pond
41; Pond 42; 41; Pond 42;
Pond 40 Pond 40
(Probable); Pond (Possible); Pond
41 {Probable); 41 (Possible);
Pond 42 Pond 42
(Probable); (Possible);

Banksiola
crotchi
100.00%
100.00%
95.96%
93,10%
Pond 34; Pond
37; Pond 39;
Pond 40; Pond
41; Pond 42;
Pond 34; Pond
37; Pond 40;
Pond 4]; Pond
42;
Pond 34; Pond
37; Pond 39,
Pond 40; Pond
41; Pond 42;

None Available

41; Pond 42,
Madel I: Potentiat for  Pond 34 (No);  None Available
Replacement  Pond 41 (No);
Pond 42 (No);
Model H and : Available Pond 40; Pond 34; Pond
Ponds 40; Pond 41;
Pond 42;
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TABLE 1.

Continued.

Lost Species

Replacement Species

Model II and 113: Potential Tor Pond 40 Pond 34
Replacement (Possible); (Possible); Pond
40 {Possible);
Pond 41
(Possible); Pond
42 {Possible);
Enallagma cyathigerum Prilostomis sp. Coenagrion Banksiola
angulatum crotchi
Intee-Species Overlap: Axis | 25.85% 47.86% 100.00%
nter-Species Overlap: Axis 2 86.86% T4.10% 75.66%
Inter-Species Overlap: Axis 3 40.01% 98.20% 92.61%
Inter-Species Overlap: Axis 4 100.00% 100.00% 97.05%
3pecies-Environment Overlap:  Pond 39; Pond  Pond 39; Pond  Pond 34; Pond
Axis | 40, 40; Pond 41; 37, Pond 39;
Pond 42; Pond 40; Pond
41; Pond 42;
Species-Environment Overlap:  Pond 34; Pond  Pond 34; Pond  Pond 34; Pond
Axis 2 37, Pond 39; 37; Pond 49; 37; Pond 40,
Pond 40 Pond  Pond 41;Pond  Pond 41; Pond
41; 42; 42;
Species-Environment Overlap:  Pond 37, Pond  Pond 34; Pond  Pond 34; Pond
Axis3  39; Pond 40; 37; Pond 39; 37; Pond 39,
Pond 42; Pond 40; Pond  Pond 40; Pond
41; Pond 42, 41; Pond 42;
Species-Environment Overap:
Axis 4
Model [: Available Ponds  Pond 34; Pand  Pond 34; Pond Pond 39;
37, Pond 41; 37; Pond 39;
Pond 42;
Model I: Potential for Pond 34 (No};  Pond 34 {No); Pond 39 (No);
Replacement  Poad 37 (No);,  Pond 37 (No);
Pond 41 (No};,  Pond 39 (No);
Pond 42 (Na);
Model I and I1l: Available Pond 3%; Pond  Pond 40; Pond  Pond 34; Pond
Ponds 40, 41; Pond 42; 37; Pond 40;
Pond 41; Pond
42,
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TABLE 1.

Continued.

L.ost Species

Replacement Species

Model it and Ill: Potentiai for Poud 39 Pond 40 Pond 34
Replacement (Possible); Pond  (Possible); Pond  (Possible); Pond
40 (Possible); 41 {Possible); 37 (Possible);
Pond 42 Pond 40
(Possible); (Possible); Pend
41 (Possible),
Pond 42
(Possible);
Notonecta borealis Notonecta Hydaricus
irrorata aruspex
Inter-Species Overlap: Axis | 100.00% 100.00%
Enter-Species Overlap: Axis 2 100.00% 106.00%
Inter-Species Overlap: Axis 3 £00.00% 100.00%
Inter-Species Overlap: Axis 4 100.00% 100.00%
Species-Environment Overlap:  Pond 34; Pond  Pond 34; Pond
Axis 1 37; Pond 39; 37, Pond 39;
Pond 40; Pond Pond 40,
41; Pond 432;
Species-Enviconment Overlap:  Pond 34; Pond  Pond 34 Pond
Axis2 40, Pond 41, 40; Pond 4§,
Species-Environment Overlap: Pond 34; Pond  Pond 34; Pond
Axis 3 41 37; Pond 39;
Pond 40; Pond
4t; Pond 42;
Species-Environment Overlap:
Axis 4
Model I Available Ponds  None Available  None Available
Model I: Potentind for  None Available  None Available
Replacement
Medel IT and 11; Available Pond 34; Pond 34;
Ponds
Model 1l and HI: Potential for Pond 34 Pond 34
Replacement (Possible); (Probable);
Notontecta irrorata Notonecta Notonecta kirbyi Notonecta Hydroporus sp,’ Hydaticus
undlara ' borealis ! aruspex
inter-Species Overlap: Axis | 45.46% 18.27% 8.44% T%.41% © 57.89%
Inter-Species Overlap: Axis 2 100.00% 100.00% 33.94% 100.00% 86.48%
Inter-Species Overlap: Axis 3 100.00% 0.00% 36.32% 100.00% 100.06%
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TABLE 1. Continued.

Lost Species Replacement Species
Inter-Species Overfap: Axis 4 100.00% 100.00% 8.92% 50.97% 89.61%
Species-Environment Overlap;  Pond 37, Pond  Pond 39; Pond Pond 34; Pend 34; Pond  Pond 34; Pond

Axis 1 39; Pond 40; 44, Pond 42; 37; Pond 39; 37, Pond 39,
Pond 41; Pond Pond 40; Pond Pond 49,
42 41; Pond 42;
Species-Environment Overlap:  Pond 34; Pond  Pond 34; Pond Pond 34, Pound 34; Pond  Pond 34, Pond
Axis2 37 Pond 39; 37; Pond 39, 37, Pond 39; 40; Pond 41,
Pond 40; Pond  Pond 40; Pond Pond 49; Pond
41; Pond 42; 41, 41; Pond 42;
Species-Environment Overlap:  Pond 34; Pond  Pond 37; Pond Pond 34, Pond 34; Pond  Pond 34; Pond
Axis3 37, Pond 39; 39 Pond 40, 39; Pond 41; 37, Pond 39,
Pond 40; Pond Pond 42; Pond 40, Pond
41; Pond 42; 41; Pond 42;
Species-Environment Overlap:
Axis 4
Model §: Available Ponds Pond 34; Pond 34; Pond Pond 41; Pand 41; Poad 41,
41,
Model i: Potential for Pond 34 (No);  Pond 34 (No);  Pond 41 (No);  Pond 41 (Yes);  Pond 41 (No);
Replacement Pond 41 (No};
Model Il and {[}: Available Pond 41; None Available Pond 34; Pond 34 Pond 34,
Peods
Model 1 and HI: Potential Tor Pond 41 None Available Pond 34 Pond 34 Pond 34
Replacement (Possible); (Possible); (Possible); (Possible);
Notonecta kirbyi Notonecta Notonecta Hydroporus sp. Hyduaticus
undulata irroraia 1 aruspex
Inter-Species Cverlap: Axis | 100.00% 100.00% 100.00% 85.46%
Inter-Species Overlap: Axis 2 100.00% 20.54% 100.00% 17.94%
inter-Species Overtap: Axis 3 100.06% 0.00% 63.20% 100.00%
Inter-Species Overlap: Axis 4 89.24% 59.86% 40.56% 35.60%
Species-Environment Overlap:  Pond 37; Pond  Pond 34; Pond  Pond 34; Pond  Pond 34; Pond
Axis1  39; Pond 40; 37; Pond 39; 37; Pond 39; 37; Pond 39,
Pond 41, Pond  Pond 40; Pond  Pond 40; Pond Pond 40;
42; 41; Pond 42; 41; Pond 42;
Species-Environment Overtap:  Pond 34; Pond ~ Pond 34;Pond  Pond 34; Pond  Pond 34; Pond
Axis2 37, Pond 39, 40; Pond 41; 37; Pond 39; 4@; Pond 41;
Pond 40, Pond Pond 40; Pond
41; Pond 42, 41; Pond 42;
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TABLE 1.

Continued,

Lost Species

Replacement Specics

Species-Environment Overtap:
Axis 3

Species-Environment QOverdap:
Axisd
Model I Available Ponds

Model I: Potential for
Replacement

Model I and 1TIT: Available
Ponds

Model il and 1l1: Potentiaf for
Replacement

Noronecta undulata

inter-Species Overlap: Axis 1
Inter-Species Overlap: Axis 2
Inter-Species Overlap: Axis 3
Inter-Species Overlap: Axis 4
Species-Environment Overfap:

Axis 1

Species-Environment Overlap:
Axis 2

Species-Environment Overlap:
Axis 3

Species-Environment Overlap:
Axis 4
Model I: Available Ponds

Pand 3, Pond
37, Pond 39;
Pond 40; Pond
41, Pond 42;

None Available
None Available

Pond 39; Pond
4,
Pond 39
(Probable); Pond
40 (Probable);

Notonecta kirbvi

40.20%
T4.42%
318.83%
97.50%
Pond 39; Pond
40; Pond 42;

Pend 34; Pond
37. Pond 39,
Pond 40; Pond
41;
Pond 37; Pond
39; Pond 40,
Pond 42;

Pond 37, Pond
41 Pond 42

Pond 34, Pond
41;

Pond 39; Pond
40,

Pand 39 (No);

Pond 40 (No);

None Avaifable

None Available

Notonecta
irrorata
100.00%

18.85%

22.98%

65.41%
Pond 34; Pond
37, Pond 39,
Pond 40; Pond
41; Pond 42,
Pond 34; Pond
40; Pond 41;

Pond 34; Pond
41,

Pond 37; Pond
39; Pond 40;
Pond 42,

Pond 34; Pond
39; Pond 41;

Pond 40:
Poad 40 (No);
Pond 39;

Pond 39
{Possible);

Pond 34; Pond
37; Pond 39;
Pond 40; Pond
41; Pond 42;
Pond 39;
Pond 39 (No);
Pond 40;

Pond 40
(Possible);
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TABLE I. Continued.

Lost Species

Replacement Species

Model I: Potential for
Replacement

Model T and IH: Available
Ponds

Model 1T and {I1: Potential for
Replacement

Pond 37 {(No);
Pond 41 (No);
Pond 42 (No);

Pond 39; Pond
40,
Pond 39
{Possible); Pond
40 (Possible);

Pond 37 (No);
Pond 39 (No);
Pond 40 (No);
Pond 42 (No):
Pond 41,

Pond 41
(Possible);

Banksiola crotehi Prilostomis sp.  Leuchorrhinia  Leuchorrhinia Enallagma Coenagrion Coenagrion
proxima hudsonica cyathigerumn resolutum angilarm
Inter-Species Overlap: Axis | 25.42% 98.69% H31% 93.15% 71.97% 47.07%
Inter-Specics Overlap: Axis 2 68.96% 65.93% 8.35% 83.46% 93.65% 93.03%
Inter-Species Overlap: Axis 3 42.90% 65.73% 8.81% 99.1% 98.35% 100.60%
[nter-Species Overlap: Axis 4 100.00% 70.88% 6.11% 91.10% 100.00% 100.00%
Species-Eavironment Overlap:  Pond 39; Pond  Pond 34; Pend Pond 34; Pond 34; Pond  Pond 37; Pond  Pond 39; Pond
Axis | 40; 37; Pond 39; 37; Pond 39, 39; Pend 40; 40; Pond 41;
Pond 40); Pond Pond 40; Pond  Pond 41; Pond Pond 42;
41; Pond 42, 41; Pond 42; 42;
Species-Eavironment Overlap:  Pond 34; Pond Pond 34; Pond Pond 34; Pond 34; Pond  Pond 34; Pond  Pond 34; Pond
Axis2  3T:; Pond 39; 37; Pond 40, 37, Pond 3%; 37; Pond 40; 37, Ponrd 40,
Pond 40; Pond  Pond 41; Pond Pond 46; Pond  Pond 41: Pond  Pond 41; Pond
41, 42; 41, Pond 42; 42; 42;
Species-Environment Overlap:  Pond 37; Pond  Pond 34; Pond Pond 34; Pond 34; Pond  Pond 34; Pond  Pond 34; Pond
Axis 3 39; Pond 40; 39; Pond 40, 37; Pond 39; 37; Pond 39; 37; Pond 39;
Pond 42, Pond 41; Pond Pond 4G; Pond  Pond 40; Pond  Pond 40; Pond
42; 41; Pond 42; 4F; Pond 42;, 41; Pond 42;
Species-Environment Overlap:
Axis 4
Model I: Available Ponds Pond 34; Pond  Pond 37;Pond  Pond 37;Pond  None Available Pond 37, Pond 34; Pond
37; Pond 41, 40, 40; Poand 41; 37
Pond 42; Pond 42;
Modei §: Potential for Pond 34 (No);  Pond 37 (No); Pond 37 (No);  None Available  Pond 37 (Yes);  Pond 34 (No);
Replacement  Pond 37 (No);  Pond 40 (Yes);  Pond 40 (No); Pond 37 (No);
Pond 41 (No); Pond 41 (No);
Pond 42 (No); Pond 42 (Noy);
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TABLE 1. Continued.

Lost Species

Replacement Species

Model I and J11; Available
Ponds

Model 1T and II; Potential for
Replacement

Pritostomis sp.

inter-Species Overlap: Axis |
inter-Species Overlap: Axis2
inter-Species Overlap: Axis 3
Inter-Species Overap: Axis 4
Species-Environment Overlap:

Axis |

Species-Environment Overlap:
Axis2

Species-Environmeni Overlap:
Axis3

Species-Environment Overlap;
Axis 4
Model I: Available Ponds

Model [ Potential for
Replacement

Model I and HI: Available
Ponds

Pond 40;

Pond 40
(Possible);

Leuchorrhinia
proxima
100.00%

42.51%
80.21%
58.95%
Pond 34; Pond
37, Pond 39,
Pond 40; Pond
41; Pond 42;
Pond 34, Pond
37; Pond 40;
Pond 41; Pond
42;
Pond 34, Pond
39 Pond 40;
Pond 41; Pond
42;

Pond 39; Pond
40,

Pond 39 (No);

Pond 40 (Yes);

Nonc Available

Pond 34; Pond
41; Pond 42;

Pond 34
{Probabte); Pond
41 (Possible};
Pond 42
(Possible);

Enallagma
cyathigerum
100.00%
76.20%
100.00%
78.08%
Pond 34, Pond
37, Pond 39;
Pond 40; Pond
41§; Pond 42;
Pond 34; Pond
37, Pond 39,
Pond 40; Pond
41; Pond 42;
Pond 34; Pond
37; Pond 39,
Pond 40; Pond
41; Pond 42,

None Available

None Available

Pond 39; Pond
40,

Pond 34,

Pond 34
(Possible),

Coenagrion
resolutum
100.00%
51.41%
100.00%
89.34%
Pond 37; Pond
39; Pend 40,
Pond 41; Pond
42;
Pond 34; Pond
37 Pond 40;
Pond 41; Pond
42;

Pond 34; Pond
37; Pond 39;
Pond 40; Pond
41; Pond 42,

Pond 39;
Pond 39 (No);

Pand 40;

Pond 34; Pond  Pond 34; Pond
37, Pond 40, 40; Pond 41,
Pond 41; Pond Pond 42,
42;

Pond 34 Poad 34
(Probable); Pond (Possible), Pond
37 (Probable); 40 (Probable);
Pond 40 Pand 41

(Probable); Pord (Probable); Pond

41 (Probable),
Pond 42
(Probalble);

Coenagrion
anguldation
100.00%
53.48%
100.00%
85.00%
Pond 39; Pond
40; Pond 41,
Pond 42;

Pond 34; Pond
37, Pond 40;
Pond 41; Pond
42;
Pond 34; Pond
37, Pond 39,
Pond 40; Pond
41; Pond 42,

Pond 39,
Pond 39 (No),

Pond 40;

42 (Probable);

Banksiola
crotchi
100.00%
54.85%
100.00%
83.17%
Pond 34; Pond
37, Pond 39,
Pond 40; Pond
41; Pond 42;
Pond 34; Pond
37; Pond 40
Pond 41; Pond
42,
Pond 34; Pond
37; Pond 39,
Pond 40; Pond
41; Pond 42;

Pond 39;
Pond 3% (No);

Pond 40;

Pond 40; Pond
41; Pond 42,

Pond 40
(Passible); Pond
41 (Possible);
Pond 42
(Possible);
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Axis 1

Species-Environment Overlap:
Axis 2

Species-Environment Overlap:
Axis3

Species-Environment Overlap:
Axis 4

Model I: Available Ponds
Model 1: Potential for
Replacement

Model 1 and [1l: Available
Ponds

Maodel Il and 11I: Potential for
Replacement

Peltodyres tortulosus

Inter-Species Overlap: Axis |
Inter-Species Overlap: Axis 2
inter-Species Overlap: Axis 3
Inter-Species Overlap: Axis4
Species-Environment Overlap:

Axis |
Species-Environment Overlap:

Axis2

Species-Environment Overlap:
Axis 3

Pond 40; Pond
4l
Pond 40; Pond
42,

Pond 39;
Pond 39 {No);

Pond 40;

Pond 40
{Possible);

Haliplus
subguttatus
100.00%
100.00%
E00.00%
100.00%
Pond 39; Pond
40; Pond 42;
Pond 34; Pond
37; Pond 39;
Pond 40; Pond
41,
Pond 37; Pond
39; Pond 40,
Pond 42,

TABLE 1. Continued.
Lost Species Replacement Species
Model TT and HT: Potential for None Available Pond 39 Pond 40 Pond 40 Pond 40
Replacement (Probable); Pond (Possible); (Probable); {(Probable);
40 (Probable);
Haliplus subguniatus Peltodytes
tortulosus

Inter-Species Overlap: Axis | 16.92%
Inter-Species Overlap: Axis 2 4.60%
Inter-Species Overtap: Axis 3 13.23%
Inter-Species Overlap: Axis 4 5.32%
Species-Environment Overlag: Pond 40,
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TABLE 1. Continued.

Lost Specics Replacement Species

Species-Environmeni Gverlap;
Axis 4
Model I: Available Ponds None Available
Model I: Potential foe  None Available
Replacement
Model 11 and 11 Avaitable Poad 40;
Ponds
Madkel 1 and Hi: Potential for Pond 40
Replacement (Possible);

Graphoderus liberus Rhantus Rhanius
sitirellus Sfrontalis
Inter-Species Overlap: Axis | H00.00% 0.00%
Inter-Species Overlap: Axis 2 100.06% 0.00%
Inter-Species Overlap; Axis 3 100.00% 0.00%
Inter-Species Overtap: Axis 4 100.00% 0.00%
Species-Environment Gverlap:  Pond 34; Pond Pond 34;

Axis 1 37; Pond 39;
Pond 40; Pond

41; Pond 42;
Species-Environment Overlap:  Pond 34; Pond Pond 34,
Axis2 37, Pond 39;
Pond 40; Pond
41; Pond 42;
Species-Environment Overlap;  Pond 34: Pond Pond 34,

Axis3  39;Pond 41;
Species-Environment Qverlap:
Axis 4
Model{: Available Ponds Nowe Available Pond 39;
Model I: Potential for None Available  Pond 39 (No);
Replacement
Model H and 1I: Available Pond 39; None Available
Ponds
Model I and ; Potential for Pond 39 iNone Available
Replaceinent  (Possible);

Hydaticus aruspex Notonecia kirbyi  Notonecta Notonecta
frrorata borealis
Inter-Species Overlap: Axis § 26.98% 100.00% 14.59%
Inter-Species Qverlap: Axis 2 100.00% 99.03% 38.87%
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TABLE 1.

Continued.

I.ost Species

Replacement Species

Enter-Species Overlap: Axis 3 48.00% 28.41% 10.32%
btee-Species Overlap: Axis4 100.00% 160.00% 9.60%
Species-Environment Overlap:  Pond 39; Pond  Pond 34; Pond Pond 34;
Axis 1| 40; Pond 42; 37; Pond 39,
Pond 40; Pond
41; Pond 42;
Species-Environment Overlap:  Pond 34: Pond  Pond 34; Pond Pond 34;
Axis2  37;Pond 39; 40; Pond 41,
Pond 40; Pong
41;
Species-Environment Overlap:  Pend 37, Pond  Pond 34; Pond Pond 34,
Axis3  39; Pond 40; 41;
Pond 42;
Species-Environment Overtap:
Axis 4
Maodel 11 Available Ponds Pond 34; Pond 40; Poud 40;
Model [: Potential for  Pond 34 (No),; Pond 40 (No); Pond 40 (No);
Replacement
Model 11 and 1IT; Available Pond 40; Pond 34; Pond 34,
Ponds
Model 1F and 11I: Potential for Pond 40 Pond 34 Pond 34
Replacement (Possible); (Possible); {Possible);
Hydroporus sp. | Naotonecta kirbyt  Notonecta Laccophitus Hygrotus sp. 2
irrorata H[(JCH!().?M.S'
inter-Species Overlap: Axis | 23.01% 100.00% 34.08% 12.71%
inter-Species Overlap: Axis 2 84.94% 17.45% 100.00% 59.14%
inter-Species Overlap: Axis 3 50.17% 45.96% 100.00% 100.00%
Inter-Species Overlap: Axis 4 100.60% H00.00% 100.00% 100.00%
Species-Environment Overlap:  Pond 39; Pond  Pond 34;Pond  Pond 39; Pond  Pond 41; Pond
Axis 1 40; Pond 42; 37; Pond 39, 40; Pond 41; 42;
Pond 40, Pond Pond 42;
41; Pond 42,
Species-Environment Overlap:  Pond 34; Pond  Pond 34;Pond  Pond 34; Pond  Pond 34; Pond’
Axis2 37, Pond 39, 40; Pond 41; 37, Pond 39; 37; Pond 40;
Pond 4(; Pond Pond 40; Pond  Pond 41; Pond
41; 41; Pond 42; 42;
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TABLE I.

Continued.

Lost Species

Replacement Species

Species-Environment Overlap:
Axis 3

Species-Environment Overlap:
Axis 4
Model I Available Ponds

Model I: Potential for
Replacement

Model Il and H1: Available
Ponds

Model Il and U1{: Polential for
Replacement

Hygrotus sp. 2

Inter-Species Overlap; Axis |
Inter-Species Qverlap: Axis 2
Inter-Species Overlap: Axis 3
TInter-Species Overlap: Axis 4
Specius-Environment Qverkap:

Pond 37; Pond
39; Pond 40,
Pond 42;

Pond 34;
Pond 34 (No),
Pond 39;

Pond 39
(Possible);

Hydraporus sp.
1
100.00%
88.50%
47.29%
43.59%
Pond 34; Pond

Axis 1 37; Pond 39,
Pond 40; Pond
41; Pond 42;
Species-Environmeat Overlap:  Pond 34; Pond
Axis2  37; Pond 39;
Pond 40; Pond
41; Pond 42;
Species-Environment Overlap:  Pond 34; Pond
Axis3 39 Pond 41;
Species-Environment Overlap:
Axis 4
Model I: Available Ponds Pond 41; Pond
42;
Modet I Potential for  Pond 41 (Yes);
Replacement  Pond 42 (No);
Model I and [T]; Available Noae Available
Ponds

Pond 34; Pond  Pond 34; Pond  Pond 34; Pond
41; 37; Pond 39: 37; Pond 39;
Pond 4(3; Pond  Pond 40; Pond
4f; Pond 42; 41; Pond 42;

Pond 39, Pond 34; Poad 34; Pond
39,

Pond 39 (No); Pond 34 (Na); Pond 34 (No});

Pond 39 (No);

Pond 34, Pond 39, MNone Available
Pond 34 Pond 39 None Available
(Possible); {Probable);
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TABLE }.

Continued.

Lost Species

Replacement Species

Model 1§ and THI: Potential for
Replacement

Laccophilus macuiosus

Inter-Species Overlap: Axis |
Inter-Species Overlap: Axis 2
inter-Species Overlap: Axis 3
inter-Species Overlop: Axis 4
Species-Environment Overap:

Axis |

Species-Environment Overlap:
Axis 2

Species-Environment Overlap:
Axis 3

Species-Environment Qveslap:
Axis 4

Model I: Available Ponds

None Available

Hydroporus sp.
1

100.06%
87.77%
60.56%
41.78%
Pond 34; Pond
37; Pond 39;
Pond 40; Pond
4F; Pond 42
Pond 34; Pond
37; Pond 39,
Pond 40; Pond
41; Pond 42;
Pond 34; Pond
39; Pond 41,

Pond 40; Pond

41: Pond 42;
Model [: Potential for  Pond 40 (No);
Replaceiment  Pond 41 (Yes);
Pond 42 (No);
Model [l and 11I: Available Pond 39,
Ponds
Model 1l and INE: Potential for Pond 39
Replacement  (Possible);
Rhantus binoratus Rhantus Rhantus
suturellus frontalis
Iater-Species Overlap: Axis | 100.00% 12.70%
Inter-Species Overlap: Axis2 90.24% 6.80%
Inter-Species Overlap: Axis 3 58.48% 10.81%
Inter-Species Overlap: Axis 4 55.46% 7.91%
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TABLE 1.

Continued.

Lost Species

Replacement Specics

Species-Environment Overlap:
Axis |

Species-Enviromment Overlap:
Axis 2

Species-Envirenment Overlap:
Axis 3

Spectes-Environment Overlap:
Axis 4

Maodel It Available Ponds

Model I: Potentiat for
Replacement

Model IT and 111: Available
Ponds

Model 11 and 1: Potential for
Replacement

Rhuntus fromalis

Inter-Species Overlap: Axis |
Imtee-Species Overlap: Axis 2
Inter-Species Overfap: Axis 3
Inter-Species Overlap: Axis4
Species-Environment Overlap:

Axis

Species-Environment Overlap:
Axis 2

Pond 34; Pond
37; Pond 39,
Pond 40; Pond
41; Pond 42;
Pond 34; Pond
37, Pond 39;
Pond 40; Pond
41: Pond 42;
Pond 34; Pond
39; Pond 41,

Pond 37; Pond
40; Pond 42;

Pond 37 (No);
Pond 40 (No);
Pond £2 {(No);

Pond 34; Pond
39;
Pond 34
(Possible), Pond
39 (Possible);

Rhantus
sulwerellus
100.00%
100.00%
100.00%
100,00%
Pond 34, Pond
37; Pond 39;
Pond 40; Pond
41; Pond 42;
Pond 34; Pond
37: Pond 39;
Pond 40; Pond
41; Pond 42,

Pond 34;

Pond 34,

Pond 34;

Pond 37; Pond
39: Pond 40;
Pond 42;
Pond 37 (No);
Pond 39 (No),
Pond 40 (No),
Pond 42 (No);
Pond 34,

Pond 34
(Possible);

Rhvantus
binotatus
100.00%
100,00%
130.00%
100.60%
Pond 34; Pond
37, Pond 39;
Pond 40; Pond
41; Pond 42;
Pond 34; Pond
37; Pond 39,
Pond 40; Pond
41; Pond 42;

Graphoderus
liberus
0.00%
0.00%
0.00%
0.00%

Pond 39;

Pond 39;
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TABLE 1.

Continued.

Lost Species

Replacement Species

Species-Environment Overlap:
Axis 3

Species-Environment Overlap:
Axis4

Model I: Available Poads
Madel 1: Potentiad for
Replacement

Pond 34; Pond
39; Pond 41;

None Available
Noie Available

Pond 34; Pond
37; Pond 39,
Pond 40; Pond
41; Pond 42,

None Available
None Available

Pond 39,

Pond 34,
Pond 34 (Na),

Model I} and 1I: Available Pond 34; Pond 34; None Available
Ponds
Model 1i and {I1: Potentiat for Pond 34 Pond 34 MNone Available
Replacement (Possible), (Possible);
Rhuntus suturellus Rhantus Rhantus Graphoderus
Sfromalis binortatus liberus
Inter-Species Overlap: Axis | 11.50% 90.61% 6.13%
Inler-Species Overlap: Axis2 6.40% 84.999% 11.05%
Inter-Species Oveslap: Axis 3 18.48% 100.00% TL37%
inter-Species Overlap: Axis 4 14.26% 100.00% 20.40%
Species-Enviromment Overlap: Pond 34, Pond 34, Pond Pond 39,
Axis | 37, Pond 39,
Pond 40; Pond
41; Pond 42;
Species-Envirenment Overlap: Pond 34, Pond 34; Pond Pond 39,
Axis2 37; Pond 39,
Pond 40; Pond
41; Pond 42;
Species-Environment Overlap: Pond 34; Pond 34; Pond Pond 39;
Axis3 37; Pond 39;
Pond 40; Pond
41; Pond 42;
Species-Environment Overlap:
Axis 4
Maodel [ Available Ponds Pond 39; None Available Pond 34,
Model 1: Polential for  Pond 39 (No};  None Available  Pond 34 (No);
Replacement
Madel Hand {11; Available Pond 34 Pond 34; Pond Pond 39;
Ponds 19,
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TABLE 1. Continued.

Lost Species Replacement Species
Model IE and I1I: Potential for Pond 34 Pond 34 Pond 39
Replacement (Possible), (Probable); Pond {Possible);
39 {Possible);

Species - environment overlap along Axis 4 is not estimated since LC site scores are provided in CCA for only the constrained axes, The number of constrained axes cannot be greater than the
number of supplied environmental variables (e.g., three in the present application).

b Replacement by Model | considered likely when the replacement species overlaps the specific pond from which the original species is hypothetically lost along the first three canonicat axes.

© Replacement by Model Il or Model 111 considered "Possible” when the replacement species co-exists in lesser abundance than the hypothetically lost species, and there is either less than 60% inter-
species averlap on the first three canonical axes or there is no overlap with the specific pond from which the originat species is hypothetically lost along the first three canonical axes.

d

Replacement by Model 1l or Model 111 considered "Probable” when the replacement species co-exists in preater abundance than the hypothetically lost species, there is greater than 60% inter-specics
overlap on the first three canonical axes, and there is overlap with the specific pond from which the original species is hypothetically lost along the first three canonical axes.
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