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ÀBSTRACT

Effects of the triazine herbicides simazine and terbutryn on

productivity, chlorophyll content, total biovolume and com-

munity structure of haptobenthic periphytic algal communi-

ties colonizing artificial substrata within in situ marsh

enclosures are described. LeveIs of inhibition were deter-

mined at each concentration tested in relation to an un-

treated control treatment. Comparisons of the relative ef-
ficacies of the two compounds indicated Lhat terbutryn was

at least ten times more phytotoxic t.han simazine. Secondary

effects of herbicide treatment on enclosed water chernistry

were quantified" Following incidental enclosure flooding

and removal of herbicides, recovery of community function

occurred at a1l but the highest treatment levels, while com-

munity structure was altered in favor of populations of the

sessile diatom e_qçç_e_neig plaçentu1a" Determinations of com-

munity sensitivity to simazine (gCso) showed that resistance

/ tolerance could be indueed through short exposures, buL

did not persist in the absence of high herbicide concentra-

tions" It was concluded thaL periphyton successional pro-

cesses, which normally lead to the development of a complex

three dimensional mat, may be averted by short herbicide

exposures. Aspects of the autecology and synecology of Coc--

coneis placentula are discussed.
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INTRODUCTION

White assessments of the gross effects of herbicide addi-

tions to shallow, littoral waters are common, examination of

the responses of periphytic algal communities, which may

constitute a Iarge proportion of total primary production,

has been limit.ed" The objectives of the present study,

therefore, were three-fold:

to quantify effects of two triazine herbieides, simazine

and terbutryn, on t.he productivity, biomass and community

structure of freshwater marsh periphytic algal eommuni-

ties using in situ enclosures.

to quantify the static sensitivity of periphyt.on produc-

tivity to simazine, and to determine if resistance / tot-

erance could be induced through short herbicide expo-

sures "

1

2

3 to quantify changes

herbicide treatment

on epipelíe algae"

in marshwater

in relation to

chemi stry following

hypothesized effects

V
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Chapter I

LITERÀTURE REVIEW

1.1 ENCLOSURES

WhiIe the emphasis of early research in aquatic biology was

essenLially descriptive, a recent trend towards experimental

manipulation of micro-environmental factors offers a means

of testing hypotheses (which are often the product of de-

scriptive sampling) relating the spatial and temporal re-

sponses of populations and communities to specific causes.

Laboratory microcosms (usually small aquaria) containing

a few aquatic populations in defined proportions have been

widely used for such manipulations (.9. Bryfogle & McDiffett

1979; Francis & Metcalf 1981; Cunningham eL aI" 1984) al-

though such systems are necessarily crude approximations of

natural systems. SimilarIy, artificial streams (eg. elark

eL at' 1979; Kosínski 1984i Yasuno et al" 1985) also saeri-

fice realism for ease of manipulation and replicability"

Attempts have been made to avoid the inherent artificiality

of the above communities by sampling natural eommunities for

subsequent laboratory analyses (Antoine & Benson-Evans 1983;

Lewis et al. 1983; Blanck 1985), or through the use of

'pseudo-natural' ponds for in situ manipulations (eg" deNo-

yelles et al. 1982i Scott et al. 1985)"

1



2

Studies involving artificial perturbations of natural

communities i¡ sij-l¡ have examined the responses of entire

streams (leland & Carter 1984), ditches (Scorgie 1980) and

lakes (Brooker & Edwards 1973; Schindler et aI. 1985),

While such 'whole system' testing may provide data unobtai-

nable from microcosm studies (sct¡indler et aI. 1985), logis-

tic limitations, and the need for adequate controls, often

dictate that small subsets of a system be manipulated. To

overcome these problems, the use of enclosures in Loxicolo-

gical and ecological studies of natural communities was

f irst considered in the early 1960's (t'lcatlister et at"

1961 ¡ Strickland & Terhune 1961 ¡ Goldman 1962; WaIker 1964)

and has since become widespread.

Àmong the many permutations of enclosure design in cur-

renL use are examples which exclude conLact of the chemical,

physical or biological environment with the enclosed water

column. 'Exclosures' have been used widely in the study of

interactions between grazing pressure and a1gal standing

crop (eg, Kesler 1981¡ Cattaneo 1983)" Physically exclusive

enclosures (usually for Iight eg. Kistritz 1978) are gen-

erally less commonly used than those based on chemical ex-

e i-usion (additions of nutrients or toxicants) " White most

enclosures either maintain sediment contaet or delimit a

port.ion of surface water only, bottomed enclosures have been

employed to examine the role of sediments in aquatic nut-

rient cycling (nistrítz 1978; zarini et aI. 1983)" Occa-



sionally, the basis for exclusion

Davis ( 1 980 ) , for example, used an

density of grazing crabs on a tidal

a herbicide '

3

is complex. Plumley &

exclosure to control the

marsh tlat treated with

Table 1 summarizes the objectives of many experiments

conducted using enclosures. Of t.hose Iisted, most have been

carried out in freshwater (75%) over a period of 2-12 weeks.

Included in t.his tabulation are several integrated programs

which saw the use of a series of enclosures for several con-

current experiments. The 'Lund tubes', originally deployed

by J.W"G.Lund in the English takes Ðistrict (Lund & Reynolds

1982) and subsequently copied by other British workers (eg.

Leah et aI. 1978) have been used extensively to examine the

nutritional requirements of phytoplankton cornmunities. MERL

(Marine Ecosystem Research Laboratory) has examined aspects

of marine phytoplankton ecology' Projects of a toxicologi-

caI nature include MELIMEx (MetaI LIMnological EXperiment

Gachter 1979), CEPEX (controlled Ecosystem Pollution EXperi-

ments - Case 1978) and POSER (Plankton Observations with Si-

multaneous Enclosures in Rosfjorden - Brockmann et aI "

1983). À wide variety of enclosures have been used in ELÀ

(nxperimental Lakes Àrea, Northwestern Ontario) projects to

examine chemical fluxes in lakes, phytoplankton and zoo-

plankton responses to eutrophication and small-scale impact

of acidification and heavy metal pollution (Cruikshank et

aI" 1983).
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TABLE 1

Summary of some uses of enclosures

for chemical,
envi ronments.

physical
f=not

or biological exclusion in aquatic
specified, NA = not aPPIicable

Re f erence Purpose
Fresh/ Expt.
Marine Duration

Barica et aI"
1980

Bender & Jordan
197 0

Borsheím & OIsen
1 984

nitrogen additions on a1ga1
blooms

enclosure effects on PrimarY
product ivity est imates

zooplankton grazing on biomass F
of phytoplankton & bacteria

ELÀ carbon cycling in
epilimnion

ELA effect of arsenic on F
microbial & phytoplankton grovtth

MERL project wall fouling M
processes & remedial action

effect of grazing on PeriPhYton F
communiLy structure & biomass

F 3.5-4 mos

F ca.25 d

8d

F 18 d

3s-1 30 d

16 d

ca. 3 mos

F

NÀ

NÀ

ca. 7 wk

?

57d

F ca. 6 wk

Bower &

McCor kle 1980

Brunskill et
'1980

Caron &

S ieburth 1 981

1 983Cat taneo

CoIlins & Lane
1984

Crowley et aI
1983

Cruikshank et
1983

Davies & Gamble
1979

Day et aI" 1983

DeCosta et aI
1 983

Delisle et aI
1984

a1.

aI epilimnetic enclosure design
& construction

acidification on zooplankton & F 90 d
phytoplankton

exclosure design for zoobenthic ?

research

ef f ect of mercury on PhYt.o- & M

zooplankton community structure

effect of herbicide on phyto- F
plankton 6. nutrient status

phosphorus additions on Phyto- F
& zooplankton communities

acidification on phyto- &

zooplankton communit ies



Tab1e ! cont i nued

Dickman & Efford
197 2

Eberlein et al.
1983

Gachter 1979

Giekes & Kraay
1982

Goldman 1962

Hesslein & Quay
197 3

Iseki et a1.
1 981

Kattner et aI
1983

Kaushik et al
( unpubl.MS )

Kemmerer 1 968

Kesler 1 981

Kistrítz 1978

Klussman &

Inglis 1968

Kreml ing et al.
197I

Kuiper 1977

Kuiper 1 981

Kuiper et a].
1983b

Lander s 1982

relation of nutrients &
productivity

5

1yr

ca. 3 wk

ca. 16 mos

5d

NÀ

F ca. 3 wk

F ca" 5 mos

F 20 d

F 70 d

F 21 d

30d

effect of ferÈilization on
phytoplankton growth

POSER project - phyto- & zoo-
plankton ecology

MELIMEX project heavy metals
on zoo- & phytoplankton

enclosure effect on diurnal
oxygen fluctuation

F

M

F

M

Fpr lma ry

vertical eddy diffusion & C
f luxes

insecticide on zooplankton
community structure

CEPEX project - effect of PCB's M ca. 3 wk
on phyto- 6. zooplankton

POSER project phyto- & z,oo- M ca. 4 wk
plankton ecology

fertilization on
product i vi ty

pr lmary

effect of grazing on periphyton F 5-6 mos
community structure

nutrient recycling from
decaying macrophytes

fertilization on primary
productivity

CEPEX project effect of Cd
phytoplankton & environmental-

phyto- & zooplankton commun-
ities in enclosures

POSER project effect of Hg
on phyto- & zooplankton

onM
fate

POSER project effect of Cd on M ca. 3 mos
phyto- & zooplankton communities

M 39d

M ca. 3 wk

macrophyte senescence on water F câ " 4 mos
quality & phytoplankton biomass
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Tú. L ntinuedco

Leah et a1.
197I

Lean et aI "
197 5

teCohu 1982

Lee & Takahashi
197 7

Liao & Lean
197 8

tund & Reynolds
1982

Lynch 1979

McCauley &

Briand 1979

MueIIer 1 980

Plumley & Davis
1980

Schindler et aI.
197 1

phytoplankton
mi grat i on

Lundtubes-phytoplankton F 1Yr
ecology

phosphorus additions on primary F 4 mos
productivity & P fluxes

CEPEX project effect of
petroleum on phytoplankton

nitrogen & phosphorus cycling

Lund Lubes - phyto-, zoo-
plankton, & fish ecology

zooplankton ecólogy

effect of zooplankton grazing
on phytoplankton

effect of acidification on
periphyton growth

effect of herbicide on epipelic
algal productivity

effect of pesticides on zoo-
plankton 6. invertebrates

epilimnetic carbon & phosphorus F
cycling

effect of aluminum used as P
flocculent on phyto- & zoo-
plankton communities

vertical F 21 d

19 d

14 mos

FNÀ

M

F

F

M

F 3.5

F 146

mo5

d

106 d

ca. 4 mos

F 42 d

26ð

F 22 d

Shi res

SmyIy

1983

nitrogen & phosphorus additions F ca" 60 d
on phytoplankton growth

effect of pesticides on fish F I d

tund tubes - effect of
enclosure on zooplankton

F 26 mos197 6

Stephenson &

Kane 1984

Twinch & Breen
197I

Twinch & Breen
1 981

Uehlinger et aI.
1 984

Zarini et al.
1 983

enclosure effects of physical & F 10 wk
chemieal environment

nitrogen & phosphorus fluxes F ca. 13'5 mos
in enclosures following additions
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Even the most cursory examination of the literature will

show the extreme diversity of design used in the construc-

tion of enclosures. Although square (eg. Dickman & Efford

1972) and triangular (.g. Hesslein & Quay 1973; Liao & Lean

1978) enclosures have been conceived, the majority have been

fashioned as circular tubes or bags. Reasons for this pref-

erence include simplicity of construction (particularly when

using plastics), increased structural strength and elimina-

tion of potential 'corner effects'. The range of materials

used in consLruction has included laminated wood (oickman &

Efford 1972), steel mesh (Crow1ey et aI. 1983), stainless

steel (shires 1983) , aluminum (nistrítz 1978) , rubber (r,eah

et a1" 1978; Lund & Reynolds 1983) and a wide variety of

sheet, laminat.e and woven plastics (eg. Goldman 1962; Kuiper

1977; Twinch & Breen 1978; Stephenson & Kane 1984¡ Zaríni et

al. 1984).

À summary of the major parameters of many enclosure de-

signs (Figure 1 ) iltustrates the extent to which enclosed

dimensions mäy vary. Menzel & Steele (1978) suggested that

opiimal enclosure size be determined by the number of troph-

ic levels under study, due to differences in spatial hetero-

geneity of each level. They proposed arbitrary enclosed

volume categories for examination of phytoplankton (<10m3),

zooplankton ( 1 0-1 000m3 ) and fish (>1 000m3 ) communities from

a subjective evaluation of literature data. This approach

may be too superficial for all applications, however, and



I

instead may require specific knowledge of the particular

community under study (Case 1978, Kuiper et al" 1983a) and

the potential extent of enclosure effects (see later). The

Iatter authors concluded that 1-2 m3 volume enclosures were

appropriate for studies of marine phytoplankton and zoo-

plankton, although the lower densities of these communities

in more oligotrophic waLer would necessitate the use of

larger enclosures"

Lund & Reynolds (1983) proposed that the ratio of enclo-

sure walI surface area to enclosed water volume is an impor-

tant determinant of optimal enclosure size. This conclusion

resulted from data obtained from the use of limnetic enclo-

sures which showed that detachment of periphyton from walls

gave erroneous phytoplankton enumeration results and that

competition between peiiphyton and phytoptankton for nut-

rients can result in lower phytoplankton growth than expect.-

ed in unenclosed systems (twinch & Breen 1978; Lund & Rey-

nolds 1983) " WaIl growth of periphyton has been noted

within a number of enclosure designs (nigure 1 ), and al-
Lhough the extent of growth does not appear to eorrelate

with enclosure size, the interactive effect of periphyton

would have the mosÈ profound effect in enclosures with high

wall surface area to enclosed water volume (l/v). Attempts

have been made to alleviate this problem through physical

removal of attached periphyton (oavies & Garnble 1979; Caron

& Sieburth 1 981 ) .
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Figure 1: Variation in dimensions of enclosure designs
(chemically and/or physically exclusive) used in
limnological and oceanographic research. Shading
represents reported observations of periphyton
wa11 growth within enclosures.
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Though few in number, studies of periphyton growth Þer se

within enclosures have involved manipulations of grazer den-

sity (eg. Plumley & Davis 1980; Kesler 1981 ; Cattaneo '1983 ) '
and concentration of inorganic nutrients (.9. Twinch & Breen

1978) , and evaluation of some effects of pollutants ("g"

Grolle & Kuiper 1980) and acid deposition (eg. Mueller

1 980 ) . Moss ( 1 981 ) monitored the periphyton community

structure and biomass within an unperturbed enclosure in re-

lation to a surrounding lake and noted that typically plank-

tonic algal taxa were often abundant in the periphyton as a

result of sedimentation.

The enclosure of a natural system by walls necessarily

creates an environment unlike the unenclosed system. Any

changes in waLer quality and/or biological productivity in

the absence of any experimental treatmenL are therefore

termed 'encfosure effects' and necessitate the inclusion of

unperturbed control enclosures. Inter-enclosure differences

can be subtle and difficult to distinguish from treatment

responses, and have been considered by relatively few work-

ers (xuiper 1977; Uehlinger et a1" 1984)"

In addition to wall growth considerations, adsorption of

highly hydrophobic compounds to enclosure walls may repre-

sent a major sink (eg. Davies & Gamble 1979) " At the same

time, eRclosure wa11s, particularly those made of rubber and

metal, may be sources of heavy metaLs (eg" Gachter 1979) or

inorganic nutrients" Release of plasticizing agents from
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may also occur (Case 1978; Davies & Gam-

The relative opacity of enclosure walls may bear on in

situ productivity. Goldman (1962) found that the Secchi

depth of a water column enclosed by 0"6 m diameter tubes was

less than for the adjacent lake. Increased rates of extinc-

tion of green, red and white light in 0.5 m diameter enclo-

sures have been reported (¡,ecohu 1982) " Klussman & Inglis
(1968), on the ot.her hand, reported no change in Secchi

depth in Lheir enclosures of similar size. Reports of in-

creased Iight penetrance into larger (>Z m diameter) enclo-

sures (lund 1972; Tvrinch & Breen 1978; Landers 1982) are

probably the result of reduced internal turbulence with re-

sult.ing sedimentation cf suspended material (rwinch & Breen

1978) " Davies & GambIe (197g) cited evidence indícating

that vertical eddy diffusion in marine enclosures could be

decreased ten-foId and suggested that effects on relative
sinking rates of enclosed phytoplankton were possible.

Similarity of temperature profiles between enclosed and

uRenclosed water columns (Goldman 1962; Kemmerer 1968;

Klussman & Inglis 1968; Kistritz 1978; DeCosta et al. 1983)

is eommonly given as evidence of lack of enclosure effects
on vert,ical fluxes (coldman 1962) " while the roles of wind-

induced turbulence and mixing resulting from sampling proce-

dures in smal1-volume enclosures (t<uiper et aI. 1983a ) are

yet unknown, Boyce (1974) showed mathematically that hori-
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zonta1 thermal conduction across enclosure walIs (a function

of enclosure size and waI1 material) could account for this

similarity without necessarily implying commensurability of

vertical flux rates.

Changes in water chemistry as a consequence of enclosure

have been noted by some workers (eg. Leah et al. 1978; Liao

& Lean 1978; Kattner et aI. 1983; Stephenson & Kane 1984)

and not by others (eg. Klussman & Ing1is 1968; Kistritz

1978¡ DeCosta et aI. 1983; Shires 1983), Systematic evalua-

tion is difficult, however, as reported changes have not

been universally confirmed. ThiS may indicate that such

changes depend on the specific circumstances of enciosure

deployment and use. Leah et al" (1978), for instance, r€-

ported changes in phosphorus concentration in Lund tubes

white noting that birds roosting on the enclosure wal1s spo-

radically introduced faeces to the enclosed water column"

Several reports of reduced variability in chemical parame-

ters relative to adjacent waters (Leah et al. 1978i DeCosta

et aI" 1983; Stephenson & Kane 1984) may relate to reduced

internal turbulence, which may be site-specific"

DeCosta eL al. (1983) observed that no change ín phyto-

plankt.on chlorophyll content or carbon fixatíon rate oc-

curred with enclosure in 2 m3 bags over a 57*day period,

while Bender & Jordan (1970) found that phytoplankÈon pro-

ductivity in a 0"5 m diameter tubes þ¡as initially similar to

a surrounding lake but had decreased to about 50% by the end
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of. a 25-day experiment. Goldsborough et aI. (1986) reported

Lhat periphyon productivity within Iittoral enclosures (O.Z

m diameter) was similar to that of an adjacent marsh for 6

weeks, af ter which the enclosed community l.¡as more produc-

tive. Effects of enclosure on aIgaI detachment stere postu-

lated. Changes in phytoplankton species composition in a 5

m diameter enclosure, with diatoms assuming dominance from

green algae, have been noted (twinch & Breen 1978), while

Lund (1972) reported that the phytoplankton community in

Lund tubes was qualitatively similar to that of the sur-

rounding Iake (although total abundance was Iess). Enclo-

sure (2-10 m diameter) of a portion of a small pothole lake

(garica et al. 1980) did not appreciably alter the timing or

extent of phytoplankton bloom collapses"

1.2 ARTIFICIAL SUBSTRATÀ

Due to the morphology of submerged rocks and p1ant.s, quanti-

tative sarnpling of periphyton communities from these subs-

trata poses unique problems (Sladeckova 1962). These in-

clude the inability to aceurately assess available

colonization area (particularly of highly dissected macro-

phyte leaves), complex surface t.opography and potential dis-
ruption of adjacent substrata during collection (Tippett.

1970; Lamberti & Resh 1985). Moreover, the available sur-

face for algal colonization oR dynamic substrata (eg,.

plants) increases with time through growth, so that closely

situated surfaces may support communities in differing stag-

es of development (eg. Delbecque 1983).
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Attempts to maximize the efficiency of periphyton removal

from Èhese substrata using in situ scrubbers (eg. Douglas

1958; St.ockner & Àrmstrong 1971; Tuchman & Stevenson 1980;

Loeb 1981) or through vigorous shaking (Gough & Woelkerling

1976; Morin & Kimbalt 1983; Jones 1984; Goldsborough & Rob-

inson 1985) are varyingly successful. Expression of result-

ing ceII enumerations in terms of macrophyte stem length

(t¿orin & Kimbatl 1983; Jones 1984 ) or weight (Gough & Woelk-

erling 1976; Gotdsborough 6, Robinson 1985) may be less mean-

ingful than areally based estimates. Some workers have re-

sorted to direct microscopic observation of whole mounted

substraLa (eg. Jones 1978 - rock; Bowker & Denny 1980 - ma-

crophyte) or in s:Ltu'peel'techniques (eg. Margalef. 1949;

Cattaneo & KaIff 1978) to more accurately determine algaI

density. Tett et aI" (1975) employed direct extraction of

chlorophyll from the surfaces of rocks"

The difficulties associated with quantitative sampling of

natural substrata has prompted the use of artificial subs-

trata (Sladeckova 1962), which are operationally defined

here as any substratum introduced into an aquatic habitat

for the purpose of periphyton sampling, Generalizations re-
garding the use of such substrata are hampered, however, by

the inconsistency in the choiee of materialo which usually

results from a perceived 'superiority' of one material over

another. As a resu1t,, such diverse media as slate (nickman

& Gochnauer 1978; Mueller-Haeckel & Hakansson 1978; Gale et
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al. 1979), basalt (Horner & Welch 1981), sandstone (Àntoine

& Benson-Evans 1985), granite (Turner et aI. 1983i Hamilton

& Duthie 1984), wood (t"tuel1er-Haeckel & Hakansson 1978; Put-

nam eL al. 1981; Millie & Lowe 1983), masonite (nringle

1985) , birch Ieaves (t'tueller-Haeckel & Hakansson 1978) , pa-

raffin (geers & Neuhold 1968), agar (pickman 1974; Pringle &

Bower 1984), styrofoam (Putnam et aI' 1981; Bothwell & Jas-

per 1983), baked clay (Tuchman & Stevenson 1980i Stevenson

1983¡ Fairchild et aI. 1985), aluminum (Korte & Blinn

1983), ce1luloid (Eloranta & Kunnas 1979), polyethylene

(GroIle & Kuiper 1977l', acrylic (GaIe et a1. 1979), nylon

(Àustin et a1. 1981), acetate (Hooper-Reid & Robinson 1978¡

Robinson & Pip 1983), polyurethane foam (Cairns et al'

1983), PVC (Higashi et a1. 1981) and plexiglass (t"tuelIer-

Haeckel & Hakansson 1978i Mueller 1980; Murray 1980i Gons

1982; Hoagland eÈ aI. 1982; Korte & Blinn 1983) have been

used. The prevailing popularity of g1ass, however, (.g.

Brown & Austin 1971¡ Cattaneo et aI. 1975; Brown 1976¡

GroIIe & Kuiper 1977 i weitzel et al. 1979; Hoagland 1983)

may be attributed to its relative inexpense, widespread

availabitity, ease of handling, and the capability of direct
microscopic observation (Herder*Brouwer 1975).

Àrtificial substrata can be elassified into one of two

groups according to their morphology" After the terminology

of Austin et al. (1981), 'point' substrata permit the sam-

pling of discretely localized communities, Àn example is a



16

glass microscope sIide, which is placed in an appropriate

support apparatus (for example, the Diatometer Patrick &

Reimer 1966) and anchored at a specific location in the vta-

ter column. Descriptions of support structures for glass

and plexiglass slides are common (.g. Sladeckova 1962i Du-

mont 1969i Brown & Àustin 1971; Gons 1982; Hoagland 1983;

Meier et aI. 1983).

By conLrast, a 'linear' substratum is defined as one from

which spatially distinct subsamples may be collected from

the same substratum. Examples of substrata which have been,

or potentially could be used in linear applications include

sLeel navigation bouys (Evans & Stockner 1972), nylon mono-

filaments (Àustin et al-. 1981), glass rods (t"tason & Bryant

1975) , ropes (r.ang & Austin 1984), polyethylene tapes (Neal

et aI. 1967; Àustin et al" 1981), acetate strips (Hooper-

Reid & Robinson 1978i Robinson & Pip 1983) and acrylic rods

(Coldsborough et a1. 1986), Interesting permutations of ar-

tificial substrata which have sought to mimic' the physical

morphology of aquatic macrophytes have been described (Cat-

taneo & Kalff 1978i Fontaine & Nigh 1983; Shamess et al.

1985). Higashi et 41" (1981 ) used PvC rods to simulate

emergent reed culms.

There are several important considerations to the use of

artificial substrata for periphyton monitoring. In addition

to providing logistic ease, a successful artificial substra-

tum should combi'ne precision (Iow variability between repli-
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cate samples) and accuracy (representativeness of constitu-

ent periphyton to that on natural substrata) (Tuchmann &

Stevenson 1 980 ) , It is generally considered that artificial

substratum replicates are Iess variable than adjacent natu-

ra] substrata (eg. Tuchmann & Stevenson 1980; Lamberti &

Resh 1985). Stockner & Armstrong (1971 ) observed that the

CV (coefficient of variation 100 x mean/standard devia-

tion) of rock samples was internally smalt (ca. 20%) but r'tas

high between individual rocks ( gS-¿0%) . other reported

ranges for epitiÈhon samples of 39-82% (Wytie & Jones 1981)

and 10-111% (Jones 1974) are in general agreement" A summa-

ry of studies for which the degree of precision of replicate

artificial substratum samples was given or could be calcu-

lated (rab1e 2) indicates that replicability may depend on

substratum type, the parameter being monitored, and the in-

dividual study. Cattaneo et aI. (1975), for instance, Fë-

ports CV's for glass slides (tabte 2) greater than those of

the aforementioned rocks"

Concerns have been raised of the degree to which communi-

ties developed on artificial substrata emulate natural com-

munities. While close similarity has been reporÈed by some

("g. Godward 1934; Brown & Àustin 1971; Evans & Stockner

1972; Cattaneo et al" 1975; Tuchman & BIinn 1979i Fontaine 6,

Nigh 1983), others find poor correlation (rippett 1970i

Brown 1976; Siver 1977; Rosemarin & Gelin 1978; Tuchmann &

Stevenson 1980i Gons 1982). Eminson & Moss (1980) suggested
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TÀBLE 2

Summary of some uses of artificial substrata

in quantit,ative measurements
of. replicate samPles. CV =

of periphyton and the variability
coefficient of variation

Substratum Reference Parameter Mean CV (%)

acetate
sÈrips

Hooper & Robinson
197 6

dry weight
C-fixation

37
31

Hooper-Re id 6,

Robinson 1978
prote i n
C-fixation

5
20

acrylic
rods

Goldsborough et
1986

aI. C-fixation
chlorophyl 1
parL iculate-P

26
28
26

eonc rete
bloc ks

Beers & Neuhold 1 968 chlorophyll 35

glass
coverslips

Dilks & Meier 1981

Meier et al. 1983

Blanck 1 985

Castenholz 1961

Hoagland 1 983

chlorophyll 25

chlorophyli 1 3

photosynthesis 20

ash-free dry wt" 25

glas s

glass

glass

di sks

plates

sl ides a1ga1 density
light penetrance

65*
5*

Klapwijk et aI. 1983 dry weight
algal density

105*
68*

Weitzel et al. 1979 ash-free dry wt.
chlorophyll

39*
28*

Clark et aI. 1979 ash-free dry wt"
dry weight
chlorophyll
ATP

59*
54'r
45*
25rr-

Rodgers eL al. 1979 chlorophyll
dry weight
ash-free dry wt.
ÀTP
C-fixation

50
50
50
41
11

Brown 1976 algal density 28
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Tæz conti nued

9lass stides TilleY & Haushild
197 5

chlorophyll 20

Cattaneo et al. 1975 chlorophyll
dry weight
organic carbon
organic nitrogen

91*
I0't
91*

103'k

glass tubes

gran i te
plates

paraffin

Brown & Àustin 1971

Meier et al. 1983

Turner et al. 1 983

a1ga1 density 1 5

chlorophyll I
photosynthesis 19

Beers & Neuhold 1 968 chlorophyll 27

* calculated from source data
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that the degree of host specificity of epiphyton (ttre asso-

ciation of particular algal taxa to specific macrophyte

hosts - eg. Prowse 1959) may relate Lo aquatic trophic sta-

tus, such that the significance of exogenous nutrient supply

to epiphyton decreases with increasing oligotrophy. !.7hiIe

the ultimate significance of host excretions to aIgal nut-

rient budgets remains in dispute (Gough & Gough 1981; Carig-

nan & Kalff 1982), the Eminson & Moss hypothesis could ex-

plain vrhy chemically inert artificial substrata could

support qualitatively and quantitatively different periphy-

ton communities (Shamess et aI. 1985)" Reported differences

in alga1 density and community structure between live and

dead host tissue (Young 1945; crimes et al. 1980) is fur-

ther evidence of an interaction between nutrient supply at

the substratum surface and observed aIgal growLh.

Cattaneo & KaIff (1978) observed that an increase in aI-
ga1 diversity on submerged macrophytes over closely associ-

ated plastic mimics correlaLed well (r=0.95) with the amount

of marl deposited on plant surfaces as a result of photosyn-

thetic carbon assimilation. The lack of marl on plastic

plants, and its supposed importance Lo community architec-

ture (A1lanson 1973) may explain the qualitative dissimílar-
ity in atgal communities between substrata. Cattaneo (1978)

speculated, however, that the development of marl could also

reduce algal growth through shading and reduction in attach-

ment space availability. Other possible determinants of the
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representat.iveness of periphyton on artificial substrata

(and to some extent, precision of replicates) include sur-

face topography, substratum orientation and colonization

time" Several workers have compared the communities of per-

iphyton on substrata differing in surface texture and have

concluded that coarse surfaces often support higher algaI

density (Rosemarin & Gelin 1978; Tuchmann & Blinn 1979i An-

toine & Benson-Evans 1985), On the other hand, Herder-Brou-

wer (1975) found that while sandblasted glass slides sup-

ported a larger community than smooth slides, density was

highest on visually Less rough wood blocks. Shamess et al.
(1985) found tittle difference in the colonization of smooth

and roughened acetate strips.

The observed specificity of some taxa to substratum de-

pressions (Dickman & Gochnauer 1978; Hamilton & Duthie 1984¡

Pringle 1985), the preferential distribution of periphyton

on artificial and natural substratum margins (Cattaneo 1978;

HamiLton & Duthie 1984) or on one side (abaxial or adaxial)

of inert ptastic plant 'Ieaves' (Cattaneo 1978) and the

higher algaI biomass attained on sheltered sides of substra-

La in lotic habitats (geers & Neuhold 1968; Dumont 1969) in-

dicate that hydrodynamic forces on substraLa (determined in

part by their orientation) may significantly affect the de-

velopment of an algal community on a substratum. Brown

(1976) observed that tightly adherent taxa attained higher

relative density on smooth glass slides than loosely at-
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tached ones" Whether these effects are due to physical ab-

rasion by current (Stevenson 1983) or the availability of

nutrients (Horner & Welch 1981) is yet unclear" Gons (1982)

noted that the relatively lesser extent of sel-f-shading by

artifical substrata (as compared to dense mats of aquatic

macrophytes) and the absence of shelter for invertebrates

may be significant orientational effects. Mason & Bryant

(1975) observed that glass rods excluded burrowing chironom-

id larve, which may be important grazers.

Artificial substrata are generally sampled over a short

period of time after placement, whereas natural substrata

are colonized throughout the growing season, often over more

than one year (rocks, emergent stems), and may include vary-

ing proportions of planktonic taxa incorported into the per-

iphyton through entanglement or sedimentation - Moss 1981).

while King & Ball (1966) detected no difference in periphy-

ton accumulation on vertically and horizontally positioned

substrata over an 18-day period, Castenholz (1961) observed

that horizontally positioned glass slides supported 6-12

times more 'periphyton' than vertically positioned ones, and

more closely resembled adjacent epilithie community struc-

Lure. Moreover, rocks which have been sterilized of all at-

tached material have been shown to develop communities more

similar to those on tiles deployed at the same time than

those on unmanipulaLed stones (Tuchmann & SLevenson 1980;

Lamberti & Resh 1985).
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1.3 PERI PH TOXI COLOGY

Due to the sedentary nature of, periphyton communities,

aquatic biomonitoring programs have long attempted to relate

in situ algal biomass and species composition, either on ar-

tificial or natural substrata, to the relative degree of

pollution of lakes and rivers (eg. Tilley & Haushild 1975¡

Rodgers et at. 1979). The saprobic system of Kolkowitz &

Marsson (1908), which classified diatom taxa according to

their degree of tolerance of organic pollutants, has under-

gone several modifications (patrick 1978) and remains in

current use (.g" Kobayasi & Mayama 1982). This approach has

been criticized, however, on the grounds that it does not

differentiate the relative impacts of. different pollutants,

or the ecological plasticity of individual- taxa (patrick

1978). Futhermorer such studies generally lack an unper-

turbed benchmark against which spatial or temporal changes

are guaged.

Comparison of taxonomic proportions and total algal biom-

ass above and downflow from a point pollutant source (eg.

Besch et al". 1972; Putnam et al. 1981i Lampkin & Sommerfeld

1982¡ Shortreed & Stockner 1983; Austin & Deniseger 1985) is
one means of offsetting t.he lack of controls in such stud-

ies, Any differences noted along a gradient, however, are

subject to interpreÈation since assumed treatment effects
may be confounded by inherent spatial variability (Hurlbert

1984)"
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Concomitant with a shift in general scientific emphasis

towards experimental validation (Section 1 ), recent periphy-

ton toxicological research has increasingly employed experi-

mental nanipulation of a controlled series of treatments to

isolat.e specific effects (tab1e 3). Since the reported re-

sponses in these Studies may be site- and toxicant-specific,

generalizations are Iimited here to a discussion of the bas-

es upon which impact has been assessed.

ertificial substrata have been used preferentially over

natural substrata to monitor periphyton colonization (table

3), AdvanLages of this technique include increased preci-

sion and ease of sampling (Grol1e & Kuiper 1980; Section 2)

and, in the case ot. epiphyt.ic periphyton, circumvention of

secondary effects of the toxicant on substratum availability

and suitability, and any complicating interaction between a

natural substratum and attendant periphyton. Subsequent

sample analyses can be cl-assified into two major groups. On

one level, gross community responses have been evaluated

through changes in biomass, âs indicated by chlorophyll a

content (Rodgers et aI. 1979; Murray 1980; Plumley & Davis

1980; Hodgson & Carter 1982; Hodgson & Linda 1984; Leland &

Carter 1985), phot.osynthetic rate (nodgers et aL. 1979¡

Plumley & Davis 1980; Kosinski & Merckle 1984; Leland & Car-

ter 1985), carbon content (leland & Carter 1985), ATP con-

tent (nodgers et aI. 1979) , or ash-f ree dry weight (nodgers

et a1. 1979) " Derived indices of physiological condition
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TABLE 3

Summary of periphyton toxicological research

Re f e rence Tox icant Substratum Sampled

Anderson 1 981 herbic ide
( hexaz i none )

glass sl ides

Blanck 1 985 a1 iphat ic
ami ne s

circular glass disks

Cunníngham et
a1, 1984

herbic ide
(atrazine)

Potamoqeton per f ol iat_Us

Dickman 1969,1974 germanium agar-coated glass
slides

Dickman &

Gochnauer 1978
road salt slate tiles

Evans & Marcan
197 6

sewage natural stones

Grolle & Kuiper
1 980

mercury glass sLides
polyethylene

&

sheet s

Hodgson & Carter
1982

herbic ides giass slides

Hodgson & tinda
1984

herbic ides glass slides 6,

Hvdr i I Ia verticilata

Kosinski 1984 herbic ides

herbic ides

glass slides
glass slidesKosinski & Mercle

1984

Leland & Carter
1 984,1 985

copper glass slides 6. natural
rock cobble

Mueller 1 980 ac idi f icat ion plexiglass plates

glass slides

natural sediments

Murray 1 980 chlorination
Plumley & Davis

1 980
herbic ide
(atrazine)

herbic ide
( cyanatryn )

Scorgie 1 980 glass slides
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TabLe- ! continued

Sigrnon eL a1' 1977

Sullivan et al.
1981

mercury PVC strips
glass slides & natural
sediments

glass slides

herbic ide
( glyphosate )

Weber & McFarland
1 981

copper

williams & Mount
1 96s

z 1nc glass slides

Yasuno et al "
1 985

insecticide
( temephos )

naturaL stones
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have included 'trophic state' (as either predominantly het-

erotrophic or autotrophic) (aFow/ctrlorophyIl a or ATP/clnl-o-

rophyll a - Murray 1980; Le1and & Carter 1985), 'physiologi-

ca1 state' (chlorophylL dpheophytin a - Murray 1980) or

specific photosynthesis (photosynthesis per unit chlorophyll

- Leland & Carter 1985). Decreases in these indices have

been interpreted as indications of algal growth inhibition.

A second approach has involved enumeration of algal cells

for the proportions of constituent taxa, from which total

cell density (Hodgson & Carter 1982) or cell biovolume

(Bickman 1974; Hodgson & Carter 1982) can be calculated"

Expressions of the proportions of major taxonomic aroups

(Mueller 1 980; Murray 1 980 ) , speci fic presence or absence

(Grotle 5( Kuiper 1980), or specitíc/generic richness (Evans

& Marcan 1976; Sigmon et aI. 1977 i Grolle 6, Kuiper 1980;

Mueller 1980; Plumley 6, Davis 1980) may provide a crude tax-

onomic basis of sensitivity to the pollutant. Examinations

of specific periodicity and abundance (.9. Scorgie 1980;

Sultivan et a1. 1981) provide detailed information, but are

commonly restricted to the most numerically dominant taxa

and do not necessarily imply cäuse and effect (pickman

1969). Secondary effects of the pollutant on interspecific
competition may also be important (Le1and & Carter 1984)"

Patrick et al. (1954)

Lruncated normal curve of

siding in pre-established

described a technique

the number of taxa in a

abundance caÈegories is

in which a

sample re*

generat.ed "
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The height of the curve mode, its variance and the number of

categories represented by any given sample can be interpret-

led in light of the effect of pollution (patrick 1978). un-

fortunately, such curves can be subject to error in the

event that the primary effect of the toxicant is a reduction

in biomass of all constituent taxa, and Patrick (1978) has

acknowledged that the index is best combined with an indica-

tor of total biomass. À second, and perhaps more signifi-

cant drawback of this method for use in routine and survey-

Ievel- studies has been that reliable results depend on the

enumeration of large numbers of cells (>5000) (Weitzel

1979) "

As the initial impact of a toxicant may involve the se-

lective elimination of sensitive taxa, diversity indices are

often calculated using either the Shannon-Weiner (.9. Sigmon

et a}. 1977; Dickman & Gochnauer 1978i Ànderson 1981; weit-

zel & Bates 1981) or Brouillan (eg. Weitzel & Bates 1981;

LeIand & Carter 1984) formula. Such calculations are insen-

sitive to toxicologicat effects, however, (elumley & Davis

1980; Kosinski 1984i Leland & Carter 1984) if changes in

specific proportions are less significant that total density

changes.

The use of species commonality indices may allow more

complete evaluation of the effects of a toxicant on the en-

tire algal community. Resemblance coefficients (Orloci

1978) compare two samples (treatments, communities etc.) in
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terms of their respective constituent species. A wide vari-

eÈy of such indices exist, and the reader is referred to

more lengthy discussions (eg. orloci 1978) of their merits.

It is sufficient to not.e that individual indices inherently

stress varying aspecLs of data (such as the relative and ab-

solute densities of taxa) and vary in their capability of

quantifying'ecological differences' .

Examples of resemblance coefficients used to compare al-

gal species composition in control and treatment samples in-

clude qualitative (presence/absence) (MueIler 1980 Soren-

son's Index) and quantitative similarity measurements. The

latter include SIMI (a form of the Geodesic metric) (elumley

& Davís 1980) and the Bray-Curtis Percent Similarity Index

(teland & Carter 1984). Distance coefficients (often a

measure of dissimilarity the complement of the above) have

also been used. Leland & Carter (1984) used the Canberra

metric, while Putnam et aI. ( 1 981 ) calculated Euclidean

distance for use in cluster analyses

Multivariate analyses of species datasets have been used

widely in terrestrial research and to a less extenL in phy-

cological research (eg. Eminson 1978) " T^Then represented

graphically (eg" Kosinski 1984 Principal Components Analy-

sis)o the physical }ocation of data from each treaLment in

relation to all others may permit a summarizatíon of the ma*

jor effect of a pollutant on alga1 community structure"
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1.4 STMÀZINE ÀND TERBUTRYN TOXI COLOGY

Simazine and terbutryn are members of a group of organic

herbicides collectively known as Lríazines, which consist of

a central 6-membered triazine ring (alternating carbon and

nitrogen atoms) with hydrocarbon chains on two of the con-

s#.ituent carbons (nigure 2). Simazine is further classif ied

as a chloro-triazine due to the inclusion of a chlorine

atom, while terbutryn has instead a methylthio group at the

same position. Descriptions of the chemical and physical

properties of each compound can be f ound in I^ISSA ( 1983 ) "

Both herbicides were conceived and are marketed world-wide

by the Ciba-Geigy Corporation (gasle, SwiLzerland) in a va-

riety of granular and powdered formulations (wsSe 1983).

Simazine is currently registered in Canada for the conLrol

of terrestrial broadleaf weeds in orchard, 9ârden and corn

crops, and is one of ten herbicides recognized for aquatic

use in Manitoba (t'tanitoba Agriculture 1985). Terbutryn has

been considered for use as an aquatic herbicide (uydamaka et

al. 1977; Muir pers.comm"), but. is presently not registered

in Canada,

The primary mechanism of action of triazines on plant me-

tabolism is the inhibition of photosystem 1I of photosyn-

thetic el-ectron transporL (Moreland 1980), While the bio-

chemical bases for herbicidal activity of many compounds is

often unknown, studies using atrazine (a chloro-triazíne

elosely related to simazine) -resistant plant biotypes have
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Figure 2z Chemical structures of simazine (2-chloro-
4,6-þj-s-eLhylamino-s-Lriazine) and terbutryn
( 2-tert-butylami no-4-ethylami no-6-methy I thi o
tr iaz ine ) "
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helped t.o elucidate the nature of triazine phytotoxicity.

While it is known that Eriazines interfere with the trans-

mittance of electrons from the Q to B acceptor molecules

(Moreland 1980), contentions that the atrazine binding site

is a 32kD protein (eg. Pfister et al" 1981 ) have been dis-
puted (Gressel 1982). The basis by which members of the

triazine group differ in their efficacy has not been deter-

mined, but likely relates to the binding affinity of the

various sidechains to chloroplast proteins. Substituted me-

thylthio-triazines are generally more phytotoxic than chlo-

ro-triazines (Souza-t¡achado et a1. 1978; Radosevich et aI"
1979) and phytotoxiciÈy may be enhanced by the presence of

assymetric alkylamino side groups (Radosevich et aI. 1979).

Investigations using aquatic macrophytes and algae have

confirmed that photosystem II activity in these organisms,

as determined by oxygen evolution (eg. Zweíg et al. 1963¡

Sutton et al. 1969; Lien et al. 1977), DCPIP dye reduction
(Hendrich et aI" 1976) and in vi_v_q chlorophyll f luorescence

(.g. Zweig et al" 1963), is correlated with simazine concen-

tration" There has been comparatively little examination of

t.he primary physiological ef f ect of terbutryn, except Èo

note that iL is a potent inhibitor of the Hill reaction
(Ciba-Ceigy, unpubl.) and is generally more phytotoxic than

similar levels of simazíne (Johannes et aI" 1973; Riemer &

Trout 1980).
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Secondary physiological effects of simazine (aetined as

any reponse other than blockage of electron flow) have in-

cluded reductions in cellular RNÀ content of ChIoreIIa pvre-

noidosa and Ànacvstis nidulans at 0.2 and 2.0 mg'L-1 treat-

ment levels (Hawxby & Mehta 1977 i Mehta & Hawxby 1979), and

changes in the lipid composition of ChIoreIla ellipsoidea at

5.Omg.L-1 simazine (Surnida & Ueda 1973). The latter may re-

flect a lack of precursors normally formed in the Hill reac-

tion, mobilization of certain Iipids following ATP deple-

tion, or direct effects on the enzymes responsible for Iipid

synthesis (Sumida & Ueda 1973). Increases in nitrate reduc-

tase activity in Secale cereale (rye) at 0.01 and 0.16

mg.L-1 concentrations with concomitant increases in cellular
protein content (nies et al. 1967) may point to an effect of

the herbicide on the rate of entry of nitrate into the ceII,

the movemenL of nitrite across the chloroplast membrane, ot

nitrite reductase activity in the chloroplast (Ries et a1.

1967). Klepper (1979) observed a 12-fold increase in ni-

trite concentration in Triticum aestivum (wheat) leaf punchs

without a corresponding increase in protein following expo-

sure to 200 mg'L-1 atrazine, suggesting that these herbi-

cides may interfere with nitrite reductase activity. The

accumulation of nitrite (whether Iocalized in the chloro-

plast or in the cytoplasm) would become toxic in high con-

centrations, possibly leading to membrane disruption. In

addition, the diversion of electrons into fluorescence in

response to herbicide treatment (eg. Zweig et aI. 1963) sug-
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gests that disruptive free radicals may be formed in the

chloroplast. Àt concentrations of 3.0 and 5"0 mg'L- 1 sima-

zine, cessation of ceII cyclosis of Elodea canadensis is

followed by chloroplast migration to the cell center, Ioss

of membrane integrity and eventual disintegration of the or-

ganelle and photosynthetic pigments (Dabydeen 6. Leavitt

1981). Thylakoid distortion and release of protein from po-

lyhedral bodies in Ànacvstis nidulans cells exposed to 2"0

mg.L- 1 sirnazine (t"tehta & Hawxby 1979) , and ceIl distorti.on

coupled with significant increases in ceI1 volume of Scene-

desmus guadricauda exposed to 0.05 and 0"5 mg'L-r (Hendrich

et al. 1976) has been reported.

Suttcn et aI. (1971 ) demonstrated that a

butryn addition stimulated the uptake of a 1.

solution by Hvdrilla verticillata, although

basis for the interaction was not examined.

1 .0 mg'L- 1 ter-
0 mg'¡-t copper

the biochemical

Significant algal accumulati.on of simazine has been im-

plicated as an important biotic means of detoxification.

Kruglov & Paromenskaya (1970) observed that cultures of Ànk-

istrodesmus brauni i and C¡l-qlq_ge_tçj¡A sp" assimilated 2-8%

of the simazine added to a culture medium over a period of

20 days. Twenty-f ive to 74% of. t.he absorbed simazine had

been metabolized and bound into cellular protein, while the

remainder $ras present as the intact molecule. Kruglov &

Mikhailova (1975) Aiscovered that 29% of simazine taken up

by Chlorella vulqaris had been incorporated into protein and
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that cleavage of the herbicide morecule sidechains vras the

primary method of metabolism. No degradation products vrere

incorporated into pigments.

Herbicides may enter the aquatic environment in runoff
from treated agricultural and commercial landr oE through

direct additions for water management practise. Although

triazines are considered to be moderately persistent in soil
("g. Jury et aI. 1984), losses due to runoff may occur if
rainfall occurs soon after application. À maximum concen-

tration of 0.3 mg.L-1 simazine has been detected in runoff
occurring 2 weeks after applications of 2.24 kg.h3-t (wau-

chope & Leonard 1980) and 1.68 kg'h¿- t (Clotfelty et al.
1984), although the concentration in receiving waters would

Iikely be l-ower as a result of dilution.. In a stream mcni-

toring program undertaken in Ontario, Frank et a1. (1979)

found that 28% of. the 92 streams sampled contained simazine

in concentrations exceeding 0.03 ug'L- 1 (mean = 0.2 ug'L- 1).

Frank et al" (1982) later observed that simazine was one of

three pesticides found in sampled water year-round and that
annual losses arising from field use could be attributed to

runoff and snowmelt (43%), and spiIls, drift and direct ap-

plications ß6%).

Simazine has been used as a soil sterilant along irriga-
tion canals, and contamination of intermittent flows has

been reported. Smith et al. (1975) found that the herbicide

concentration in water collected from a sprayed area de-

--
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a maximum of 0.69 mg'L- 1

L- 1 2.5 years later, êt
1 treatment quantity re-

event, from

to 0.04 mg'

22.4 kg'ha-

canal sides and bottoms. FoIlowing

bank treatments of 2.25-7 .43 kg'ha- 1 , Ànderson et al.
(1978) reported a maximum simazine concentration of 0.25

m9.L-1, while residual levels decreased by more than 70%

within I km of the spray site.

Reviews of the use of herbicides in freshwater systems

can be found in Mauck (1974), Brooker & Edwards (1973),

Hurlbert (1975), But1er (1977) and Murphy (1982). Since the

objective of aquatic applications of herbicides is usually

the control of undesirable macrcphytes and/or algae' concen-

trations resulting from such additions generally exceed

those originating from incidental contamination. Simazine

has been used widely in fish aquaculture and lake rejuvena-

tion in the United States and Canada in concentrations rang-

ing from 0. 1 to 1 0.0 mg'L- r (rable 4 ) while terbutryn has

been used in Europe, Great Britain, South Africa and Àustra-

Iia at considerably lower leve1s (Table 5).

It is importanL to note that primary and secondary ef-

fects of triazines discussed earlier differ from definitions

tradiLionally used by ecologists. In the latt.er case, Pri-
mary effects (inhibition of photosyntheLic organisms) may

result in secondary changes in community structure of higher

trophic levels and/or changes in water chemistry (Brooker &

Edwards 1975i Hurlbert 1975).

i:
..-
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TABLE 4

Summary of somes uses of simazine in aquatic management

Number preceding formulation indicates quantity (%) of active
ingredient. [¡J = wettable powder, G = granular.
? = not specified

Reference
Concent rat i on

(mg'r,-t)
Expt.

Durat i on Formulat i on

Àhrens & Block 1972 1.9 summer

Blackburn & Taylor 1976 0.5 4 mos

Crawford 1981 4 "2 6 mos

Ellis et aI. 1976 0.25-0.5 variable

Harman 1978 0.25 1 year

Hydamaka et al. 1977 2.7-5.2.kg'pond-1 ca. 2 mos

Johannes et aI. 1973 0.5-1 .0 ?

Mauck eL aI " 1976 0.1 -3.0 2 years

Patnaik 6, 0.25-0.75 variable
Ramachandran 1976

Pruss 6, Higgins 1975

Schenk & Jarolimek
1 966

Schwartz et aI. 1981

Snow 1 963

Snow 1964 1 1

Sutton et aI " 1 965

Tucker & Boyd 1978a

Tuc ker 6( Boyd 1 978b

Tucker & Busch 1982

WaIker 1959

0.1 -0.3 60-79 d

1 .0-2.0 summer

0.45 2"5 years

2.0 1 year

.3-1 7.0 k9'h¿- t ?

0.5-3.0 28 d

0.8 5 mos

13 "4 kg.ha- t 6 mos
1.s 128 d

1.3 4 wk

11.3 k9.h¿-t 4 wk

80w

80w

?

80w

80w

80w

?

80w

50w

80w

50w

80w

80w

?

80w

80w

80w
80w

?

10c

--



38

TabIe ! conLinued

WaIker 1964

Wi Ie 1967

0.5-10.0

0.5-3.0

?

summer

1 7G , 50W, 8G,
4G ,20G,80W

50w
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TABLE 5

Summary of some uses of terbutryn in aquatic management

1G = 1% granular f ormulat ion , 500F$.7 = f lowable powder,
50W = 50% wettable powder, ? = not specified.

Reference
Concentrat ion

(mg'r,- t )
Expt.

Durat i on Formulat i on

Àshton et al. 1 980

Bowmer et aI. 1979

Elamzon 1977

Hydamaka et al. 1977

Johannes et al. 1973

Marks 1974

Mackenzie et al. 1983

Murphy et aI. 1981

van der Weij et aI.
1971

0.01s-0.10 variable
1.0 ?

0.03-0. 1 ?

0. 1 8-0.28 kg.pond- 1 ce. 2

0.005-0. 1 ?

0.05-0.1 6-8 wk

0.05-0.4 variable

0.015-0,10 variable

0.0125-0,10 ca. 2 mos

50oFW

500FI^7,1G

1G

mos 1G

?

50w,1c

50oFW,1c

1G

1G
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Primary effects of simazine on aquatic systems have often

been assessed qualitatively in terms of 'degree of control',
with little quantitative substanÈiating evidence (.9. Schenk

& Jarolimek 1966) or comparison with an unmanipulated con-

trol system. Moreover, ít has been a common practise to

classify algal taxa according to their response to treat-
ments (eg. nllis et al. 1976; Murphy 1982). Because no aI-
lowance is made by this approach for intraspecific varia-
tion, such crude classifications may be of limited use.

Vance & Smith (1969), for example, found that growth of

Chlorella pyren-o:_ë-e-Þg_ vras not inhibited by simazine concen-

trations as high as 2OO m9.L-1, whereas Wells & Chappell

(1965) observed total inhibition of growth of a different
isolate of the same species at 1 .0 mg'L- 1 . Senger (1977)

found that the sensitivity of synchronous cultures of Scene-

desmus and Chlore1la varied with the physiological condition

of the cell and was lowest immediately prior to ceII divi-
sion. Oxygen evolution of a Chlorella culture decreased by

50% at 0.5 mg'¡-t simazine during active growth but only 35%

at 1.0 mg'L-1 at a later stage in the growth cycle. while

the significance of this latter effect may be small in a

natural population of individuals of varying phases of

growth, it illustrates the potential complexity in the as-

sessment of specific phytotoxicity"

Reductions in aIgal standing crop, either qualitatively

or quantitatively assessed, are commonly observed following
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simazine(eg. Tucker & Boyd 1978a; Schwartz et a1. 1981) and

terbutryn (eshton et aI. 1980) treatment. AIso seen, but

Iess well documented, are changes in phytoplankton community

structure. B1ue-green algal populations, notably those of

the common bloom-forming genera of Anabaena, AÞhanizomenon

and Microcvstis, are often inhibited disproportionately to

other aIgal groups by simazine concentrations as low as 0.25

mg'L-1 (.g. Blackburn & Taylor 1976; Etlis et aI. 1976),

while increases in the abundance of other taxa may occur.

Schwartz et al. (1981 ) found that Àphanizomenon flos-aguae

and Ànabaena circinalis blooms were succeeded by centric di-
atoms (primarily Stephanodiscus) and cryptomonads. Inci-
dence of the latter appeared to coincide with elevated dis-
solved organic carbon Ieve1s, and the authors speculated

that these populations could employ facultative heterotrophy

as a primary means of nutrition" Phagotrophy has been re-
ported in a natural population of Crvptomonas borealis (Waw-

rik 1970).

Elimination of blooms of Microcvstis aeruqinosa and Ana-

baena spiroides from fish ponds using 0"26-0.75 mg'L-1 simá-

zine treatments h'as found to lead to increases in diverse

genera such as OscilIatoria, Chlamydomonas, Scenedesmus, El¿-

glena, Phacus, Svnedra and Navicula (Patnaik & Ramachandran

1976), while Bryfogle & McDiffett (1979) observed that Chlo-

rella sp. dominated the phytoplankton in laboratory micro-

cosms in the presence of 0.05-0.4 mg.L- 1 sirnazine.
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There is very ritLte evidence to determine whether sima-

zine additions urtimately lead to the deveropment of a re-
sistant community. deNoyelles & Kettle (19g3) reported that
increases in in vivo chrorophyll fluorescence of phytoplank-
t.on from simazine-treated ponds (upon further herbicide ad-
ditions) were of resser magnitude than for samples from un-
treated ponds, implying that a physiologicalry resistant
assemblage had developed. Moreover, certain taxa v¡ere found

to be characteristic of treated ponds (deNoyerles 6, Kettle
1983).

Eval-uations of the effect of terbutryn on algal biomass

have been largery subjective (.g. Àshton et ar. 1990), or
have involved laboratory, unialgal cultures (r'an der weij
1971; Robson et al. 1976; Lefebvre-Drouet & calvet 197g).

'control' of macroscopic popurations of cradophora sp. ,

Enteromorpha intestinalis, Rhizoclonium spp. and vaucheria
dichotoma by 0.05 and 0.'l mg.L- 1 treatments has been report-
ed (Marks 1974) 

"

The toxicologicar effects of atrazine on natural phyto-
plankton and periphyton communitiesr âs determined by manip-

urative experiments, are rikery anaragous to those of sima-

zine due to the close structurar similarity of the two

compounds (atrazine is differentiated by an isopropyramino

sidechain on the triazine ring)" deNoyelres et ar. (19g2)

reported that phytoplankton productivity in man-made ponds

vras reduced by additions of 0.02 and 0.5 mg.¡- t atrazine f or

t ,,
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periods ranging from 3 days (0.02) to 63 days (0.5). rn-
creases in resistance to atrazine, and qualitative changes

in phytoprankton community structure were detected, with
species of Crvptomonas and Mallom.onas becoming dominant at
both herbicide revels. Kosinski & Merckre (19g4) observed
that the productivity of rotic periphyton communities ex-
posed to 1"0 mg.kg-t atrazine returned to that of a contror
community within 1-3 weeks, while a 10 mÇ.kg-r treatment re_
sulted in high levels of inhibition throughout the 3-week

duration of t.he experiment. Notably sensitive to herbicide
were populations of phormidium spp., Rhoparodia spp., Ampho-

ra veneta, Àchnanthes lanceolata and Cladophora glomerata.
Periphyton exposed to a 0.01 mg.kg-t chronic atrazine dose

did not deverop any resistance to the herbicide nor did any

taxon proriferate in herbicide-treated systems (nosinski
1984). Prumrey & Davis (1980) determined that 10-s M (ca,
2"1 mg'L- 1 ) atrazine significantly reduced both photosyn-
thetic activity and biomass (chlorophylr concentration) of
epipelic argae in estuarine microcosms, although cunningham

et al. (1984) found onry sright reductions in epiphytic and

epipelic productivity in raboratory microcosms treated with
0.12 and 1.23 mg.L- 1 atrazine"

Secondary effects of simazine

quality have been weII documented.

in dissolved oxygen (van der Weij 1

& Ramachandran 1976i Tucker & Boyd

and terbutryn on water

These include decreases

971i Marks 1974; patnaik

1978a; Wingfield & John-

;l
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son 1981; Murphy et al. 1981; Schwartz et al. 1981), redox

potential (wingtield & Johnson 1981) and pH (Sutton et aI.
1965; Pruss & Higgins 1975; Ellis et al. 1976; Schwartz et

al" 1981) and increases in biochemical oxygen demand (Murphy

et al. 1981), free COz and carbonate (Crawford 1981; Murphy

et a1. 1981), câlciurn and magnesium (walker 1964), potassium

(walker 1964; Àshton et al. 1980), sodium (eshton et ai.
1980), organic nitrogen (walker 1964), total nitrogen (watX-

er 1964i Àshton et al. 1980), ammonia (slackburn & Taylor

1976; Murphy et aI. 1981; Tucker & Busch 1982), nitrate and

orthophosphate (walker 1964) and total phosphorus (Ashton et

aI. 1980). Explanations for these phenomena usually invoke

decreases in photosynthetic oxygen evolution (eg. Tucker &

Boyd 1978a), decreased nutrient assimiLation and release of

labiIe nutrient pools from decaying plants.

:
:

Ìi
l:

:
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!.-



Chapter I I

EFFECT OF SIMAZINE AND TERBUTRYN
PRODUCTIVITY

ON PERIPHYTON

2"1 lNTRODUCTION

Simazine (2-chloro-4,6-bis-ethylamino-s-triazine) has been

widely used in lake management and fish culture for the con-

trol of undesireable macrophytic species (walker 1964; Sut-

ton et aI. 1965; Wile 1967; Bowmer et aI. 1979) and nui-

sance phytoplankton blooms (glackburn & Taylor 1976i Tucker

& Boyd 1978a). As a result, much is known of its efficacy

and toxicology in the aquatic ecosystem (Mauck 1974). Ter-

butryn (2-tert-butylamíno -4-ethylamino-6-methylthio -s-
triazine) has recently been demonstrated to.possess stronger

algicidal properties than similar leveIs of other Etíazines

(van der Weij 1971¡ Johannes et al. 1973; Lefebvre-Drouet &

CaIvet 1 978 ) " Registration of the latter compound for

aquatic applications has been granted in some countries and

considered in others, although additional evaluations of

phytotoxic effects are needed.

À shortcoming of the literature dealing with effects of

triazines and other herbicides on aquatic vegetation is that

rarely has impact been assessed in anything but qualitative

terms (for example, Schenk & Jarolimek 1966; Marks 1974t EI-

45
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1is et al. 1976; Robson et al. 1976; Eramzon 1977; crawford
1981). Resurtant prant biomass and productivity have been

quantified in relatively few cases. Moreover, while field
experiments have often invorved treatment of shallow, uns-

tratified ponds or ditches (schenk & Jarorimek 1966; Àhrens

& Brock 1972; Pruss & Higgins 197s; Blackburn & Tayror 1976;

Tucker & Boyd 1978a; scorgie 19Bo; Murphy et ar. 1991), few

observations have been rnade of effects on periphyton (scor-
gie 1980; Anderson 1981; Crawford 1981 ), even though this
community may account for the rargest portion of total pri-
mary production in rittoral environments (wetzel 1 993 ) .

Further, while information on community recovery from a her-
bicide apprication clearly wourd contribute to both manage-

ment and toxiccl-ogical knowledge, successional events in a

prant community following triazine treatment have been exam-

ined onry superficially in terms of quaritative community

composition (Pruss & Higgins 1975; scorgie 19go; crawford
1981) rather than in terms of community productivity

The present study (experiment B, Àppendix A) þ¡as initiat-
ed to examine some effects of the triazines simazine and

terbutryn on dense periphyton communities in a shallow marsh

environment over an extended period of time. rncident.ar
abrupt loss of herbicide during the experiment alrowed docu-

ment.ation of the rate of recovery of structure and function
of communities" Concomitant effects on selected chemical

and physical parameters of marsh water were arso examined as

.i^-
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they may relate to the given community's response to herbi-

cide stress.

2.2 MÀTERIÀLS AND METHODS

Experiments Ì{ere conducted in Lhe Blind Channel of the Delta

Marsh on the southern end of Lake Manitoba (99o 19'w, 50o

7'N). Seven Iittoral enclosures (constructed by encircling
240cm x 120cm sheets of 1.5mm PVC plastic on their long

axis and cementing the ends together with adhesive - Figure

3A) y¡ere placed into water of approximately 60cm depth and

embedded into sediments to a depth of 45cm (mean volume =

300 L, e/v = 5.15 m- 1 ) .

Substrata for periphytic algaI colonization consisted of

1m length and 0.62cm diameter extruded acrylic rods, scored

at regular intervals with a small saw to facilitate subsam-

pling. À number of rods were placed upright into the sedi-

ments of each enclosure in such a vray that each was firmly

anchored and extended from sediment surface to the water

surface. Substrata vrere roughly equidistant from each other

and no closer than 1Ocm from enclosure walls. Submerged ma-

crophytes (chiefly Potamoqeton spp, Mvriophvllum exalbescens

Fern. and Utricularia vulqaris L.) were removed from all en-

closures. Since the composition of macrophytes within each

enclosure v¡as variable, removal served to minimize variable

shading and abrasion of rods by plants, and to eliminate

variable herbicide losses due to macrophyte uptake and ef-
fects of decay products on periphyton growth.
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Figure 3: Enclosure Designs. À - Diagram of typical PVC
enclosure showing handle holes (a) used in
placement and removal. These holes are plugged
with silicone rubber when the enclosure is in
use "¡1 - View of encircled PVC sheet prior to
addition of cement showing support strips
cemented to both sides of one enC.
B - Diagram of modified sealed bottom enclosure
showing PVC square and attached acrylic socker,s
used as bases for artificial substrata (b), drain
holes (c), gas vents (d) and Pvc floor (e)
(chapter 5).
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unformurated technical grade herbicides (98% a.i.) were

dispênsed into gauze sacs in guantities to yierd finar con-

centrations of 0.1, 1.0 and 5.Omg.¡,-t simazine and 0.01, 0"1

and 1.Omg'¡-t terbutryn in the approximateJ.y 3ooL enclosure

vorume. sacs vrere suspended in the water of individuar en-

closures soon after rod placement and were squeezed at regu-

lar intervals in the first 2 days of tl. experiment to in-
sure complete and rapid sorution of herbicide. À seventh

enclosure was maintained as an untreated control.

sampling of colonized substrata commenced 9 days after
herbicide addition (v¡eek 1 ) and at weekry intervars for the

following 5 weeks. on each sampling date, three entire rods

v¡ere randomly selected from each enclosure for analysis of
periphyton chlorophyll ¿ content. Colonized portions of
rods vrere broken into segments with priers and praced into
tubes of Gr/c (whatman) tirtered water. Three additional
rods vrere sampled from each enclosure and a 2cm segment was

removed from the position on each corresponding to 3ocm

above the sediments. These vrere placed in tubes containing
2OmL triple-filtered water (twice through GF/c, once through

0.45um sartorius cel1u1ose nitrate membrane firters) from

the encrosures of substratum origin. These segments vrere

used in COz-assimilation experiments.

Periphyton on rods sampled for chlorophylt vras detached

using a No.2 hard-bristled paintbrush into filtered water.

Aliquots of the algal suspension were corlected onto GF/c



50

filters under vacuum (<100kPa) and frozen until analysis.
Pigments were extracted into 90% acetone with the use of a

tissue grinder and chlorophyll a concentration measured

trichromatically (Strickland & Parsons 1972) wittr correction
for phaeopigments. Extrapolation. to whole sample volume and

division by total rod surface area gave estimates of mean

chlorophyll a per unit substratum area. Samples for COz as-

similation rate determination v¡ere inoculated with 1mL stan-

dardized NaHt aCO. (0.SuCi.mL- r ) and incubated in a laborato-

ry growth chamber at a light intensity of approximately

50uE'm-2.s-1 and a temperature of 20 t zo7 for three to four

hours. Samples were filtered through 0.45um filters to col-
Iect dislodged ceIls, and postwashed with deionized water.

Filters and corresponding rod segments were fumed over con-

centrated HCI for one minute to remove residuaL inorganic
1 4C and placed into scintillation vials containing 1 OmL

Bray's solution (Hew England Nuclear). within 24 hours,

both filter and rod had dissolved completely. Sample radio-
activity 9¡as determined by scintillation counting with a

Picker Liquimat 220 counter and corrected for colour quench-

ing using the channels ratio method (Wang & wiIlis 1965).

Àssinilation rate of periphyton per unit rod surface area

vras calculated f rom the f ormula:

ugC fixed.cm-2.hr-r = uPM(S) x C x 1"05

DPM(T)xAxT
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where DPM(s) and DPM(T) are activities remaining after incu-

bation and total added (in dprn) respectively, c is dissolved
inorganic carbon present in enclosure water derived from ar-
karinity (epHa 1980) (mgc'2OmL-1), 1.os is a discrirnination
factor to correct for uptake of ,oC, À is rod surface area
(cm2) and T is incubation time (hours).

Water in each enclosure was sampled daily from a depth of

1Ocm berow the water surface and anaryzed for dissorved sil-
icon and ammonia (stainton et ar. 1977). The concentration

of each herbicide in the water of treated enclosures was de-

termined weekly using ultraviolet spectrophotometry (uattson

et ar. 1970). Dissolved oxygen at 1Ocm depth vras monitored

daily using a YSI model 5'18 oxygen meter. Depth profiles of

oxygen and temperature vrere also recorded weekly. Light ex-

tinction in Èhe enclosures was measured weekly with an

LI-185À Li-cor light meter with

tum sensor.

a LI-192S submersible quan-

2"3 RESULTS

Data for several physicar parameters measured in the encro-

sures are given in Table 6. With the exception of oxygen

gradient (which was steepest in the contror enclosure and

decreased in proportion to increasing herbicide concentra-

tion), no differences lrere detected which were directry re-
Iated to herbicide treatment. Ànalysis of variance of all
other variabres indicated that temporal variability was sig-
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nificant but spatial variability (between enclosures) was

not (table 7) "

Assay for simazine in the enclosures 5 days after treat-
ment indicated that for the two lower concentrations, actual

Ievels yrere equal to or somewhat higher than the theoretical
levels (Figure 4A). Àctual concentration in the enclosure

treated with the highest simazine Ievel sras considerably

less than 5.0mg.L-1, but this was expected on the basis of a

maximum water sotubility of 3.Smg'L-t at 20o C for the her-

bicide (wsse 1 983 ) . In the first two and a half weeks of

the experiment, simazine levels in the three enclosures re-
mained near the initial concentration. À slight decrease

was noted at 0.1 and 1.Omg.L-1, indicating that loss of ac-

tive herbicide in the water column v¡as occurring. Increase

in simazine at the highest application concentration over

time probably indicated dissolution anð,/or sediment desorp-

tion of herbicide towards maximum solubility.

À11 initial concentrations of terbutryn were somewhat

less than their theoretical maxima (figure 48). Maximum

terbutryn solubility in water is 25.0m9.¡-t at 20oC (WSSÀ

1983), so minimal residual sediment adsorption was expected.

51-ight decreases in concentration over time were seen at aII
treatment levels. Terbutryn was detectable at the lowest

level (0.01mg.r,- t ) only on the f irst sampling date. Losses

resulting from degradation, biotic absorption and/or sedi-

ment adsorption decreased t.he concentration below the

0.01mg.L- t level of detection.
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TÀBLE 6

Selected physical and chemical parameters

(range and mean) measured in seven experimental
enclosures over the 6-week duration of the experiment.

Time Light
(weeks) tntensity

(uE.m- 2. s- 1 )

Water Light
Depth Extinction
(cm) (-n.102.cm-1

Di ssolved
Oxygen

) Gradient
(mg.r,- 1.cm- 1)

Water
Temp.
(oc)

51 8-623
(s6s)

7 3-1 43
(87)

448-460
(4s4)

320-444
(40s)

220-396
(323)

51 -72
(64)

24 " 6-24 .9
(24.7')

19 "9-20.0
( 20.0 )

18.1-18"4
(18.2)

21.4-21.6
(21.5)

18.s-18.7
(18.6)

14.0-14.1
(14.0)

1.27-1 .85
(1.4s)

1 .83*3 .04
Q.44)

1.86-2.11
(1.es)

1.57-6.79
( 4.06 )

1 .49-6. s6
(4.10)

2 .1 0-2 .30
(2.28)

0-2.53
( 1 .83 )

0,07-2"81
(1.22)

0.07-3. 1 0
( 1 " 04 )

0.43-2 " 53
(1.05)

0 "27 -2.71(1.40)

0-1 .35
(0.81)

58

86

67

62

65

61
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TÀBLE 7

Spatial and temporal variability in physico-chemical
parameters

in enclosures. Two-way analysis of variance of spatial
(between enclosures) and temporal (between weeks) variability
in physical and chemical parameters measured in the experimental
enclosures over the 6-week period of the experiment. F-ratios
and p-values (in parentheses) are given.

Var iable Spatial
(df = 6,30)

Temporal(ar = 5,30)

Mean light intensity
Water temperat,ure

Mean encLosure depth

Light extinction rate

Oxygen gradient

a.12 (>0.5)

1 "3s (0"30)

1 .00 ( 0.40 )

2.22 ( 0.07 )

3.88 (0.006)

141 .34

121s2 "82

12318.93

7 "14

1 .00

(<0"001)

(<0.001)

(<0.001)

(<0.001)

( 0.40 )
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Figure 4¿ Àssayed herbicide concentrations over the 6-week
period of the experiment in enclosures treated
with:
À 0.1 (.---.), 1.0 (.-.-.), and 5.0 ("...o)
mg.L- 1 simazine.
B 0.01 (r---r), 0.1 (r-'-.), and 1.0 ("'.'")
mg.L- 1 terbutryn.
Vertical bar indicates the approximate period of
enclosure flooding. Horizontal bar in B
indicates the limit of detection.
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On the 18th day of the experiment, a strong north wind

initiated a set-up on Lake Manitoba, which connects by vray

of channels with the marsh" Influent lakewater caused the

marsh level to rise 30cm within 24 hours. For the following
30 hour period, all enclosures were immersed under approxi-

mately 6cm of water, which was sufficient to flush most of

the herbicides from the enclosures. Àssays conducted the

following day and 1 week later confirmed that the quantities
remaining in enclosures treated with 0"1 and 1.Omg.¡-t sima-

zine, and all levels of terbutryn were below the 0.01mg.L-t

limit of detection (rigure 4). The occurrence of this
flooding of enclosures permitted examination of recovery of

communities following short-term herbicide treatment from

all but the highest rates of each herbicide.

Simazine remained detectable in t.he enclosure treated

with 5.Omg.L-t and increased to a maximum concentration of

0"48m9.L-1 within 3 weeks of flooding. This herbicide prob-

ably arose from re-equilibration between adsorbed simazine

in the sediments within the enclosures and overlying waLer,

with the result that simazine vras released into solution" A

similar increase to detectable levels was observed at the

highest Lerbutryn level (figure 4).

Chlorophyll a from the periphyton on rods in the control

enclosure increased between sampling dates throughout the

experiment (figure 5) with the greatest rate of increase in

the first 2 weeks of colonization. Accumulation was slower



57

in the subsequent 2 weeks but following flooding (just prior
to the third week of sampling), there vras a marked increase.

At the lowest leveI of simazine tested, the mean chlorop-

hy1I a level- vras slightly less than the control at all dates

(nigure 5A) but the di f f erence r,ras not signi f icant
(Ft,rz=0.88; p=0.40). FoJ-lowing enclosure flooding, there

$ras a reduction in chlorophyll on week 4. This may relate
to the alga1 species composition, which consisted largely of

dense, loosely attached filamentous green aIgae. Visual ob-

servations indicated that a certain quantity of this materi-

a1 v¡as lost after flooding. Loss of similar biomass in the

control may explain its slow rate of chlorophyll accumula-

tion in this period (rigure 5).

Prior to flooding, mean chlorophyll a level at 1.Omg'l-t

simazine !¡as approximaÈeIy 10% ot the control and still less
(about 4%) at 5.0m9.¡- t (rigure 5À) . Interpolation from

these data suggests that the LCso (concentration of herbi-

cide giving 50% inhibition) of chlorophyll synthesis by the

marsh periphyton must Iie between 0 " 1 and 1 " Omg.¡- t sima-

z1ne. The increase in chlorophyll concentration at the

highest leveI of herbicide tested indicates that community

inhibition was not complete at this level.

Increase in periphyton chlorophyll a resulted from sima-

zine loss due to flooding of the enclosures (figure 5A) "

Rates of increase in chlorophyll a at all three herbicide
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Figure 5: Periphyton chlorophyll a levels over
period of the experiment:
À - In the control enclosure (.---.)
enclosures treated with 0. 1 (.---. ) ,
and 5.0 (."'.) mg'L-1 simazine.
B In the control enclosure (r---") and in the
enclosures treated with 0"01 (.---r), 0.1
(.-.-r), and 1"0 (t."¡) mg.L-1 terbutryn.
Insets: Mean preflcod (open-bar) and postflood
(shaded bar) chlorophyll a in each enclosure
relative to the untreated control" Error bars
are the SE of replicates (n = 3). The
approximate period of enclosure flooding is
indicated by the vertical bar.

the 6-week

and in the
1 .0 (.-.-. )
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revels were similar to that of the contror over the remain-

ing 3 weeks of observation. The increase in simazine detec-
tabre in the highest level enclosure (rigure 4A), however,

may have been rerated to the reduction in chlorophyrl a ac-

cumulation rate in this enclosure with time. A simirar in-
crease at the intermediate herbicide Ieve1, though undetec-

table at the 0.01m9'¡- t limit of the methodology, may

explain that enclosure's corresponding rate decrine as com-

pared to the control.

All levers of terbutryn resurted in greater than 90% re-
duction in chlorophyrl a levels at the other two concentra-

tions (F t , . 2=0.06, p>0.5) , level (rigure 58) " Chlorophyll a

leveL at the. lowest terbutryn concentration tested
(0.01mg'L- t ) was not significantly different from chlorop-
hyrr e nor were differences in chlorophyrr g between each of
the higher concentrat ions signi f icant (F .r , . 2=0. 00, p>0. 5 ) .

These data suggest that the LCso for terbutryn lies berow

0.01m9.f,-t and thus that terbutryn is at least ten times

more inhibitory of chrorophyll a production in periphyton

than simazine.

FoJ.rowing loss of herbicide, rapid accumulation of chro-
rophyrl a commenced within a week at the two lower terbutryn
revers (rigure 58) with at rates exceeding that of the con-

tror. The increases yrere proportional to the rerative her-
bicide exposure level and were characterized by a reduction

in rate during the last weeks which was simirar to that
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found for simazine-treated enclosures (nigure 5A). The in-
crease in terbutryn concentration to as high as 0.026mg.¡-t

(nigure 48) on week 5 in the enclosure treated with

1.Omg.L-l corresponds with only slight increases in chlorop-

hylI a following the flood. Similar concentrations in t.he

0.01mg.L- t prefIood enclosure $rere sufficient to inhibit
chlorophyll a production to at least 10% of the control.

Photosynthet.ic activity of the control enclosure in-
creased in the initial 2 weeks at a much greater rat,e than

at 1.0 and 5.0m9'¡-t simazine, but v¡as not significantly
di fferent from the 0. 1mg.¡- t enclosure (nigure 6À) . Consis-

tent with the reduced rate of increase in chlorophyll a con-

centration observed in conÈro1 and 0.1mg.¡-t enclosures fo1-

lowing flooding, photosynthetic rates of both declined

significantly (>50%) in the week following flooding. This

may have related to the loss of a portion of the green algal
periphytic component" Since light extinction (rable 6) was

similar on the second and third sampling periods, no effect
of turbidity change on photosynthesis seems 1ikely.

FoIlowing the reduct ion in herbic ide concentrat ions,

marked stimulation of photosynthetic rate vras observed at

1 .Omg'L- I preflood leve1. The rate of increase between

weeks 3 and 4 in this enclosure paralleled that of the con-

trol and 0. 1mg.¡- t enclosures. Phot.osynthetic recovery at

5.Omg'¡-t s¡as less than in other enclosures but !¡as stiIl
300 times the preflood rate. Photosynthetic rate at all
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Figure 6z Photosynthetic rates of periphyton over
6-week period of the experiment:
A - In the control enclosure (.---.) and
enclosures treated with 0.1 (.---.) , 1 .0
and 5.0 (.. ' ..) mg.L- 1 simazine.
B In the control enclosure (r---t) and in
enclosures treated with 0.01 (.---r), 0.1 (r-.-r)
and 1.0 (r..'r) mg.L-1 terbutryn.
Error bars are the SE of replicates (n = 3). The
approximate period of enclosure flooding is
indícated by the vertical bar.
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levels of simazine and the controL peaked at week 4 and de-

creased at both subsequent dates. At higher herbicide lev-

eIs, this was apparently manifested as slowed rates of chlo-

rophyll q accumulation between weeks 5 and 6 (Figure 5A) but

similar trends were not observed at either the lowest con-

centration or in the control.

Mean preflood photosynthet.ic raLe of periphyton exposed

to all leveIs of terbutryn (figure 68) h,as significantly
less than the control (F t , s z=32.09 , p<0.001 ) . Àt the ini-

tial sampling period (week 1), photosynthetic rate at

0"01mg.L-r was approximately 50% ot. the control but this was

not maintained at subsequent dates where the former rate re-

mained approximately constant.

Às in simazine-treated enclosures, the photosynthetic

rate of the periphyton increased to 40% and 20% of. the con-

trol at the Lower two terbutryn level-s respectivety (rigure

68) in Lhe week after herbicide loss. The rate stabilized
(0.01mg'L-1) or decreased slightly (0.1m9'L-1) in the sub-

sequent 2 weeks, which corresponded with the decrease in

chlorophyll â accumulation (nigure 58). At 1"Omg'L-1, al-

most tot.a1 inhibition of photosynthetic activity was ob-

served throughout the remainder of the experiment, corre-

spondíng to residual herbicide concentrations (rigure 48)

sufficient Lo inhibit chlorophyll a synthesis (nigure 58).

"i|..¡
L
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Specific productivity (carbon fixed per unit of chlorop-

hyI1) may further elucidate herbicidal effects (r'igure 7).

In both the control and 0.1mg'L-1 simazine enclosures, chlo-

rophyll a increased proportionally more than photosynthetic

raLe in the first 2 weeks, with the result that specific
productivity (sp) decreased in this period (rigure 7À).

Following flooding, a short increase in SP (week 4) vras fol-

lowed by continued reduction in both treatments.

Specific productivity at the two higher simazine concen-

trations was initially a function of increasing herbicide

Ieve1, although a net decrease y¡as also observed at

1"Omg.L-r (rigure 7À)" Immediately following loss of herbi-

cide (week 3), however, SP in the 1.Omg'L-t enclosure (week

3) and subsequently the 5.Omg'L-t enclosure (week 4) greatly

exceeded (by as much as 2A0%) ttrat of the control" This

stinulation $¡as not expected in light of similar rates of

increase in chlorophyll a synthesis and photosynthetic ac-

tivity to those of the control (r'igures 5A and 6A) in the

post-flooding period. Moreover, this period of stimulation

was relatively short, with efficiency dropping to near the

control by week 4 (1 "Omg'L- 
1 ) or week 5 (5.0m9'L- I ) "

Preflood SP of terbutryn-treated enclosures vras substan-

tia1ly less than the control for aIl concentrations (rigure

7B). Stimulation (>100% control) yras observed directly fol-

lowing flooding at all three herbicide leve1s (week 3)" In

the case of the lower concentrations' high photosynthetic

;ì:Ê-
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Figure 7z Specific photosynthetic rate of peri
the 6-week period of the experiment
À In the control enclosure (.---t
enclosures treated with 0.1 (.---n)
and 5.0 (""'.) mg'L-1 simazine.
B In the control enclosure (r---r
enclosures treated with 0.01 (r---.
and 1 .0 (.. . . .) mg.L- 1 terbutryn.
Vertical bars indicate the approxima
encÌosure flooding.
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efficiency continued to week 4 but decreased to slightly
greater than the control by week 5 (2 weeks postflood).

Specific productivity in the 1 .Omg'¡- t enclosure decreased

to less than the control on all subsequent sampling dates,

which corresponded with the subsequent increase of terbutryn

to 0.026mg.L-1 in that enclosure (figure 48).

Ammonia concentration in enclosures treated with either
herbic ide vras higher (rigures I and 9 ) than in surrounding

water, where leve1s were consistently less than 0. 1mg'¡,- t

throughout the experiment (data not shown). A portion of

this increase may not be attributable to herbicide treat-
ment, since the concentration in the control enclosure in-
creased substantially in the first ten days. It is suspect-

ed that removal of macrophytic vegetation ihree days prior

to the the beginning of the experiment disLurbed the anoxic

marsh sediments so that large quantities of interstitiat am-

monia were released. Initial enclosure placement had no ef-
fect on sediment disturbance, since ammonia leve1s following

installation (but before macrophyte removal) were the same

as levels found prior to placement. In Èhe conLrol enclo-

sure, this ammonia disappeared (either through volatiliza-

tion, oxidation, or biotic uptake) within 15 days (rigure

8). ConcentraÈions at 0.1mg'L-1 simazine peaked at a simi-

lar level but decreased at a slower rate. Àt higher sima-

zine concentrations, ammonia varied with increasing herbi-

cide so that the amount of ammonia was much higher in these

.È.
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enclosures than in the control. High levels vtere maintained

until the enclosures flooded, when the enclosed water vras

replaced. FoIlowing flooding, ammonia levels in the con-

trol , 0.1 , and 1 .Omg'¡- t simazine enclosures vtere approxi-

mately the same throughout the remainder of the experiment,

atthough the 5.Omg'L-t enclosure increased within 20 days to

near pre-flood concentrations. Thus, ammonia leve1 appears

to correlate closely with initial simazine concentration"

It is unlikely that nitrogen in the simazine molecule inter-

ferred with ammonia determination, due to the high specific-

ity of the colorimetric method used (Solorzano 1969).

Similar trends v¡ere observed for terbutryn treated enclo-

sure (rigure 9) except that in the pre-flood phase, all con-

cent,rations of herbicide resulted in substanÈ-ially higher

ammonia than the control and these did not decrease until

flooding. This corresponded with the near complete inhib-

ition of chlorophyll synthesis and photosynthetic rate at

all concentrations during this period. As weiI, return of

ammonia to the water column following flooding v¡as observed

at aII concentrations, although the level at the Iowest ter-

butryn concentration decreased within 25 days of flooding to

near the control (nigure 9).

Silicon concentrations in enclosures treated with sima-

zine (nigure 8) and terbutryn (nigure 9) followed trends re-

markably similar to ammonia at all concentrations. Initial

high levels in alI enclosures v¡ere again probably a function
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Figure 8: Dissolved oxygen, ammonia, and silicon
6-week period of the experiment:
À In the control enclosure (-) and
enclosures treated with 0.1 (---) 1.0
5.0 ( "') m9'L-1 simazine.
Vertical bar indicates the approximate
enclosure flooding"

over the

in
(-'-) and

period of



I =a rD
 ur

e ID rD ^-(,

C
on

ce
nT

ro
lio

n 
(m

g 
t-

r)
oo

--
-.

J 
À

 
@

. 
n)



68

Figure 9 z Dissolved oxygen, ammonia, and silicon
6-week period of the experiment:
À - In the control enclosure (_) and
enclosures treated with 0.01 (---), 0"1
1.0 (.") mg'L-1 terbutryn.
Vertical bar indicates the approximate
enclosure flooding.

over the

period of

1n
(-'-) and
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of sediment disturbance. Correlation between the two nut-

rients was hiqhly significant (r=0.88, p=0.0001 ) ' suggesting

a common determinate factor. À multiple Iinear regression

improved the correlation (r=0.92) by including the identity

of the enclosure of sampling, and its dissolved oxygen level
(which varied inversely with increasing herbicide concentra-

tion) (nigures I and 9).

2 "4 ÐI SCUSSION

Both herbicides exhibited clear effects on colonization of

periphyton of artificial substrata, âs shown by chiorophyll

a accumulation and photosynthetic rate. In the case of si-
mazine, reduction in growth of periphyton $¡as observed be-

tween 0. 1 and 1 .Omg'¡- t (rigures 5À and 6À) whereas the rnin-

imum effective concentration of terbutryn was Iess than

0.01mg'L-t (rigures 58 and 68). Algal biomass (using chlo-

rophyll a level as a crude indicator of the photosyntheti-

cally-active portion of biomass) increased over time in all

treatments with the most notable increases in treated enclo-

sures following flooding. By comparison, the photosynthetic

rates of the control and 0. 1mg'L- 1 simazine treatments,

while greater than those of other herbicide treated enclo-

sure substrata, were variable. That a net increasing trend

vras not observed suggests that physical- and chemical factors

interacted to determine rates. Therefore, in order to ade-

quately examine herbicidal effects on productivity, both

photosynthetic rate and corresponding biomass should be con-

s idered.

Èl

:,ì\-r
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From the preflood period, it is possible to compare the

relative toxicities of the two herbicides on the basis of

chlorophyll and photosynthesis levels. The ratio of mean

preflood chlorophyll A on substrata from the 1.Omg'¡-t sima-

zine enclosure to the mean in the 1.0m9'L-1 terbutryn treat-
ment indicates the greater degree to which terbutryn inhib-

its chlorophyll accumulation. The ratio can also be

calculated at the 0.1mg'L-1 applications, ðs well as for

mean preflood photosynthetic rates at each of the two con-

centrations. These ratios are necessarily approximations,

since actual herbicide concentrations were not equal to

their theoretical values. Both chlorophyll a and photo-

synthesis measures gave similar ratios at each herbicide

concentration (table 8) pointing to the clear correspondence

of the two variables. Àt 0.1mg'L- 1 , terbutryn h'as approxi-

mately 55 times more toxic to periphyton than simazine,

whereas the difference decreased to 1 0 times at 1 .Omg ' 6- 1 .

Thus, while terbutryn was a more powerful algicide than si-
mazine at low concentrations, the difference between them

decreased as higher levels were used. One might predict

that the ratio at 0.01mg'L-1 for the two herbicides would be

even greater than 55.

The high level of inhibition by terbutryn at 0.01m9'L-t

ÞgO%) and at 0.025m9'¿-t (rigure 48) in the 1.Omg'¡-r post-

flood enclosure, suggests Lhat very Iow leve1s of methylthi-

o-herbicides can achieve considerable effect on the growth
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TAtsLE 8

Relative phytot.oxicity of herbicides

Ratio of mean periphyr-on chlorophyll a level- (and photo-
synthetic rate) in the 3-week preflood period at similar levels
of simazine and terbutryn.

Herbic ide
Concent rat i on

(mg'r- t )

ChlorophyIl Photosynthes i s

0. '1

1"0

54.06

10 "42

56.48

9.83

È.



72

of periphyton. This is contrary to the findings of Robson

et aI. (1976), who found that terbutryn at 0.01mg'L-t had no

effect on the growth of the alga Vaucheria dichotoma. Le-

febvre-Drouet 6, Calvet (1978) reported an ECso value for

terbutryn of 0.2Omg'l-t in cultures of Chlorella pvrenoido-

sa. The present data may explain Scorgie' s ( 1 980 ) observa-

tion that cyanatryn (chemicalll' similar to terbutryn) had no

significant effect on the density of periphyton on glass

slides placed in two portions of a drainage ditch (one

treated with herbicide and the other not). Since contamina-

Lion of the control resulted in herbicide concentrations as

high as 0.04mg'L-1, control samples may have been as inhib-

ited as samples from treated sites.

While close corretation between photosynthesis and chlo-

rophyll a was observed, their ratio varied widely over time,

especially following decrease in herbicide concentration as

a result of flooding, The increase in specific productivity

in all enclosures suggests that some sort of 'rejuvenation'
occurred as a result of flooding which temporarily reversed

the tendency of the communities in each to become less pho-

tosynthetically efficient with time. The marked increase in

SP of communities treated with high leveIs of simazine and

the lower two levels of terbutryn (relative to the control),

however, indicates that some aspecL of herbicide Èreatment

acted to increase photosynthetic efficiency upon herbicide

Ioss. The cfear correspondence of ammonia-nitrogen and siI-

t:
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icon IeveIs with herbicide concentration suggests that an

increased supply of nitrogen and silicon to periphyton may

somehow relate to changes in SP" This assertion requires

the cle.ar identification of primary (physiological) and sec-

ondary (chemical and physical) ecological effects of herbi-

c ides.

Secondary effects of herbicide treatment have been well

documented (Uurphy et aI. 1981)" À reduction in dissolved

oxygen has been commonly reported (van der weij 1971; Jo-

hannes et aI. 1973; Pruss & Higgins 1975; Blackburn & Taylor

1976; Ellis et aI. 1976; Tucker & Boyd 1978a; Ashton et aI.
1980; Murphy et aI" 1981; I^ringf ield & Johnson 1981) as well

as a reduction in redox potential (Wingfield & Johnson

1981). Decrease in pH may occur (Sutton et aI" 1965; Pruss

& Higgins 1975; Ellis et al. 1976; Murphlz et al. 1981) as

weII as increases in dissolved calcium, magnesium, potassium

(walker 1964), ammonia (walker 1964; Blackburn & Taylor

1976; Murphy et aI. 1981; Anderson 1981), nitrate and phos-

phate (Anderson 1981; Murphy et aI. 1981).

Increases in concentrations of such compounds as phos-

phates and ammonia have been attributed solely to release

from decaying macrophytes (Ànderson 1981). While this may

occur in certain situations, it is an inadequate explanation

for the present data, where effects of macrophytes vrere

eliminated by clearing of the enclosures. Instead, the sed-

iments may represent the rnajor source for these nutrients.
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The close correspondence of dissolved oxygen and oxygen gra-

dient with depth, ammonia, and silicon with herbicide con-

centration found here, and the relatively greater effect of

terbutryn on these parameters than simazine suggests either

a role of oxygen and redox potential affecting nutrient re-

lease from anoxic sediments (Mortimer 1941; 1942) or a di-
rect herbicidal influence on epipelic algae which normally

intercept nutrients from the sediments. Jansson(1980)

showed that addition of mercuric chloride to sediment cores

as a biological toxicant lead to considerably increased am-

monia concentrations in overlying water. Muir et al. (1981)

determined that terbutryn adsorption in upper sediment 1ay-

ers could result in concentrations as high as 1 .4ug'g- 1

within 12 days of C.1mg.L-1 herbicide treatment. thus, in-

hibition of the epipelon of shallow ponds, lakes and ditches

by herbicides, particularly where the sediment adsorption of

herbicide is high (as probably occurred at the 5.0 mg'L-1

simazine treatment level), may therefore serve to increase

the quantities of nutrients supplied to the water column

(chapter 5).

Conditions in the present study may have been particular-

Iy conducive to detection of secondary effects on sediment/

water nutrient flux, since their magnitude would be influ-

enced by the degree of turbulent diffusion ayray from the

site of liberation (which is minimized in ¡-he enclosures),

the extent of anoxic, organic sediments (high in marsh envi-
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ronments) and the time interval between determinations of

ambient levels of nutrients. Daily monitoring of ammonia

and silicon allowed detection of rapid changes in concentra-

tion which would otherwise be missed over longer periods of

time. Michaud et al. (1979) observed that the magnitude of

the increase in dissolved phosphorus following addition of

diquat to a shallov¡ lake was less than found by

thors using plexiglass encl-osures of lake water.

other au-

In an attempt to examine the relationships between the

primary effects of the two herbicides on chlorophyll a and

photosynthesis, and other potential secondary effects, fac-

tor analysis sras performed on the correlation matrix of the

fourteen measured parameters (gabLe 9). Four factors were

generated using Kaiser's criterion for significant factors
(pixon & Brown 1979). By association, names were assigned

to each factor according to its constituent variables.

Therefore, ammonia and silicon concentration, herbicide lev-

ê1, and dissolved oxygen became 'water chemistry', while

herbicide type and identity of enclosure became 'experimen-

ta1 treatment', Since the latter variable was artificially

created, its inclusion may mean it is acting concomitantly

for several other unquantified parameters" Variables which

changed between sampling dates but not between enclosures

(table 6) became 'temporal variability', and mean light in-

tensity and extinction $tere combined as 'Iight availabiti-

ty'. ClearIy, these are artificial designations, and serve
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only to illustrate some similarity in principJ-e between

variables in each factor" 9lhile all the above variables
load reasonably clearly on only one factor, chlorophyll a

and photosynthetic rate load on factors 1, 2 and 3 (chlorop-

hylI) and 1, 2 and 4 (photosynthesis) more or less evenly,

indicating that these primary herbicidal effects correrate
not only with herbicide concentration but arso on several

other variabres, among which are the herbicidally-correra-
tive variables of ammonia, silicon, and oxygen. Às a re-
sult, it may be suggested that the effect of the two herbi-
cides was determined by a complex interaction of vrater

chemistry and physics as well as the nature and quantity of

the herbicide.

The use of herbicides in flowing water (wiIe 1967; Bowmer

et aI. 1979; Murphy et al. 1981) and in fish culture (tucker

& Boyd 1978b), and the use of herbicide-treated water as a

potable source ultimat.ely requires examination of the per-

sistance of herbicide residues over time" Coincident are

considerations of the rate at which plant communities are

reestablished (Crawford 1981), determining either the fre-
quency of subsequent herbicide applicationsr or the expected

duration of environmental perturbation by unintended pollu-
tants,

Chlorophyll a and photosynthesis measures provided direct
evidence of recovery in the periphyton community during the

period following enclosure flooding. If the rate of in-

t
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TÀBLE 9

Rotated factor Ioadings of variables

derived from principle components analysis (sì.fDp¿Þf) of a
correlation matrix between the variables. All loadings less
than 0.250 have been set to zero. Proposed factor names:
1 = water chemistry, 2 = experimental treatment, I = temporal
variability, 4 - Iight availability.

Var iable Factor Factor
12

Factor Factor
34

Communal ity

Ammon ia

Silicon
Oxygen

Herbic ide
Concent rat i on

Enc losure

Herbic ide
Type

Oxygen
Gradi ent

Light

Temperature

Time

Enc losure
Ðepth

Light
Extinction

ChIorophyII

Photosynthesic
Rate

0.909

0.809

-0.727

0 .771

0

0

0

0

0.373

-0 .41 3

0

0

-0.433

-0.466

0.262

0.478

0

0

0.941

0.938

-0 .667

0

0

0

0

0

-0 " 597

-0.s81

0

0

-0.538

0

0 "262

0"899

0.889

-0.681

0

0

-0.489

0

0

0

0

0

0"434

0"867

0.867

0

0 .423

0.919

0.940

0.877

0.625

0.942

0.891

0.525

0.834

0 .941

0.828

0.805

0.588

0.820

0.772

0

0

0

0

0

0

0

,L:

E i genva 1ue s 3.475 3 "282 2 "785 1 .866 1 1 .408
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crease in chlorophyll a is considered as an indicator of

growth rate, then the rate of aII treated enclosures except

that of the highest terbutryn level is seen to nearly equal

or exceed the control (nigure 2). Àdmittedly, the exposure

period to herbicide in this experiment was relatively short,

but on the basis of these data, Do detrimental long-term ef-
fect on productivity of periphyton may be predicted from a

single application of either herbicide. Desorption of her-

bicide from the sediments, if in phytotoxically significant
quantities (as may have occurred in the case of the

1.Omg.¡-t terbutryn treatment) may slow the rate of recovery

(as evidenced by the decreased rate of chlorophyll a accumu-

Iation over time at the higher herbicide levels in the post-

flood period-Figure 5A), or prevent it altogether (rigure

58; 1.0m9'L-1).

In conclusion, the present study is, to our knowledge,

one of the first aLtempts to quant,ify effects of aquatic

herbicides on periphyton by v¡ay of a controlled series of

defined herbicide treatments. The use of Iittoral enclo-

sures represents a simple means of simulating herbicidal ef-
fects on a small sca1e, with Èhe benefit that several con-

centrations of one or more herbicides may be tested

simultaneously, thereby minimizing the spatial and temporal

variability inherent in whole lake testing (Scorgie 1980;

Ashton et a1. 1981; Murphy et al. 1981 and others). Since

a small water volume is involved, Ioss of herbicide by dilu-

ì.
.lì,
.t¡l_ .
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Chapter III

EFFECT OF SIMAZINE ÀND TERBUTRYN ON PERIPHYTON
COMMUNITY STRUCTURE

3.1 INTRODUCTION

Assessment of the toxicological effects of agricultural and

industrial materials on freshwater and marine periphyton

communities is becoming increasingly commonr â5 the ecologi-

caÌ importance of this community to total aquatic primary

production (wetzel 1983) is realized. Studies have examined

the relative impacts of heavy metals (wi1liams & Mount 1965;

Dickman 1974; Sigmon et aI" 1977i Gro1le & Kuiper 1980), in-

dustrial effluent (Evans & Marcan 1976; Moli & KeIler 1980)

and pesticides (Anderson 1981; Hodgson & Carter 1982; Hodg-

son & Linda 1984; Kosinski 1984; Kosinski ç t'terckle 1984) on

dry weight and pigment concentration (Hodgson & Carter

1982) , physiological activity (Chapter 2) and/or species

composition (nosinski 1984i Leland & Carter 1984) of artifi-

ciaL (ttodgson & Linda 1984; Kosinski 1984) or in situ (Chap-

ter 2) communities under a series of controlled treatments.

Recent investigations of the structure of freshwater hap-

tobenthic periphyton using scanning electron microscopy (eg.

Àllanson 1973; Perkins & Kaplan 1978; Hoagland eÈ aI. 1982;

Hamilton & Duthie 1984i Roemer et aI. 1984) have contributed

L.::È

80
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the spatial and temporal com-

plexity of this community. À usual seguence in the coloni-
zation of newly available substratum may begin with the ad-

hesion of sessile bacteria (Jordan & Staley 1976; Roemer et

a1" 1984), which are followed by sessile diatoms. Às hori-

zontal space is occupied, species which possess growth hab-

its positioning them avray from the substratum (eg. mucilage

stalks and tubes, basally attached cel1s) proliferate,

thereby increasing the physical stature of the community

(patrick 1978). MuIticeILuIar filamentous, and often heter-

otrichous, taxa may appear as a later stage of succession

and may themselves provide substratum for further coloniza-

tion" If this progression continues, a community not unlike

terrestrial forest is ultimately established which consists

of a canopy layer underlain by 'shrub' and 'herb' Iayers

(Hoagland et aI. 1982) 
"

It is not yet clear which of the three models of succes-

sion described by Connell & Slatyer (1977 ) best describes

succession in haptobenthic periphyton. À 'facilitation'
model, which presumes that early colonists prepare the subs-

tratum for later colonists while progressively excluding in-

dividuals of their oyrn kind, ßây have a basis in an early

apparent bacterial prerequisite to algal colonization (Korte

& B1inn 1983; Hamilton & Ðuthie 1984) and the role of diatom

mucilages in community architecture (Roemer et al. 1984),

Àn 'inhibition' model, based on competitive exclusion of

È:
ì,s-:
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later colonists by pioneer species, may be appropriate to

instances where the early colonist population persists and

increases in density over Lime (eg" Leland & Carter 1984).

Fina11y, the 'tolerance' model provides an intermediate case

in which increasing structural complexity of the developing

community favors the proliferation of species better suited

to prevailing environmental conditions within the community,

while the pioneer community dwindles in proportion of total

dens i ty .

Since periphyton community structure represents the out-

come of interspecific competition between populations of

varying sensitivity to a particular stress, examination of

the specific responses of an entire community represents a

very sensitive assay for toxicological effects. As more de-

tailed information is gained of the autecological strategies

of periphytic taxa, more detailed evaluations of toxicologi-

cal effects are possible. The importance of considering the

complex structure of periphyton is three-fold. FirstIy,

since Iittle is known of the sensitivity of individual taxa

and their importance to the creation and maintenance of

structure, it is unclear whether observed structural changes

are the direct result of specific toxicity or the loss of a

necessary prerequisite to successful colonization. Second-

Iy, the supposition that increases in community height re-

sult in, and are the consequence of vertical gradients of

1ight, COz and nutrients (Hoagland et aI. 1982) also sug-
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gests that gradients of toxicological effects, based on the

inhibitor concentration at various positions within the com-

munity, variable species tolerance of the inhibitor and

proximity of organisms capable of degrading or sequestering

the toxicant, ßây exist. Lewis et al. ( 1 983 ) have shown

that degradation rates of 2,4-D in spatially complex peri-

phyton communities are correlated with the velocity of medi-

um passage across the substratum, implying that mass trans-
port Iimitation may occur within dense'periphyton mats.

Finally, the degree and direction to which a community oe-

velops in response to xenobiotic stress may determine the

availability of organic material to higher trophic Ievels,

since taxa of differing growth habit may differ in their
palatability to grazers (eg. Patrick 1970; Kesler 1981).

The study of some effects of simazine and terbutryn on

the chlorophyll content and photosynthetic rate of freshwa-

ter marsh periphyton colonízíng artificial substrata within

in situ enclosures (Chapter 2), showed that the relative

toxicity of these compounds could be estimated from observed

leveIs of inhibition of overall community productivity" In

addition, incidental enclosure flooding during the experi-

ment provided an opportunity to monitor the extent and rate

of 'recovery' of the community. It vras concluded that long-

term effects on periphyton communities of short (<3 weeks)

exposures to these herbicides were limited. However, the

degree of structural similarity of the newly developed com-

munity to that of the unperÈurbed control vvas not assessed'

lÌ
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The present chapter reports the findings of community

structural analyses of periphyton samples collected during

the previously reported experiment (experiment B, Àppendix

A). Aspects of the autecology and synecology of Cocconeis

placentula Ehr. are discussed as they pertain to the pro-

cesses involved in colonization of artificial substrata fo1-

lowing herbicide exposure.

3"2 MÀTERIALS ÀND METHODS

Details of the experimental design are described in the pre-

ceding chapter. In brief, seven littoral enclosures (diane-

ter = 78 cR, mean volume ca. 300 t) lrere situated in a

shallow channel of the Delta Marsh, on the southern end of

Lake Manitoba, Canada (99o 19'I^i, 500 7'N). ExtruCed acryLic

rods used as substrata for periphyton colonization and

growth $rere positioned vertically in each enclosure, and

quantities of unformulated technical grade herbicides (> 98%

a"i") were added to 6 of the 7 enclosures to yield initial
concentrations of 0.1, 1 "0 and 5.Omg'L-1 (simazine) and

0.01, 0"1 and 1.Omg'r,-t (terbutryn).

maintained as an untreated control.
One enclosure was

At weekly intervals beginning 9 days after herbicide ad-

dition and continuing over a 6-week period, 3 entire rods

were randomly selected from each enclosure. Two-centimeter

rod segments were used in measurements of 1 4c bicarbonate

assimilation rate, and 60 cm segments were used in measure-
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ments of chlorophyll a concentration (Chapter 2). In addi-

tion, a 6 cm segment was subsampled from a position on each

rod corresponding to 32-38 cm above the sediment /water in-

terface, placed into a sample vial containing 9 mL of fiI-

tered marshwater and preserved with 1 mL of acid Lugol's so-

Iution. These samples were used in enumeration of

constituent algal taxa.

Preserved periphyton on rod segments vlas detached with a

rubber policeman into the original water sample, and the en-

tire sample shaken for 30 s. using a Vortex Jr. Mixer to

separate adherent single ceIls. For quantit.ative diatom en-

umeration, aliquots were removed from each sample (1-4mL de-

pending on total density) and preservative removed by serial

centrifugation and washing. The final suspension was mixed

thoroughly ano 0.1 mL aliquots vrere dispensed onto 22 mm

square glass coverslips.

muffle furnace for 6 min.

The dried slips were ashed in a

at 6000C and mounted permanently

onto slides with Naphrax high-resolution diatom mountant.

Two diametric transects of each coverslip vrere scanned at

1000x magnification and the relative abundance of each di-

atom taxon determined. A total of 500-1000 frustules vras

counted in each sample. Taxonomy followed Patrick & Reimer

( 1 966 ,1975) and Germain ( 1 981 ) " The absolute density of

each taxon per unit of original substraLum surface area v¡as

calculated from the formula:

VtxNxÀs
cells'cm- 2 =

''.,Þ.,.L.
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where vt is the total volume of the original sampre (ml), N

is the number of cerrs of each t,axon counted in two tran-
sects, As is the area of the sample on the coverslip (cmz),

F is the area of the coverslip examined in two transects
(cm2), \zs is the volume of the original sampre used on the
coversrip (nL), and Àt is the surface area of the original
rod (cm2 ).

Diatom density counts were corrected for the inclusion of
dead, intact frustules present in the original sampres. cy-
toprasmic contents in washed cell sampres were stained in an

alcoholic fast-green sor-ution (Johansen 1g4o) for approxi-
nately 1o minutes, and then rinsed with distirred water to
remove excess stain. Àliquots of the algal suspension were
placed onto coversrips, dried and mounted in Naphrax without
prior ashing. The resurting preparations provided resoru-
t.ion under phase-contrast microscopy that rüas superior to
similar preparations using acid fuchsin stain (owen et al.
1978), while shrinkage of celr contents during drying sras

minimar. Random t,ransects vrere scanned on each slide until
at least 100 cerls of predominant, taxa were examined. The

percentage of cells which had been living at the time of
collection in these subsamples (assumed to be those with
stained inclusions) was calculated and multiplied by the
previously calcurated absorute densities to give a measure

of the density of riving cerrs in the original sample. For

.rÈ..

--
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rare taxa, insufficient ceIIs were observed to aIlow correc-

tion.

Densities of algal taxa other than diatoms were calculat-

ed as above from counts obtained from diagonal transects

(200x magnification) of 0.1 mL PaImer ceIIs containing whole

preserved aliquots of each sample. Differentiation of Iive

and dead cells yras made by direct observation of cell con-

tents. Taxonomy was based on Prescott (1962), although the

fragmented nature of some filamentous green algae and the

absence of sexual reproductive parts limited specific iden-

tifications of many of these taxa.

Total algaI biovolume v¡as calculated by multiplying mean

cell volume (determined from measurements of several celIs

of each taxon, with calculation based on the nearest geome-

tric solid) by corresponding ceII densities and summing the

result for all taxa.

À measure of the degree of dissimilarity of periphyton

community structure in the control enclosure with that in

herbicide-treated enclosures was calculated using the EucIi-

dean distance function (Gauch 1982):

EDjk = [ ¿ (ei.¡ - Aik)2 ]'/' i-1

where EDik is an estimate of the dissimilarity between com-

munities j and k, Aii and Àik are measures of the abundance

of taxon i in each community, and n is the total number of

t,axa.

I
.ll
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Data matrices vrere created for each of the two herbicides

which consisted of the distances between all possible pairs

of 24 communities (considering samples from the control and

3 herbicide levels over each of 6 sample dates as discrete

communities). These matrices were calculated on 2 separate

bases by using mean density and mean biovolume of each taxon

(3 replicates / community) as measures of abundance.

À 2-dimensional graphic representation of the dissimilar-

ity of each community to all others $¡as derived using nonme-

tric multidimensional scaling (KruskaI & Wish 1978) of the

Euclidean distance matrices. Calculations v¡ere performed

using the algorithm ALscÀL (Takane et aI. 1977 ) available

under the Statistical Ànalysis System (SeS 1982) on an Am-

dahl 5850 computer at the University of Manitoba. Program

defaults for the maximum number of computational iterations,

starting configuration and convergence and minimum stress

c r i ter ia v¡ere adopted.

3.3 RESULTS

Total a1gal biovolume on artificial substrata in the control

enclosure increased substantially between the first 2 weeks

of sampling (rigure 10). Following enclosure flooding be-

lween weeks 2 and 3, biovolume decreased slightly and then

increased from week 4 onwards. The apparent correlation be-

tween flooding and reduction in periphyton biomass was also

evident in algal chlorophyll values (Chapter 2) and is in-
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terpreted as a consequence of detachment of loosely adherent

filamentous green algae during flooding.

The effects of simazine on total alga1 biovolume vlere

similar to those on periphytic chlorophyll concentration and

photosynthetic rate (Chapter 2). Mean biovolume over the

6-week period in the 0.1mg.L-1 treatment was not signifi-

cantly different (natural Iogarithm transformed data) from

the control (Duncan's multiple range testì 5% level), while

means of 1.0 and 5.Omg'L-1 treatments vrere significantly

different from all others. Levels of inhibition in the pre-

flood period were estimated at 94% and 98% (relative to the

control) in the 1.0 and 5.Omg'L-1 treatments respectively,

and suggest that community LCso (herbicide concentration

yielding 50% reduction in biovolume) lies between 0.1 and

1 .Omg'L- 1 simazine.

A significant interaction between experimental treatment

and sample date (F.|s,¿e = 9.24, P = 0'0001) vtas evident from

the sharp increase in algal biovolume following flooding of

the 1 .0 and 5.omg.L- 1 treatment enclosures (figure 1 0 ) "

Rates of increase in biovolume in these enclosures between

weeks 3 and 6 were similar to ihat seen in the control dur-

ing the corresponding time period.

Prior to enclosure flooding, high levels of inhibition (>

9e%) of algaI biovolume were noted at aII terbutryn treat-

ment levels (Figure 1 1 ), suggesting that the LCso of marsh

i

t:
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Figure 10: Total algal biovolume over the 6-week period of
the experiment in the control enclosure (o---o)
and in enclosures treated with 0.1 (o---o), 1.0
(o-'-o) and 5.0 (o"'o) mg'L-1 simazine. Error
bars are the SD of replicates (n = 3). The
approximate period of enclosure flooding is
indicated by the vertical bar.
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Af terperiphyton for this herbicide Iies below 0.

the third week of sampling (post-flood),

in alga1 biovolume in the lower 2 treatment

ilar to that of the control. Sustained low

in the 1 .Omg'¡- t enclosure s¡ere probably

post-flood residue terbutryn concentrations

rates of increase

levels were sim-

biovolume levels

related to high

The periphytic algal community on substrata in the con-

trol enclosure was dominated throughout the experiment by

sessile and erect diatoms and filamentous green algae (ri.g-

ure 12). The 0.1mg'1-t simazine treatment appeared to favor

the incidence of diatoms (weeks 1-2), although variability

between replicates suggests that the difference was not sig-

nificant" Following flooding, green algae increased in

abundance to proportions similar to the control.

The apparent dominance of green algae in the initial sam-

ple from the 1,Omg'L-r simazine treatment is likeIy a result

of overall low algaI abundance (rigure 10) coupled with the

chance appearance of sparsely distributed Chlorophyte taxa

during counting procedures.

in t.he 5.0m9'L- 1 enclosure.

Similar results were not noted

The two enclosures þtere, how-

ever, similar in t.he post-f lood response, in which diatoms

assumed overwhelming dominance on substrata throughout the

remainder of the 6-week experiment The increasing inci-

dence of green algae by week 6 in the 1.Omg'L-1 enclosure

vras confirmed by samples collected sporadically over a sub-

sequent 4-week period.
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Figure 122 Change in proportions of
divisions over the 6-week
experiment in the control
enclosures (0.1, 1.0 and

Èhe three major aIga1
period of the
and simazine-treated

5.0m9'L-1).
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Responses of alga1 community structure to initial terbu-

tryn exposure differed markedly from those for simazine

(nigure 13 ) . Àlthough algal density was very low in all
treatments, a large proportion of total biovolume was as-

sumed by a small (< 5 um lengt.h) cyanophyte of the order

Chamaesiphonales, which, despite careful examination of more

dense communitiesr wâs not found in control and simazine en-

closure samples" Relative increases in diatom abundance

following flooding were concomitant with the disappearance

of this taxon, Increases in green algal density were not

apparent in subsequent sampling of substrata from terbutryn-

treated enclosures.

Seventy-three periphytic algal taxa were observed during

this experiment, with the largest number reccrded in control

and 0. 1mg.¡,- t simazine enclosures. Species richness in-
creased from the pre- to post-flood periods in all enclo-

sures (table 10) although the difference was most pronounced

in enclosures in which pre-flood algal inhibition was high.

Changes in the specific taxonomic composition of periphyton

in experimentally manipulated enclosures are best illustrat-
ed by the two most numerically dense taxa, Cocconeis pla-

centula (varieties lineata and euqlypta) was the most abun-

dant (on both numbers and biovolume bases) diatom taxon" In

the control and 0.1mg.¡- t

Cocconeis accounted for ca

throughout the experiment.

simazine enclosure (rigure 14) ,

" 25% of t.otal algal biovolume

Absolute numbers of this diatom
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Figure 1 3: Change in proportions of
divisions over the 6-week
experiment in the control
enclosures (0.01, 0.1 and

the three major algal
period of the
and terbutryn-treated
1.0m9'L-1).
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increased rapidly in the first 2 weeks of sampling and then

reached a stable plateau population of about 2.8 x 10s

ceIls'cm-2. Differences between the two enclosures were not

significant at the 5% level" Prior to enclosure flooding,

Cocconeis vras present in periphyton exposed to high treat-

ment levels of simazine in approximately the same propor-

tions as the control although absolute density vtas reduced

by approximately 99% in both cases. Following flooding,

ce11 densities in 1.0 and 5.0m9'L-1 enclosures increased at

rates (4.5 t 0.3 x 104 and 3.6 t 1.5 x 104 cells'cm-2'd-1

respectivety) similar to rates observed in initial samples

of control and 0. 1mg'L- 1 enclosures substrata (4.0 t 1 .2 x

104 and 2.8 t 1.5 x 104 celIs'cm-2'd- 1 respectively). Sta-

ble plateaus vtere attained at levels greater than in the

controL (ca. 4.2 x 10s ce1ls'cm-2) with the exception of the

Iast sample date in which densities v¡ere not significantly

different. In addition, the proportion of total biovolume

attributable to Cocconeis was considerably greater than in

the 1 .0 and 5.Omg'L- 1 enclosures, reaching greater than 90%

by week 4.

Strikingly similar results were found in terbutryn-treat-

ed encLosures in the post-flood period (nigure 15). FoIlow-

ing Èhe herbicide exposure period, in which the abundance of

Cocconeis was very low (< 0.1% of control) in all enclo-

sures, densities increased rapidly in the 0.01 and 0.1mg'¡.-t

enclosures (5.5 t 3.1 x 104 and 3'3 t 1 "9 x 104
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Figure 14t Density of Cocconeis placentula (Inset:
proportion of total biovolume) over the 6-week
period of the experiment in the control
enclosure (t---.) and in enclosures treated with
0.1 (o---o), 1.0 (o-'-o) and 5"0 (o"'o) m9'L-1
simazine. Error bars are the SD of replicates
(n = 3). The approximate period of enclosure
flooding is indicated by the vertical bar.
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TÀBLE 1 O

Species list of periphytic alga1 taxa

collected from artificial substrata positioned within experimental
enclosures. 'l = control, 2-4 = simazine (0.1, 1,0 and 5.0 mg'L-1
respectively), 5-7 = terbutryn (0.01, 0.1 and 1.0 mg'L-1
respective1y),A=pre-f1ood,B=post_fIood,P=<
C = 5 - 25% toLal density, À =

Spec ies
12

ABÀBÀ
4567

BÀBABÀBÀB

Bacillariophvta

Achnanthes lanceolata Breb.ex.Kutz.
À. minutissima Kutz.
Amphora ovalis (t<utz. )nutz"
À. perpusilla (Grun. )Grun.
Ànomoeoneis sphaerophora (nhr. )pf itzer
Bacillaria paxillif er (¡¿utt. )Hendey
Caloneis amphisbaena (nory. )c1eve
c. bacillum (Grun. )Cleve
Cocconeis placentula Ehr.
Cvclotella co¡lIEa (ehr. )ttutz.
C. qlomerata Bachmann
ç.. meneohiniana Kutz.

P
P

PPPP
PP

PPPP PC
PP

PPP
PP

PPPP P
ÀÀÄÀA.È.C
P

PP PCP
PP
P
PP

PP P
PC

PPPP PCP
PPP P

P
PPPPP A P
PPPPP P
CPCCPP P
PPPP P P

P

P

PPP
P

ÀPÀPAPÀ

CPP

PC PP

P
Cvmbella cistula (Hemp. )Grun.

) ereb.

Grun.

C" muelleri Hust.
Denticula sp.
Diatoma vulsare Bory.
Epithemia adnata (rutz.
E. turqida (ehr . ) t<utz .
Fraqilaria brevistriata
F. capucina Rabh.
Gomphonema aff ine Kutz.
G. parvulum Kutz.
9.. subc lavatum Grun "G. truncatum Ehr.
Gyrosiqma spencerii (Quek. )Griff "&HenfrNavicula capitata Ehr.
N.. circumtexta l"leist."ex Hust"
N.. crvptocephala Kutz. P
N. cuspidata ( itutz " ) nutz .
N. elmorei Patr.
ñ. ñãrõprrTra ( Grun . ) cr .

N. menisculus (Grun. )Grun.
N. minuscula Grun.
N. ó5roã-qa (Kurz. ) xurz.
N.. pelliculosa (Breb.ex Kutz. )giIse

PPP
PPP

P
PP

P

PC
P
P
P
P

c
PCP

P
PPP

P
PPP

PP
PPP

PPPP
P

PPP

PPCPP PCP
P
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P

P
PC

PPPP C
PP

P
P P CP

P

P
PPP
P
P

P
PPP

PPPP
PP P

PPPP
PPPPPP

PP
P

ccccÀP
P

PP
CPCC P
PPP

P
AÀÀAAC

Table 10 continued

pereqrina (nhr. )xutz.
pupula Kutz.
pvgmaea Kutz.
radiosa Kutz.
rhvncocephala Kutz.
secura Patr.
ffiGîtum Patr.

PPP

PPP

P
PPP

P
PCPPP

P

PP

PPP

P

CP

P
P

c

PPP
PP

PPPP P
P
PP P

P
PPPP P

PP
P

cPcccP
P

P
PP
PPP

ACAAÀP
PP

N. tenera Hust.
Nitzschia acicularis W.Sm.
N. amphibia Grun.
N. denticula Grun.
N. dissipata (nutz" )crun.
N. hunqarica Grun.
N. inconspicua Grun.
N. Iinearis W.Sm.
N. Ionqissima (sreb. )RaIfs.
N. palea (t<utz.)w.sm.
N. pusilla Kutz.
N. siqmoidea (ehr.)w.sm.
Opephora martvi Herib.
Rhoicosphenia curvata (xutz" )Grun.ex Ra
Rhopalodia qibba (etrr. )o.t'tutt.
Svnedra delicatissima W.Sm.
S. fasciculata (eg. )Kutz.
S. rumpens Kutz.
s. ulna (uitz. )ehr.
Unknown diatom sp"

Chlorophvta

Bulbochaete sp.
Coleochaete irreqularis Pring"
q. orbicularis Pring.
C. scutata Breb.
Pediastrum borvanum (turp. )Meneghini
Scenedesmus guadricauda Breb.
Stiqeoclonium sp.

Cvanophyta

Ànabaena sp.
Chamaes iphonales
Gloeotrichia sp.

P

PPPP

24341212 3 211
93653451636719

Species Richness
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cellS.cm-2.d-1) to attain densities greater than the control
(7.2 x 10s and 4.4 x 10s cells'cm-2 fot the 0.01 and

0.1mg'L-r treatments respectively). OnIy a slight increase

in Cocconeis density was seen at 1.Omg'L-1 (relative maxima

of 500 and 22t600 cells'cm-2 in the pre- and post-flood

periods respectively) although this taxon had nevertheless

assumed dominance of the periphyton community by week 3"

The filamentous green alga Stiqeoclonium sp. vras the nu-

merically dominant Chlorophyte taxon in all enclosures" In

control and 0.1mg'L-1 simazine enclosure (rigure 16), densi-

ty of this genus increased throughout the experimental peri-

od, particularly in the last 3 weeks. Differences between

the Lwo treatments l¡ere not significant (5% Ievel)" on the

other hand, thi s taxon occurred only rarely in the '1 . 0 and

5.Omg'¡-t enclosures prior to and following enclosure flood-

ing, and contributed only a small proportion of total biovo-

Iume (< 4%) up to week 6. This was also true for aII terbu-

tryn-treated enclosures, in which the genus never

conLributed more than 1% of total biovolume (figure 17) in

any of the three treaLment levels'

Ordination of aIgal periphyton community structure data

was based on both specific density and biovolume Respec-

tive multivariate models fitted to both simazine and terbu-

tryn datasets resulted in stress values (measures of the

poorness-of-fit of the model to experimental data - Kruskall

& Wish i978) of less than 0.13 (13%) in two dimensions' and



Figure 1 5:

101

Density of Cocconeis placentula (Inset:
proportion ot total biovolume) over the 6-week
period of the experiment in the control
enclosure (.---o) and in enclosures treated with
0.01 (o---o), 0.'1 (o-'-o) and 1.0 (o"'o) mg'L-1
terbutryn. Error bars are the SD of replicates
(n = 3). The approximate period of enclosure
flooding is indicated by the vertical bar"
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explained greater than 92% ot variance in scaled experimen-

tal data. In the case of both herbicides' use of either

abundance measure resulted in similar spatial representa-

tions. Ànalyses of data matrices based on density, however,

yielded lower overall stress values (< 6Ð and provided more

readily interpretable results. Consequently, only these

data are presented.

Data from week 1 samples from the control and all sima-

zine enclosures are represented as points in the lower right

quadrant of the 2-dimensional ordination diagram (rigure

18). Since the Euclidean measure of dissimilarity is based

on total abundance as well as specific composition, the ap-

parent similarity of these samples, in which densities were

consistently low (rigure 10), is not surprising.

Temporal sequences in community composition in each en-

closure are represented by lines connecting successive sam-

ples in each case (rigure 18). The seguences in control and

0"1mg'¡-t simazine enclosures initially are oriented diago-

nally to the two dimensions and following week 3-4, nearly

perpendicular to initial samples. SIight divergence between

the enclosures is seen in week 6 samples. By contrast, sam-

ples from the 1.0 and 5.Omg'L-1 samples progress only in the

former direction and at an apparently different angle to the

control and 0. 1mg'L- r ireatments (rigure 1 I ) .
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Figure 1 6:
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Density of Stigeoclonium sp. (Insets proportion
of total biovolume) over the 6-week period of
the experiment in the control enclosure (o---t)
and in enclosures treated with 0.1 (o---o), 1.0
(o-'-o) and 5.0 (o"'o) mg'L-1 simazine. Error
bars are the SD of replicates (n = 3). The
approximate period of encLosure flooding is
indicated by the vertical bar"
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The bidirectional orientation of the temporal sequence in

control samples is also illustrated in comparison with ter-

butryn-treated enclosures (figure 19), whereas samples from

0.01 and 0. 1mg'L- 1 treatments exhibit a Iinear sequence "

Owing to their consistently low total abundance, none of the

samples from the 1.Omg'L-r treatment are discriminated from

week 1 samples in the lower, right quadrant. of the plot.
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Figure 17: oensity of Stigeoclonium 9p. (Inset:
óiãõãiiio" of iotal biovorume) over the 6-week-o.tiod of the experiment in the control
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iÃ-= gl. The approximate period of enclosure
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Figure 1 8:
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Nonmetric multidimensional scaling of Euclidean
distances between algaI communities in contrcl
and simazine-treated enclosures. Week 1 samples
are s i tuated in the lower r ight quadrant of *-he

plot and temporal sequences are indicated by
lines connecting successive samples from the
control (.---.) , 0.1 (o---o) , 1 .0 (o-'-o) and
5"0 (o"'o)mg'L-1 encfosures" Àxes are
dimensionless.
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Figure 192
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Nonmetric multidimensional- scaling of Euclidean
distances between aIgaI communities in control
and terbutryn-treated enclosures. Week 1

samples are situated in the lower right quadrant
of the plot and temporal seguences are indicated
by lines connecting successive samples from t.he
control (.---.), 0.01 (o---o), 0.1 (o-.-o) and
1"0 (o..'o)mg.¡-t enclosures. Àxes are
dimensionless 
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3.4 DISCUSSION

Evaruation of the degree of toxicity of the two herbicides

based on total periphyton biovolume is consistent with those

made previously (Chapter 2), and indicate that terbutryn was

much more toxic than simazine at similar levels. Linear re-
gression analyses of biovolume data with corresponding chlo-
rophyll and photosynthesis data resulted in correlation
coefficientsof0.96and0.62respective1y(bothp<
0.0005).

The apparent correspondence of chlorophyll, photosynthet-

ic rates and the aIgal biovolume measurements presented here

should not be taken as evidence of redundancy. Àlthough

each parameter responded to herbicide toxicity in a similar
manner in these experiments, differing results have been cb-

tained in other enclosure experiments under specific circum-

stances (goldsborough unpubl.). For example, photosynthetic

measurements based on 1aC-assimilation rates do not differ-
enLiate oxygenic from anoxygenic sources in the presence of

photosynthetic bacteria, which would be insensitive to pho-

tosystem II-inhibiting triazine herbicides (uoreland 1980) "

Under favorable conditions of anaerobiosis and high concen-

trations of reduced compounds (both are secondary effects of

herbicide addition Chapter 5), such bacteria may flourish
(eg. Àppendix B)" Furthermore, while chlorophyll a measure-

ments are sensitive to vegetative biomass, current spectro-
photometric methods are unable to account for the spectral
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overlap of this pigment with those of bacteriochlorophylls c

and d (Stanier & Smith 1960) when these latter pigments are

present in periphyton extracts (eppendix B). Of the three

measures, biovolume calculations most directly reflect aIgaI

success. Any direct extrapolation of biovolume measurements

to productivity wou1d, however, assume that all production

is photolithotrophic, so that the potential contribution of

heterotrophy to maintenance of algal populations is ignored.

r^IhiIe these interferences are not necessarily implicit in

aII data, and may occur only rarely, the use of multiple

measures of total aIgal production guards against spurious

conclusions, and can provide additional insight into toxico-

logical effects.

llith the increasing availability of computer facilities,

the ability to describe community structure and dynamics

with multivariate models is becoming more widespread. Some

foresight as to the salient features important to the deter-

mination of 'ecological distance' may, however, yet be nec-

essary. It is our belief that two parameters are of major

significance in describing the toxicological effects of a

compound t.o a natural community. These include both the ab-

solute density of the community (function) and its struc-

ture. It is insufficient to conclude on the basis of total

algal biomass that a compound has no 'long-term effects' if

that compound had in fact eliminated a major species. Àt

the same time, if all species were inhibited to similar ex-
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tents, comparison of control and treatments mereJ-y on the

basis of relative species composition overlooks secondary

effects of reduced biomass on energy flow between trophic

levels. The Euclidean function used here incorporates both

of these aspects, although the extent to which other dis-

tance indices do so varies. Similarly, Lhe use of nonmetric

ordination minimizes model stress resulting from an inappro-

priate assumption regarding the correspondence of the dis-

tance function chosen and true ecological distance (KruskaI

& Wish 197e). Eigenvector ordination techniques (which do

not require the input of calculated distances) may or may

not provide a satisfactory representation of the above two

factors. For example, while we have used detrended corre-

spondence analysis (oCe) to successfully discriminate phyto-

planktonic, haptobenthic, and herpobenthic algal communities

in shallow eutrophic ponds (Shamess et aI. 1985), that anal-

ysis based comparisons between communities on the relative
proportions of constituent taxa (giff 1979)" Thus, similar

ordination of the present simazine data matrix, in which re-

duction in total biomass was arguably as important as change

in specific composition, resulted in a poor separation of

samples along one axis with little information drawn from a

second, anC did not allow the differentiation of temporal

successional patterns.

By contrast, the sequence of colonization of newly avail-

able substratum in the control and 0.1mg'L-r simazine enclo-
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sure is summarized by the bidirectionar orientation of sam-

ples by the present ordination (rigures 18-19). The two di-
rections may in effect summarize the two major components

involved in succession, namery expansion in the horizontal
and vertical planes. The divergence of succession as a re-
surt of herbicide exposure is also well described and may

reflect the loss of community 3-dimensionality.

The seguences of periphyton succession on substrata from

the control and 0.1mg'r.-t simazine treatments were quarita-
tively similar to that described by Hoagland et aI. (198Ð.

within a few days of substratum placement, a visibre bacter-
ial coating had developed over the entire surface of each.

within 9 days of substratum exposure (week 1 ), several peri-
phytic algal taxa had become established (tabre 10), incluo-
ing the majority of those which would become abundant over

the subsequent 5-week period. Cccconeis increased in abun-

dance between weeks 1 and 2, while stalked diatoms (oom-

phonema Þarvurum, G. subclavatum and g. affine) and rosette-
shaped crusters of Nitzschia parea were most abundant

between weeks 2 and 4. Finarly, the density of filamentous
green algae increased significantly between weeks 4 and 6

(cf' Figures 16-17). The maintenance of a stable popuration

of placentula between weeks 2 and 6 is consistent withc

the

pers

tolerance' model of succession, which aIlows for the

istence of healthy, intact early colonists in a develop-

ing community" While aspects of 'facilitation' by early
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colonists (particularly bacteria) cannot be ruled out, the

presence of later colonists (green algae) in week 1 samples

implies that there are no algal prerequisites to their colo-

nization and that a period of delay prior to their prolifer-

ation (weeks 4-6J may be a reflection of slow rates of

growth.

No major taxon (> 5% of total density) vlas present in si-
mazine-treated enclosures which was not also present on con-

trol substrata. Moreover, there was no evidence that a

clearly herbicide resistant/tolerant community had developed

in the 2.5 week period prior to enclosure flooding, although

the lower relative abundance of filamentous green algae at

5.Omg'L-t suggested that these taxa were selective1y inhib-
ited to a greater extent than others. Kosinski (1984) has

drawn a similar conclusion in studies of the impact of atra-
zine on stream periphyton. Due to the extremely low alga1

density in all terbutryn-treated enclosures, little can be

said of the response of community structure to herbicide ad-

dition" The exceptionally high abundance of a periphytic

blue-green alga in these enclosures, however, suggests that

this taxon possesses some means of herbicide resistance/to1-

erance" At the same time, its disappearance from 0.01 and

0 " 1mg.L- I treatments, and rerluced abundance in 1 . Omg .¡- t

following flooding indicates t.hat it is a poor competitor

for resources with less tolerant species. Ànalogous conclu-

sions have been reached in experiments dealing with triaz-
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ine-resistant terrestrial weed biotypes (Conard & Radosevich

1979), and suggests that herbicide tolerance in general may

be achieved at the expense of ecological fitness.

The post-flood successional sequence in herbicide-treated

enclosures more closely resembled ConneIl & Slatyer's (1977)

'inhibition' model in which an early colonist (Cocconeis

placentula) effectively excludes other colonists. From an

ecological standpoint, the dominance of Cocconeis in herbi-

cide-perturbed periphyton communities is of considerable in-

terest due to its reported ubiquity in lotic and lentic en-

vironments over a wide salinity range (t'tctntire & Moore

1978; Patrick & Reimer 1966) , including a variety of subs-

tratum types in the Delta Marsh (Hooper-Reid & Robinson

1978; G.Kruszynski unpubl.). Despite its widespread distri-
bution and relative abundance, however, definition of its
niche has proven elusive. A survey of the literature has

indicated a preference for slow rnoving water in lotic habi-

tats (Jones 1978), horizontal positioning (Godward 1934) ,

moderate specific conductance and alkalinity (patrick &

Reimer 1966t Higashi et al. 1981; Tuchmann & B1inn 1979),

moderate water temperature (Hickman & Klarer 1974; Tuchmann

& Blinn 1979; Hickman 1982), high nitrate concentration

(patrick 1978) and low light intensity (Hickman & KIarer

1974; Hickman 1982i Jenkerson & Hickman 1983). Other fac-

tors which may be related to high Cocconeis density include

reduced susceptibility to grazing pressure (patrick 1970;

, ì 
' 

lt' ' '
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Kesler 1 981 ) , extended colonization period (nesler 1 981 ) ,

increased substratum age (Siver 1978; Rogers & Breen 1981)

and mid-Iate summer season (Brown & Àustin 1973; Kesler

1 981 ; Hickman 1982) " Some of these conclusions have un-

doubtedly arisen from subjective interpretations of assumed

cause and effect relationships between observed periodicity
and environmental factors. Reconciliation of some apparent-

ly contradictory factors may be possible, although there is
a clear need for autecological studies of common periphytic

alga1 species such as Cocconeis, and of the possible exis-
tence of distinguishable ecotypes"

Interspecific competition between Cocconeis and other
periphytic diatoms has been documented. Brown & Austin
(1973) found that the density of ç.. placentula on glass

slides vras correlated with the density of Àchnanthes minu-

tissirna such that increases in the proportion of one corre-
sponded to decreases in the other" Patrick (197e) described

a similar relationship between ç.. placentula and À. lanceo-

Iata while Tuchmann & BIinn (1979) have reported a relation-
ship between the relative proportions of C" placentula and

Amphora coffeiformis (ag.)Kutz. in the periphyton colonizing

submerged macrophytes. Outcome of competition in the l-atter
study v¡as apparently inf luenced by Èemperature, v¡ith Cocco-

neis prevailing at temperatures less than 260C In these

examples, it is presumed that both competitors share a com-

mon niche such that occupation by one reduces space avail-
able for the oÈher (Patrick 1978)
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Additional evidence that Cocconeis actively competes for

space on substrat,a is provided by data of the periphyton

community structure colonizing vertically-positioned acrylic
rods in the Delta Marsh (noUinson & Goldsborough unpubl.).

In these samples, pêFiphyton communities lrere dominated by

C. placentula, Epithemia adnata and E. turqida, and evidence

of an inverse relationship between the absolute density of

epithemia spp. and Cocconeis was found (rigure 20). More-

over, samples collected 12 days following substratum place-

ment (29 July) were characteristically dominated by epithe-

mia, while those collected 4 weeks later (18 Àugust) were

predominately composed of Cocconeis. It appeared that Coc-

coneis was the superior competitor under the the prevailing

environmental conditions by week 4, although the basis upon

which predominance was achieved could not be determined.

Tuchmann & Blinn (1979) report a similar relationship be-

tween epithemia and Cocconeis which they attributed to l-ow

(< 18oC) temperature preference by Epithemia. In the pres-

ent data, the densities of Epithemia spp. were consistently

low (table 10).

The suggestion that development of Iarge populations of

Cocconeis is favored by low light intensity is particularly

attractive, as it could explain why Cocconeis may be outcom-

peted in a spat,ially dense community by individuals of in-

creasing physical stature" Several lines of evidence, how-

ever, suggest that this expJ-anation may be too superficial
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Firstly, the correlation of Cocconeis density with lovr am-

bient light intensity is based on the observed environmental

distribution of Cocconeis rather than on determination of

its photosynthetic saturation characteristics and adaptabil-
ity. Second1y, the presence of low light conditions in an

environment where Cocconeis is reported does not a priori

assume dominance by Cocconeis; although this taxon is abun-

dant on many habitats in the De1ta Marsh, it is notably rare

on the undersides of dense mats of Lemna minor (Coldsborough

& Robinson 1985) where ambient Iight intensities are low.

Thirdly, Cocconeis achieved dominance in the experimental

enclosures used here despite high water clarity (n = 0"0302

cm-1), and light intensity (up to 650 uE.m-2.s-1)(Chapter

2). These observations imply that the occurrence of Cocco-

neis under low light conditions is not based on physiotogi-

cal requirements"

The ability of Cocconeis to proliferate under conditions
of low Iight may be reconciled with the present observations

by presuming that the role of light is in determination of

total periphytic biomass and hence density of resource com-

petitors. If it is then assumed that Cocconeis is an cppor-

tunistic competitor (irrespective of light intensity), its
dominance in mid-Iate summer (when shading by macrophytes

reduces competition) and at greater depth (Godward 1937) and

in winter (Hickman 1g82) are consistent.
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Figure 202 Apparent relationship between the density of
Cocconeis placentula and epithemia spp. (n.
adnata and E. turqida).
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Data concerning the role of grazers in
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determination of

Cocconeis populations are contradictory. Dickman & Goch-

nauer (1978) concluded that intensive grazing pressure by

benthic invertebrates prevented C. placentula from out-com-

peting other species for space on tiles placed in a small

stream. Conversely, KesIer ( 1 981 ) found that selective
grazing of other algae by the snail Àmnicola resulted in the

proliferation of Cocconeis. Moreover, Higashi et aI. (1981 )

determined that the proportion of Cocconeis in the faeces of

the snail Sinotaia historica was less than its proportion of

the periphyton community, while those of other species were

the same or greater. In the present investigation, inter-

mittent observations of colonized acrylic rods which had

been graàed (predominantJ-y by snails) indicated that little
periphytic material escapes grazing. By virtue of its

tightly appressed growth habit, in which a large portion of

the raphidinate valve is effectively cemented to the subs-

tratum by a mucilage pad (Round 1981), it is not unreason-

able to presume, however, that some Cocconeis ce1ls would

escape grazing. Medlin (1980) has invoked this explanation

for t.he increased abundance of Cocconeis scutellum as a re-

sult of limpet grazing" Given the rapid rate at which Coc-

coneis populations increased on substrata in post-flood her-

bicide enclosures (maximum = 5.5 x 104 ce11s'cm-2'd- 1 ),
which is significanÈIy greater than maxima reported for to-

taI diatom increments in other habitats (eg. 2.5 x 103

cel1s'cm- 2 .d- 1 Stevendon 1 983 ) , cells which escape grazing
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would be provided v¡ith a substratum virtually free of com-

petitors and may be able to disseminate over the substratum

very quickly to form nearly mono-specific stands.

without experimental verification of assertions drawn

here, there can be no definitive explanation for the shift
in periphyton community structure resulting from herbicide

exposures. À hypothesis which is offered, however, states

that the temporal delay in the onset of succession brought

about by herbicide exposure had two significant effects.
One effect $¡as a change in abiotic environmental factors to

conditions which favored colonization by Cocconeis. It has

been noted that Cocconeis achieves peak biomass in mid-Iate

summer in the Delta Marsh (G.Kruszynski unpubl.), although

this distribution may have bases more complex than mere sea-

sonal change, and may include effects of nutrient supply,

light and temperature on periphyton growth. Moreover, the

incidence of maximum cover by aquatic macrophytes in t.he

Delta Marsh appears to coincide with the incidence of Cocco-

neis and may relate to possible light effects discussed ear-

lier. This explanation cannot, however, be applied in a ma-

crophyte-free enclosure. Differences in mean ambient water

temperature with time were minimal (< 2oC) are unlikely to

have a bearing on the present results.

The chemical environment in our experimentally manipulat-

ed enclosures did not remain constant. Soon after herbicide

addition, substantial increases in some dissolved nutrients
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(ammonia, phosphorus, nitrate, silicon) and decreases in

dissolved oxygen were detected (Chapters 2 and 5). Such ef-

fects have been widely documented although Èhe cause is yet

unclear. Many attribute these changes to release of labile

compounds during plant decay (eg" Ànderson 1981), while ex-

periments using pairs of bottomed and unbottomed enclosures

indicate that stimulated sediment efflux may be involved

(Chapter 5).

Às a result of enclosure flooding, nutrient levels in aII

enclosures decreased. Within 3-4 days, nutrient concentra-

tions in all terbutryn-treated enclosures, and the 5.Omg'L-1

simazine enclosure increased. Sixteen days after flooding,

decreases in concentration of ammonia and silicon did occur

in the 0"01mg'l-t terbutryn treatment. This latter observa-

tion may be significant, âs the largest Cocconeis population

was established in this enclosure.

À second significant effect of the herbicide treatment

which may have favored Cocconeis was the reduction of total
periphyton density (and hence resource competitors) at the

time of substratum recolonization by resident species. It

is plausible that Cocconeis predominates because it is best

able to colonize at the earliest possible t.ime' grows quick-

Iy and is able to deplete a limiting resource before poten-

tial competitors can become established. Circumstantial ev-

idence suggests that Cocconeis is at least partially

tolerant of ttre herbicides used here and so might be expect-
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ed to be an early colonist in enclosures in which low (but

stiIl phytotoxic to many species) herbicide concentrations

existed. It was abundant in the post-flood 5.Omg.¡-t sima-

zine enclosure, and it maintained an apparently viable popu-

lation (increase in density with time of ca. 457 t 157

cells.cm- 2'd- r ) in the 1 .0 mg'L- 1 post-flood terbutryn en-

closure. Moreover, intact frustules of C. placentula (con-

taining cytoplasm and plastids) were observed in all experi-
mental enclosures prior to flooding. The implication is
that ç.. placentula is either able to photosynthesize in the

presence of sufficient quantities of the herbicide to reduce

total biovolume (detectabie levels of carbon assimilation
r.rere observed in all pre-f Iood herbic ide-treated enclosures,

although the contribution by Cocconeis is unknown) or can

maintain itself in the face of photosynthetic inhibition
through heterotrophy. This later assertion is not unreason-

able given the demonstration of glucose uptake by this spec-

ies (eip & Robinson 1982) and the anticipated high organic

Ievels in the marsh and the expectation that leve1s of or-
ganic compounds also increase as a secondary conseguence of

herbicide addition. Tuchmann & Blinn (1979) have cited the

rarity of C. placentula on chemically inert artificial subs-

trata and its abundance on adjacent macrophytes as evidence

of a heterotrophic requirement of t,his species, although

this observation is not corroborated here.
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In conclusion, the responses upon which recovery of a

community fol-lowing stress is determined must be re-evaluat-

ed. Conclusions based on numbers alone provide some indica-

tion of the return of community function but not of struc-
ture " The present study points out the importance of

considering both function and structure in toxicological as-

sessment, for even short herbicide exposures had profound

effects on periphyton community structure. Long-term moni-

toring wiIl be necessary to est,ablish whether these changes

in structure are irreversible and whether they do have a

bearing on the productivity of subsequent trophic levels.
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Chapter IV

STRUCTURAL ÀND FUNCTIONAL RESPONSES TO SHORT
HERBICTDE EXPOSURES

4"1 INTRODUCTION

À common supposition of herbicide usage in aquatic environ-

ments is that selective pressure may favor the rapid estab-

Iishment of resistant algal biotypes given the short genera-

tion time of algal cells (Hurlbert 1 975). Induction of

varying degrees of herbicide resistance through mutation has

been achieved in unispecific laboratory cultures using ul-
traviolet light and/or mutagenic chemicals (Mceride et a1.

1977; Galloway & Mets 1982), or simply t.hrough repeated ex-

posure to the herbicide (Ctro et aI. 1972i Bednarz 1981)"

Observations of marked increases in periphyton biomass suc-

ceeding herbicide (diquat, endothall, copper) treatment of a

small lake (Hodgson & Carter 1982) suggest proliferation of

resistant populations. Attempts to experimentally elicit
resistance in naturaL algal communities have, however, pro-

vided varied results. Based on in vivo chlorophyll fluores-
cence measurements, deNoyelles et al, (1982) concluded that

a physiologically resistant community of phytoplankton had

developed in ponds treated with 0.02 and 0.5 mg'L- 1 atra-
zine. Shifts in community strucLure were also detected.

deNoyelles & KettIe (1983) reported similar findings for si-

123
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mazine-treated ponds. On the other hand

chronic dose ( 0.01 mg'L- 1 ) of atrazine to
in a lotic periphyton community (rosinski

Kosinski 1984) was unsuccessful.

124

, the use of a

induce resistance

& Merckle 1984¡

Àssessment of the physiological impact of herbicides on

algae has Iargely centered on the calculation of dose-re-

sponse curves for cultures of individual clones (eg. WaIsh &

Alexander 1980; Blanck et al. 1984; Stratton 1984). What

this approach neglects in extrapolation to potential effects

on natural periphytic algal communities is the complex se-

ries of inter- and intraspecific interactions which can ex-

ist in a spatially complex a1gal mat. Evidence for the es-

tabl i shment of resistant populations in naturaL

phytoplankton assemblages based on observed changes in spe-

cific proportions (eg. Schwartz et aI" 1981; Scott et aI.

1985) fotlowing herbicide treatment may be misleading in the

context of a periphytic community, since it might be unclear

whether any such changes $tere the result of direct toxic ef-

fects or secondary effects of the herbicide on niche avail-

ability (attachment space, nutrient and light supply etc.).

Nonetheless, the impact of a herbicide exposure is at least

partially a function of specific resistance to the herbicide

concentration in the adjacent medium, which in turn may be

mediated by such factors as sorption/desorption processes,

chemical and biotogical degradation etc. Evidence that the

architecture of a periphyton community may influence the
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IeveIs of toxicity of a herbicide derives from studies in
which mass transport limitation of organic and inorganic ma-

terials (including the herbicide 2,4-Ð) in dense periphyton

mat,s (Neal et aI. 1957; Bruno et al . 1982; Lewi s et al .

1 983 ) was demonstrated. Furthermore, O'NeaI & Lembi ( 1 983 )

suggested that self-shading in thick metaphytic algaI mats

could limit the effect of photosynthetic inhibitors. By ex-

trapolation, the observation that increases in periphyton

community stature with time through the growth of taxa poss-

essing erect and pedunculate growth habits (Hoagland et aI.
1982) may imply that increasingly shaded underlying vegeta-

tion could escape herbicidal effects. Such effects would be

most pronounced in quiescent environments in which the peri-
od of exposure to the toxicant vlas short. While the wide-

spread applicability of any interaction of community struc-
ture and chemical toxicity is yet unknown, it could in part

explain Blanck's (1985) observation that the ECso (concen-

tration of a compound causing 50% inhibition of a metabolic

process) to aliphatic amines of periphyton sampled from sev-

eral rivers in Sweden varied with a1gal biomass.

To address the question whether herbicide resistance in

natural marsh periphyton communities can be induced through

short exposures, and to determine the extent to which commu-

nity structure and development may bear on inherent sensi-

tivity, two experiments were conducted (experiments C and F,

Àppendix A) in which colonization of artificial substrata



situated within Iittoral enclosures

tored prior to and subsequent to the

Temporal changes in algal biomass,

and static sensitivity to herbicide

within a herbicide treated enclosure

of an unperturbed control.
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by periphyton was moni-

addition of simazine.

communi ty composit ion,

(Ecso ) of periphyton

were compared to those

'Resistance' is used conditionally throughout in the ab-

sence of specific physiological mechanisms and may include

varying aspects of tolerance.

4"2 MÀTERIALS AND METHODS

In each experiment, t,wo cylindrical enclosures were con-

structed (Chapter 2) and positioned in channels of the Delta

Marsh, oñ the southern end of Lake Manitoba, Canada (990

19'w, 50o 7'N) in water of ca. 60 cm depth. Submerged ma-

crophytes contained within the enclosures were harvested 6

days prior to the beginning of the experiments.

Pre-scored arti f ic iaI substrata (Coldsborough et aI "

1986) were positioned vertically within each enclosure and a

colonization period of 14 days vras allowed prior to experi-

mental manipulations. Technical grade simazine Þ97 "7%

a.i") was dispensed in a gauze sac in a quantity sufficient

to give approximately 1,0 mg'L-1 in the enclosure water vol-

ume (ca. 300L) and was added to the water of one enclosure

(designated 'H'). Regular squeezing of the sac in the first

2 days following addition ensured complete and rapid solu-
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tion of the herbicide. The other enclosure (designated 'c')
vras maintained as an untreated control.

The concentration of simazine in both t.he treated and un-

treated enclosures was assayed at weekly intervals using ul-

traviolet spectrophotometry (Mattson et a1. 1970). Surface

water eras concurrently sampled from within both enclosures

and from the adjacent marsh and the concentration of ammo-

nia, silicon and total reactive phosphorus (rnp) analyzed

after the methods of Stainton et aI. (1977). Dissolved oxy-

gen concentration was measured using a YSI model 5'18 meter.

As a resulL of brief (ca. 14 hours) incidental enclosure

flooding, the herbicide treatment of enclosure H in experi-

ment 1 consisted of a 7-day exposure prior to flooding, and

an 11-day exposure following readCition of herbicide 9 days

after the flood. Biweekly sampling of algal substrata was

timed so that the first collection preceded the initial her-

bicide addition by 1 day (week 1 ), the second followed the

flooding by 6 days (week 3), and the last was made 11 days

after the second herbicide treatment (week 5) " rnitial sam-

pling of substrata from the two enclosures of experiment 2

vras underLaken '1 day prior to herbicide addition (week 1)

and subsequently at biweekly intervals (weeks 3 and 5). No

enclosure flooding occurred during the experiment, although

heavy wave action against enclosure H walls 3 days after the

week 3 sampling may have resulted in Iimited water exchange

with the surrounding marsh"
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During each sampling, six substrata v¡ere randomly select-

ed from each enclosure. Three 2 cm pieces were subsampled

from a position on each corresponding to 30-36 cm above the

sediment /waLer interface and were placed in tubes containing

20 mL triple-filt.ered water from the adjacent marsh (twice

through Whatman GF/C, once through 0.45 um Sartorius cellu-
Iose nitrate filters). A 6 cm segment from the 36-42cm rod

position was sampled into filtered marshwater and preserved

with acid Lugol's for algal species enumeration. The pri-
phyton on the remainders of each rod (SO cm) v¡as detached

with a stiff-bri.stled paintbrush and filtered onto Whatman

cF/C filters for chlorophyll a analyses (Chapter 2)" In the

second experiment (weeks 3 and 5), these samples were subdi-

vided into two even portions and one half analyzed for par-

ticulate phosphorus content (Stainton et a1. 1977).

Tubes containing 2 cm rod segments received one of five
simazine concentrations (0.1, 0.5, 1"0, 2.5, 5.0 mg.L-r us-

ing 0"5 mL methanol as a carrier) via a randomized incom-

plete block design, Each treatment was triplicated. One

half milliliter of methanol alone was added to three addi-

tional control samples. One mL standardized NaHlaCO. (ca"

0.5 uCi'mL- 1) Þras added to each tube, which were then incu-

bated in a growth chamber at 20-23oC for 4 hours at 50

uE'm-2s-1. Samples vlere filtered through 0.45 um filters to

collecÈ dislcdged cells and the activity of the rod segment

and filter determined through liquid scintillation counting
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(Chapter 2). Concurrent determination of available inorgan-

ic carbon in the incubation medium (apHe 1980) permitted the

calculation of carbon f ixation rates (,.rg C'cm- 2'h- 1 ) of per-

iphyton.

Specific productivity (carbon fixed per unit chlorophyll)

s¡as utilized in ECso calculations to standardize intra-subs-

tratum variability. Relativization of these values to the

mean of the three control samples (100%) yielded the 1evel

of inhibition at each simazine concentration. ECso (and

corresponding 95% fiducial limits) of data for each enclo-

sure on each sampling date was calculated by probit analysis
(s¡s 1982).

Determinations of the taxonomic composition of periphyton

from preserved rod segments, and the correction of diatom

counts for the inclusion of dead, intact frustules followed

the methods previously described (Chapter 3). Total algal

biovolume was calculated by multiplying mean ceIl volume of

each taxon (determined from a sample of at least 20 ce1ls of

each taxon, vrith calculation based on the nearest geometric

solid) by its cell abundance and summing the result for all

taxa.
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4"3 RESULTS

4.3 .1 Exper iment 1

No simazine vras detected in v¡ater of enclosure C throughout

the experiment. Following addition of herbicide to enclo-

sure H immediately after the first substratum sampling, the

concenLration in the water remained at ca. 0.9 mg'¡-t for I

days prior to flooding, after which a residual concentration

of 0"26 mg.L-1 was found (rigure 21A). The presence of

herbicide following enclosure flooding IikeIy reflects in-
complete replacement of enclosed water due to short ilood

duration. Readdition of herbicide subsequently increased

the concenLration to 1 .26 m9'L- I , the highest leve1 ob-

served during the experiment (rigure 214) "

Pretreatment levels of dissolved oxygen and amrnonia with-

in the two enclosures and in the surrounding marshwater were

similar (rable 11). By the second week of the experiment

(following simazine addition to enclosure H), the oxygen

level in enclosure H was 4"6 mg.t-t lower than in the con-

trol, while ammonia and silicon levels were markedly higher.

This trend continued throughout the experiment, with ammonia

and silicon concentrations as much as 70 and 1 1 times great-

er than corresponding control levels respectively (table

11).

Total ceII biovolume was low at the first sampling date

(rigure 228). Rapid colonization occurred in the period be-

tween the first and second sampling in both enclosures,
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Figure 21 z Simazine concentrat ion
with 1"0 mg.L-1"
A experiment 1, B

in enclosures treated

experiment 2.
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TABLE 1 1

Nutrient analyses results - experiment 1

Concentration (in mg'L-1) of dissolved oxygen, ammonia (NHs-N),
and silicon in water from a treated (H) and untreated (C)
enclosures and in the adjacent marsh (t't).

Week Oxygen
c

Ammon ia
c

Silicon
HCMMM

1

2

3

4

5

5"90 6,00

7 "65 12.25

8"80 9.85

10.20 13"90

9,00 13"40

0.09 0. 13

0.28 <0.01

0.29 0 .02

0.60 0 " 02

0.70 0 " 01

6.45

11 .00

1 1 " 80

14 " 80

12.40

0"01

<0.01

<0.01

<0.01

<0.01

1 .92

1.18

1 .87

3 .42

0.75 0.14

0.34 0. 14

0.17 0 " 54

0. 16 0.83

- no data
:.:
:aì

I
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while a slight net decrease in biovolume had occurred

final sampling. Overall mean biovolume on enclosure

trata was greater than on control substrata (1.2 x 1

sus 1.0 x 106 um3'cm-2) although the difference v¡as n

tistically significant (p=0.0723) .
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by the

H subs-

0 6 ver-

of sta-

Low pigment concentrations on the first week of sampling

(rigure 22A) vrere coincident with low algal biovolume. No

significant differences vlere observed between enclosures,

although chlorophyll g leve1s were slightly higher in enclo-

sure H. Àfter the initial herbicide application, levels in

H were only slightly less than in the control (week 3).

Control substratum 1eve1s of chlorophyll a increased between

the second and third sampling, while those in enclosure H

decreased (rigure 22A) concomitant with an increase in phec-

phytin a (data not shown). Ànalyses of variance confirmed

that the changes in pigment concentrations with sampling

date were significantly different between the tvro enclosures

(p<0.001) as a result of the large difference between the

enclosures on the third sampling date.

Differences in C-fixation rate of periphyton on substrata

from each enclosure (in marsh water containing no herbicide)

þrere insignificant on week 1, but rates for enclosure H sam-

ples were substanLially higher than those of corresponding

control samples on week 3 (Figure 23)" By week 5, enclosure

H samples had increased slightly, while C samples decreased

by ca. 20%. Overall mean rates in the H enclosure vrere sig-
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Figure 222 Periphytic a1ga1 biomass (experiment 1 ) on
artificial substrata positioned in the control
enclosure (o) and the herbicide-treated
enclosure (").
A chlorophyll a t SD (n=6).
biovolume t SD (n=3).

B - total ceI1
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nificantly higher (p=0.0034) than in the c enclosure, cal-
culations of specific productivity (carbon fixed per unit of
chlorophyll a) suggested that revers of photosynthetic effi-
ciency between the encrosures on week 1 were similar (z.z
and 1"5 ug c'ug chl a-1.h-t for c and H respectively). con-
trol values decreased consistently over the subsequent two
samplings (0.¿ and 0.3) whire those of enclosure H did not
(1.2 and 1.9 for weeks 3 and S respectively).

The ECso values of periphyton in the two enclosures prior
to addition of herbicide were simitar (rable 12). on sub_

sequent sampling dates, the sensitivity of the enclosure c
periphyton to simazine did not change significantJ_y. For-
rowinE the first herbicide addition to H, however, the ECso

for the periphyton in that enclosure increased markedry, â1-
though overlap of the 9s% fiducial limits with those of the
control suggests the difference was not significant. The

week 5 ECso (after the second herbicide application) was

significantry greater than the contror by two times (rable
12).

Periphyton colonizing the artificial substrata in the
contror encl-osure was composed prirnarily of diatoms (>90% of.

totar argal biovolume in arr sampres Figure 21). The re-
maining biovolume was attributable to murticerrular green

aIgae. In general¡ Do major taxon (>s% total biovolume) was

observed in H which was not arso present in the contror, â1-
though significant encrosure differences in the densities of
predominant Laxa were observed.

_
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Figure 232 Carbon fixation rate of periphyton
1 ) on artificial substrata sampled
control enclosure (open bars) and
treated enclosure (shaded bars) at
added simazine ( t SD, n = 3)"
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TÀBLE 12

Estimated ECso (+ 95% fiducial limits)

of marsh periphyton in two enclosures to simazine(experiment 1 )

Week Cont roI Herbicide

0 .71

0.86
(o.ll , 1.04)

0.66
(0.52 , 0.83)

0 "79

1.13
(0"81 , 1.55)

1"32
(1.00 , 1.74)

- data not available
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Proportions of total ce11 biovolume (experiment
1 ) contributed by the dominant algal taxa on
artificial substrata positioned in the control
enclosure and the herbicide-treated enclosure"
Data represent the means of 3 replicates.
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Cocconeis placentula Ehr "
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( including the varieties
lineata and euqlypta) was Lhe most abundant taxon encoun-

tered in all samples and it comprised an increasing percent-

age of total biovolume with time (nigure 24). rts density

in enclosure H increased to 5"7 t 0"4 x 105 cells.cm-2 by

week 5. Maximum density in the control vras attained on week

3 (5.3 t 0.5 x 10s cell-s.cm-2). Differences between the two

enclosures srere not signi f icant (p>0. 5 ) although a signi f i-
cant interaction with time was due to the lower density of

Cocconeis in enclosure H on week 3, and higher density on

week 5 than in corresponding control samples. Two other

common diatom taxa, Synedra ulna (Nitz.) Ehr. and Gomphonema

parvulum Kutz. v¡ere slightly more abundant in H on week 1

than in control samples but vrere signif icantJ-y more dense

than on control substrata in
(p.0.001 ) "

the subsequent two samples

Filamentous green algae made up the remainder of total
algal biovolume in control samples (figure 24) " The three

most abundant taxa (Stiqeoclonium sp.,
(deBreb. )ering. and Bulbochaete sp. )

Coleochaete scutata

exhibited similar
changes in density with time; initial densities in the con-

trol enclosure were low (<t.S x 103 cel1s'cm-2) and reached

relaÈive maxima on week 5 (4.1 t 1.3 x 104, 1.0 t 0.5 x 104

and 0"2 t 0.2 x 104 ceils.cm-2 respectively). Corresponding

densities in the treated enclosure v¡ere less than 2 x 103

cells'cm-2 on all sampling dates"
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4.3 .2 Exper iment 2

Nò simazine was detected in water of the control enclosure

throughout the 5 week duration of the experiment. The ini-
tial concentration in enclosure H decreased with time from

ca. 1.0 mg.L- 1 to 0.83 mg.L- 1 by week 3 (Figure 218). A

sudden decrease a week later (to 0.46 mg.L-1) may be re-
lated to TÍave action against enclosure walls noted 6 days

after the week 3 sampling, since the observed leve1 on week

5 was not substantially different from the value of the pre-

ceding week.

Dissolved oxygen levels in both enclosures (rigure 25)

decreased immediately prior to the first experimental manip-

ulation. The level in enclosure C, however, increased to

about 5 mg.L-t for the following 2 weeks. An increase noted

in enclosure H was followed by the marked decrease to ca. 1

mg'L-t soon after herbicide addition. Àside from a short-
lived increase around week 3, oxygen level in H remained low

and was consistently lower (particularly by week 5) than

those in the control enclosure.

Ammonia levels in enclosure C varied inversely with am-

bient oxygen levels (figure 258). Àmmonia levels in the si-
mazine treated enclosure were significantly greater than in

the control, and increased more or less throughout the ex-

periment" Ðissolved silicon levels were not routinely de-

termined in this experiment but $¡ere found to be insignifi-
cantly different between enclosures at the 5% level (daÈa



Figure 252
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Changes in concentration of dissolved oxygen and
ammonia in the control enclosure (---) anC the
herbicide treated encl-osure ( . ' .) over the 4
week duration of experiment 2"
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not shown) ' TRP revers were measured on 2 dates (week 3 and

5) and were considerably higher in enclosure H (g and 37

ug'L-1 respectively on week 3; 31 and 161 ug'L-1 on week 5)"

Àrgal biomass (expressed in terms of total cerr biovorume

and chlorophyll a content) was higher on substrata collected
from enclosure H than enclosure c on week 1 prior to addi-
tion of simazine (rigure 26). Reasons for this difference
are unclear, but may rerate to slight differences in water

chemistry (ammonia, phosphate) noted between enclosures soon

after their pracement. chrorophyll a levers increased con-

sistentry with time over the 5 v¡eek period in the contror
while in enclosure H they decreased slightly between weeks 1

and 3 but increased between weeks 3 and 5. Biovolume deter-
minations were variabre on week 3 (cv = 64%) but indicated
that a slight increase occurred between each sampring period

of the experiment"

Particurate P revels of periphyton from substrata in the

contror enclosure vrere consistently higher than in enclosure

H (rable 13) but were not significantry different between

sampling periods (week 3 and 5). phosphorus levels on en-

closure H substrata had increased by 50% over the same peri-
od.

Rates of carbon assimilation by periphyton within each

enclosure (in the absence of herbicide) were significantry
higher in enclosure H on weeks 1 and 3 than in the control,
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Figure 262 Periphytic algaI biomass (experiment 2J on
artificial substrata positicned in the control
enclosure (o) and the herbicide-treated
enclosure (.) .
A chlorophyll a t SD (n=6)"
biovolume t SD (n=3).

B total ceIl
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TÀBLE 1 3

Particulate phosphorus (ug'cm-2) of periphyton

on substrata from control and simazine treated
enclosures (experiment 2) t sD (n=6)

Week Control Herbic ide

0.87
(t 0.16)

0.87
(t 0.10)

ñ a"1

( t 20.12)

0.66
( t 0.07 )
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but decreased to considerably less than control samples on

week 5 (Figure 27). Rates of the control samples generally

increased with time, although specific photosynthesis de-

creased consistently (2.4, 2.0 and 1.6 ug C'ug chl g -1'h-r

for weeks 1,3 and 5 respectivety). Photosynthetic rates of

enclosure H samples on week 1 and 3 were similar but de-

creased on week 5. Specific photosynthesis rates exhibited

a commensurate trend (1.9, 2.1 and 1.2 ug C.ug chl a -1.h-1

for the 3 weeks respectively).

ECso values of the control and herbicide-treated enclo-

sure vrere not significantly different on week 1 (Table 14)

and did not change over the duration of the experiment in

enclosure C" Over the same period, ECso of enclosure H per-

iphyton increased (to a value significantly greater than

that of the control) on week 3 and decreased on week 5"

The periphyton community in enclosure H was qualitatively
dissimilar to that in enclosure C (figure 28). Gomphonema

parvulum and 9. subclavatum (Crun.) Grun. were abundant on

the former substrata but vrere notably rare (<1% total biovo-

lume) in the control. This difference was maintained

throughout the experiment, including substrata collected
prior to addition of herbicide. Rhoicosphenia curvata
(nutz. ) Grun"ex.Rabh. $¡as slightly more abundant in enclo-

sure H samples as weII. Small individuals from the Order

Chamaesiphonales vrere common only in the control samples on

week 1.



Figure 27 z Carbon fixation rate of periphyton
2) on artificial substrata sampled
control enclosure (open bars) and
treated enclosure (shaded bars) at
added simazine ( t SD, n = 3 )"
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TABLE 14

Estimated ECso (+ 95% fiducial limits)

of marsh periphyton in two enclosures to simazine
(experiment 2)

Week Cont rol Herbicide

0.5s
(0.19 , 1"14)

0.51
(0.46 , 0.57)

0.61
(0.40 , 0.85)

0"66
( 0.43 , 0.96 )

0 " 8s
(0.60 , 1"17)

0"6s
(0"58 , 0"72)



Figure 282
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Proportions of total cell biovolume (experiment
2) contributed by the dominant algal taxa on
artificial substrata positioned in the control
enclosure and the herbicide-treated enclosure.
Data represent the means of 3 replicates.
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The density of cocconeis placentura in the contror commu-

nity did not increase after week 1 and maintained a stable
population of approximately 6 x 1 04 celIs.cm- 2. Densities
in enclosurê H, where it generalry formed a larger propor-
tion of totar biovolume, did not initiarly differ from the
control, but increased on week 3 (1.4 t 0.2 x 1Os

celIs'cm- 2 ) and decreased slightly on week 5 ( 1 .1 + o.z x

1 0s cerrs'cm- 2 ) . The densities of firamentous green algar
taxa, which constituted the remainder of cerl biovolume in
both enclosures, were reduced in abundance in encrosure H on

week 3 by as much as 50% from the preceding sample. Àt the
same time, the density of stiqeoclonium sp., the major taxon
of this group, increased with time in the contror to reach a

relative maximum of 4.5 t 2.3 x 10s cerrs.cm-2 on week 5.
Forrowing the decrine on week 3, its density increased on

week 5 (from 1"0 t 0.7 x 105 to 1.9 t 0.3 x 10s celrs.cm-2)
in the herbicide-treated enclosure. The density of Coleo-
chaete scutata was simirar in each encrosure on all dates,
with the exception of week 3 samples (¿.9 t 1

1.0 t 0.8 x 104 cells.cm-2 in enclosures C and

Iv) "

.3 x 104 and

H respective-
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4 "4 DTSCUSSTON

While increases in nutrient levels and decreases in dis-
solved oxygen commonly foIlow herbicide treatment of enclo-

sures (Chapters 2 and 5), the lack of substantial reductions

in in situ algal biomass (as indicated by total cell biovo-

lume and chlorophyll) with 1.0 mg'L- 1 simazine additions

found here (rigures 22 and 26) contradicts the relatively
high level of inhibition noted at this concentration in an

earlier study (Chapters 2 and 3). One explanation for this
discrepancy may relate to the nature of the periphyton com-

munity which initially developed on experimental substrata.

Whereas substrata used in the previous experiment were colo-

nized by periphyton in the presence of herbicide (thereby

'selecting' for a community of more herbicide-resistant
taxa), the precolonization period used here ensured that the

algal community sampled on week 1 consisted of individuals

of varying sensitivity. Thus, âDy inability to differenti-
ate cells living at the time of collection from recently de-

ceased cells containing cytoplasm in the latter case could

result in erroneous estimates of total viable ceII biovo-

lume. This source of error would be most prevalent in the

period immediately following herbicide addition as cells,
which had colonized the substrata during the preceding

14-day period, inevitably accumulated as identifiably dead

individuals. Although some evidence suggests that empty di-
atom frustules may persist on substrata for several months

(Owen et al. 1979), no increase in the proportions of dead
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cerrs vrere detected $rith time in samples from either encro-

sure (data not shown). Moreover, while the dead-ceIl esti-
mates for individual taxa varied over a smarl range in all
sampres, differences between taxa were substantial and ap-

peared to vary with the relative sizes of the organisms (ra-
ble 15). These ranges also overlap corresponding species

estimates from the previous experiment (g"pracentura

2"5-22.5%, Q.parvulum 5.9-26.1%, S.uIna 32.9-46.9%) . This

leads us to berieve that the'dead'celrs were largely arti-
facts of the rerative susceptibility of individuar taxa to
breakage and loss of cytoplasmic stain during sample prepa-

ration (due to differences in cerr morphology and frustule
thickness). we therefore concrude that most aIgal cells en-

umerated in substratum samples were probably living at the

time of collection and Lhus that undetected effects oi sima-

zine on ce1I biovolume estimates nere small-. S imi Iar ef -
fects on chlorophyll-based estimates of algar biomass are

arso ruled out on the basis that reported chlorophyrr a rev-
ers on substrata vrere corrected for the presence of pheophy-

tin a (which would accumurate as the native pigment degraded

in senescing ceIIs).

À corollary to the differences in substratum colonization
between experiments is that the structural development of

the enclosure H community at the time of herbicide addition
may have contributed to the apparent lack of effect of short

exposures on argal biomass (on bases described in the rntro-
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TÀBLE 1 5

Estimates of dead-celI proportions

of major diatom taxa in samples from both enclosures
(experiments 1 & 2) and corresponding mean celt biovolume and
length.

Taxon Range % Dead
Biovolume Length

(um3'cel1- 1 ) (um)

Cocconeis placentula

GomDhonema parvulum

9.s 22"5

s"8 - 9.3

19 .7

1"9 - 3.5

34.8 - 49.4

Q. subclavatum

Rhoicosphenia

Synedra ulna

curvata

250

475

460

475

1 0840

9-35
15 28

31 43

13 32

231 327
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This hypothesis can be disputed, however, on two

grounds. Firstly, the prevairing communities in both encro-

sures of experiment 1 were dominated by sessile diatoms
(chiefly cocconeis) and rosette-like crusters of diatoms,

and was therefore structurally simple (see, for example, the

sEM photographs in Dickman & Gochnauer 1978 and Korte &

Brinn 1983 in which Q.pracentula forms a two-dimensional

'pavement' upon substrata). Àside from the green algae,

which vrere reduced in abundance in enclosure H and the

slightly greater occurrence of erect and stalked diatons,
differences in architecturar complexity between each encro-

sure on each of the three dates were slight and so likely
affected neither the proximity of cells to phytotoxic revers

of simazine nor the amount of light penetrating to the subs-

tratum surface" secondly, in examining the ECso of the con-

tror enclosure in both experiments, no significant change

occurred between each of three sampling dates despite in-
creases in biomass and (at least in experiment 2 where over-
lying green algae increased in density with time) structural
complexity. Moreover, the community which developed in en-

closure c during experiment 2 was arguably more comprex

(fewer sessile diatoms, more pedunculate and heterotrichous
algae) than on corresponding dates in experiment 1. yet,

v¡ithout exception, the ECso varues were ress in experiment 2

than in experiment 1 (only significantly so on week S); the

reverse should have been true had the structure of the com-

munity ameliorated herbicidal impact in the former case.

\-
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The results of the current experiments can be reconciled
with preceding results by the fact that, in each case, the

herbicide concentration v¡as noÈ constant over the experimen-

tal duration. During experiment 1, for example, the first
exposure lasted for only 7 days with the result that the

community in enclosure H was exposed to a herbicide concen-

tration approximately one quarter of the added amount for 1

week prior to the week 3 sampling. Since the level of in-
hibition of photosynthesis at this concentration v¡as less

than 10% (rigure 23), considerable growth could occur in
this period. Estimates of the potent.ial rate of accumula-

tion of populations of Ç.placentula (Chapter 3) are fully
consistent with the increase in density of 3.8 x 1 0 5

cells'cm-2 of this taxon between weeks 1 and 3. The shorter
period of time available for population growLh in this en-

closure (l week versus 2 weeks in the control) may explain
its slightly lower density as compared to the control on

week 3" Subsequent herbicide levels vrere high (week 5) and

subst.antial reduction in aIgaI chlorophyll content l¡as de-

tected. Increases in the density of g.p1acentu1a were not

as marked as in the preceding interval but nevertheless in-
dicate that populations of this diatom can continue to grolr

in the presence of a photosynthetic inhibitor (see later).

While herbicidal effects on total algaI biomass were

smalI, changes in community structure were observed follow-
ing herbicide addition on week 3, and more evidently on week
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Green algae h'ere reduced in abundance

while intermediate stages of succession (erect and peduncu-

late diatoms after Hoagland et aI. 1982) were more abun-

dant. This is in agreement with previous findings and rein-
forces our contention that normal successional processes can

be redirected by simazine, even though effects on total pro-

ductivity may be less evident (Chapter 3).

Experiment 2 results are consistent with the hypothesis

that observed community growth occurred in the period during

which herbicide concentration s¡as low enough to permit re-
sumption of growth. The herbicide concentration sras greater

than 0.8 mg'L-1 for the first 2 weeks of the experiment and

resulted in a slight decrease in alga1 biomass (figure 26)"

Moreover, there was a significant effect of herbicide expo-

sure in experiment 2 on particulate phosphorus levels on

substrata, although the extent to which particulate phospho-

rus is correlated with algal biomass and exogenous supply is
unknown. The residual concentration in the latter 2 weeks

( 0.46 mg.L- 1 ) could have resulted in no more than ca. 60%

inhibition of photosynthesis (nigure 27) so continued growth

and the reestablishment of green algae vrere possible by week

tr

Interpolation of

suggested that the

in 50% reduction in

phyton lay between

the results of a previous investigation
LCso (herbicide concentration resulting
biomass) of simazine for growth of peri-

0. 1 and 1 .0 mg.L- I (Chapter 2) " Biomass
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(as indicated by chtorophyll a 1eveI, photosynthetic rate

and total algal biovolume) was reduced to ca. 10% of. an un-

perturbed control by 1.0 mg.L-r simazine (Chapters 2 and 3).

It is therefore clear from the level of inhibition of photo-

synthesis at 1"0 mg'L- 1 in the control enclosures Q3-46% of.

untreated samples, mean = 39%) that the ECso values calcu-

lated here are overestimates of LCso for periphyton growth.

Since all sample tubes were mixed thoroughly and regularly

during incubation, it is unlikely that the herbicide concen-

tration to which periphyton was exposed was appreciably de-

creased by mass transport. limitation within the mat in the

incubation medium. Rather, the most probable explanation is

that 4-hour herbicide exposures (the length of the incuba-

tion) ao not adequately assess all effects of simazine on

a1gal metabolism. Although the mechanism of action of sima-

zine is in inhibition of photosynthetic electron transport
(Moreland et al. 1959), secondary effects due to accumula-

tion of toxic levels of nitrite (Ries et al. 1967), loss of

RNA (Hawxby & Mehta 1977; Mehta & Hawxby 1979) and cellular

and organelle membrane disrupti.on (l¿ehta & Hawxby 1979i Da-

bydeen & Leavitt 1981) might also occur with increasing ex-

posure time. The value of ECso Ievels, then, Iies in the

ability to compare the effects of compounds on the potential

autotrophic growth of samples collected on a spatial anð/or

temporal basis,
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An implication of the discrepancy between ECso and LCso

is that laboratory-generated dose-response data should be

used cautiously in extrapolations to effects on growth of

natural populations where the relative contributions of au-

totrophic carbon assimilation (tt¡e impact on which ECso is a

measure) and heterotrophy (either obligate or facultative)
are unknown. It is not necessarily implicit that observed

algal growth is the resuLt of autotrophy alonet Pip & Robin-

son (1982), for example, demonstrated that many common epi-
phytic algal taxa which grow primarily through the incorpo-

ration of inorganic carbon may also be able to utilize
organic carbon substrates. The employment of facultative
heterotrophy by algal populations as a means of maintaining

viability during short periods of photosynthetic inhibition
(eg. Ashton et aI. 1966) would be a worthwhile ecological

strategy. This possibility cannot be discounted by the high

rates of C-fixation of periphyton from enclosure H (O mg'L-1

added simazine) because these samples trere incubated in wa-

ter from the surrounding marsh rather from the herbicide-
treated enclosure (ie. under conditions conducive to auto-

trophic metabolism). While previous results have suggested

that Cocconeis placentula (and perhaps other less abundant

taxa) may possess heterotrophic capabilities (Chapter 3) in

light of its growth in enclosures treated with of simazine

and terbutryn, the fact that ECso for simazine is qreater

than LCso (assuming that any secondary physiological effects
of the herbicide can be accounted for by the difference be-



158

tween ECso and LCso) suggests that the importance of hetero-

trophy in the community studied here, íf present, lies in

short-term ce1lular maintenance and not as a significant
contributor to algal growth. The static measurement of ECso

also does not take into account any interaction of increased

nutrient supply (table 11, Figure 25) with herbicide toxici-
ty on observed alga1 growth. Tubea et aI. ( 1 981 ) showed

that increased nitrogen concentration could significantly
increase effects of herbicides on growth of algal cultures,
while our unpublished observations suggest that simazine

toxicity to periphyton is less in the presence of high nut-
rient concentrations.

Rates of specific photosynthesis of periphyton samples

f rom the simazine-treated enclosures r¡¡ere generally equal to
or greater than corresponding rates of samples from unmani-

pulated enclosures. This suggests that ECso estimates in

the forrner case were not the result of an inhibited communi-

ty responding to further additions (in laboratory inocula-

tions) to a lesser extent than an unperturbed community. On

this basis, Lhe present findings indicate that herbicide re-
sistance can develop in lentic periphyton communities after
short 0 days ) exposures. Such development, however, can

only apparently occur at relatively high herbicide concen-

Èrations since comparisons of enclosure H ECso (fables 12

and 13) with ambient herbicide concentration (figure 21)

shows that significant increases in ECso only occurred when
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simazine concentrat.ion vras greater than ca. 0.8 mg ' ¡- t . I f

of widespread applicability, these data and the lack ot in-
hibition at 0.1 mg.L-1 (rigures 23 and 27) may explain vrhy

Kosinski (1984) was unable to detect the development of re-

sistance by lotic periphyton exposed to 0.01 mg'L-1 atrazine
(chemically similar to simazine). Moreover, this Ievel (0.8

mg.L-r) is generally higher than that found in streamwater

following terrestrial runoff (Frank et a1. 1982; Ànderson et

al. 1978t Smith et aI. 1975) or used to control nuisance

aquatic vegetation ("g. SchwarÈz et aI. 1981) so would coun-

terindicate the widespread development of resistance by na-

tive periphytic algal communities in response to short-term

contaminat ion.

À second implication of these data is that resistance,

once developed, does not persist at herbicide leveIs less

than 0.8 mg'L-1. The increase in ECso noted in experiment 2

on week 3 was short-Iived and was not significantly greater

than for the control community on week 5, when herbicide

levels had decreased. This suggests that resistance in gen-

eral is conferred at the expense of ecological fitness (Co-

nard & Radosevich 1979; Ahrens & Stoller 1 983 ) and that re-

sistant populations would only thrive under continued

exposure. The 'threshold' simazine concentration noted

above may reflect the point at which the disadvantage of

poor competitive ability for resources is offset by the

ability to grow in the presence of a herbicide.
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Individuals of the Order Chamaesiphonales, which vrere

previously found in abundance in herbicide-treated enclo-

sures (Chapter 3), v¡ere common only in the control enclosure

(experiment 2), indicating that their distribution is relat-

ed to factors other than simple resistance to herbicide.

There was littIe consistent taxonomic evidence to substanti-

ate the development of a resistant alga1 population in sima-

zine-treated enclosures, aside from the slightly higher den-

sities assumed by Gomphonema parvulum and Synedra ulna in
enclosure H (experiment 1 ). Whether these changes were the

result of true resistance or redirection of succession as a

consequence of the previous herbicide exposure is unknown,

but changes in their densities did not correlate systemati-

cal1y with changes in the ECso of the whole community. Sim-

ilar attempts to relate Lhe density of Cocconeis placentula

with ECso showed that if data from enclosure H (both experi-

ments pooled) were used in correlation, a good relationship
was evident (r=0"96, n=6) whereas the correlation. was much

poorer (r=0.69, n=12) it all data (irrespective of enclo-

sure) were combined, This is due to t.he abundance of Cocco-

neis on substrata from both enclosures of experiment 1 de-

spite marked differences in ECso on week 5" The import is

that if the relationship is valid, then the density of

C.placentula is uncorrelated with level of resistance excepL

under specific conditions (such as exposure to herbicide)

which would further imply that an indistinguishable biotype

had developed. Microscopic examination of individuals from
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the popurations in each enclosure revealed no significant
(p>0.5) diiferences in ceII size (frustule length, width,
depth) or morphology, nor did the proportions of the two

constituent varieties appear to change with treatment de-

spite contentions that they have distinct ecological re-
quirements (Kingston et a1. 1983). Considerably more infor-
mation on the autecology of c.pracentura is necessary before

the basis of this finding can be evaluated.

An interesting finding of the present experiments is that
herbicide treatment did not lead to the development of mo-

nospecific stands of Cocconeis Þlacentula, which was the re-
sult of a previous study (Chapter 3). The hypothesis in-
voked to explain those findings, that C_. placentula is an

opportunistic competitor able to gain community dominance on

previousry barren substrata in the absence of resource com-

petitors, is, however, consistent with present data. In ex-

periment 1 , which was conducted in late fatl ( 1 1 September -
9 October), C. placentula was abundant on substrata from

both enclosures prior to herbicide additions. Records of

seasonal patterns of abundance of major diatom taxa in the

Delta Marsh (G.nruszynski, unpubr.data) indicate that cocco-

neis populations flourish in late summer. The substrata of

experiment 1 were thus colonized at a time conducive to the

development of cocconeis, ãs were those in enclosures colo-
nizing after simazine and terbutryn treatments (chapter 3)

in a similar seasonal period (18 AugusÈ 31 August). Of
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note, however, is the higher prateau popuration achieved by

cocconeis in experiment 1 (both in the c and H enclosures)
than in the prior control (2.8 x 10s celrs.cm-2) while the
proportion of green algae (particurarry stiqeoclonium) was

ress. Experiment 2, on the other hand, was conducted in
mid-summer (18 July - 15 August), when cocconeis generally
forms a smalLer proportion of periphytic argal biomass.
This is consistent r.'ith the much reduced population of coc-
coneis seen in the contror, whire green algae (and to a

lesser extent, peduncurate diatoms) were considerably more

abundant. Taken together, the three experiments indicate
that an inverse relationship may exist between the maximum

density that cocconeis populations can achieve on newry

avail-able subsirata and the abundance of competitors (prima-
rily multicellular green algae) (figure 29). The apparent
separation of the experiments along a temporal axis (rigure
29) indicates that the outcome of resource competition may

have bases rooted in seasonally mediated factors and, sig-
nificantry, that the specific outcome of a herbicide expo-
sure may depend on seasonal timing of herbicide treatment,
Àt the same time, t,he observation that the cocconeis popura-

tion increased in encrosure H (experiment 2) during the
period in which green algar populations waned (week 3) and

subsequentry decreased when conditions (rikery low herbicide
concentration) favored green alga1 reestablishment indicates
that cocconeis is not favored by temporar change alone. The

data of Fairchild et aI. (1995) show that C.p1acentula and
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stiqeoclonium tenue are favored by additions of nitrogen and
phosphorus" rf r-his is interpreted as evidence that both
taxa are poor relative competitors at low nutrient revers
but effectively compete at high relative nutrient status,
our data indicate that c. pracentula can surprant Stiqeocro-
nium if given a further competitive advantage by selective
inhibition of Lhe green algae by herbicides (and perhaps
secondarily by the increase in nutrient suppry with herbi_
cide treatment). rn the originar experiment, a substantial
population of stiqeocronium did not subsequently deverop in
the 3-week period following removar of herbicide, perhaps
because cocconeis was abre to deprete nutrient suppries dur-
ing a short period of competitive advantage to a rever un-
suitable f or the green a1gae. I^lhere St iqeoclonium becomes

estabrished, its heteroLrichous growth habit renders it bet_
ter able to maximize light and nutrient receipt over a wider
absorptive area avray from the substratum (rairchitc et al.
1985), while cocconeis may be increasingry shaded and nut-
rient st.arved near the substratum.

rn concrusion, the present experiments demonstrate that
herbicide resistance can deverop in periphyton communities
following short exposures without necessarily resulting in
gross taxonomic shifts" changes in specific proportions
must be interpreted in terms of resource competition as werl
as toxicologicar impacts on individual taxa. Fina1ly, pro-
longed studies using reratively high simazine revers (> 1.0

,I
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Figure 292 Experimental summary comparing the relative
proportions of Lotal ceIl density contributed by
Cocconeis placentula and Stiqeoclonium sp. on
artificial substrata following achievement of
stable population size by Ç.p1acentula.(Experiment 1 - r, experiment 2 - c, previous
experiment o).

mg'L-t) will be needed to determine the feasibility of long-
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term maintenance of community productivity through the de-

velopment of resistant biotypes.



Chapter V

EFFECT OF SIMÀZINE ON SEDIMENT NUTRIENT FLUX

5.1 I NTRODUCTI ON

À commonly observed secondary effect of herbicide usage in

freshwater is a pronounced and often sustained increase in

dissolved nutrients (e"9. Michaud et aI. 1979; Anderson

1981; Murphy et aI 1981¡ Tucker & Busch 1982). Various

mechanisms have been proposed to explain this phenomenon"

One is that death of aquatic macrophytes following herbicide

treatment aIIows release of sedimentary nutrient pools which

would otherwise be assimilated by the plants (rish 1966)"

ÀIternate1y, decreases in oxygen production and concomitant

increases in bacterial activity (rry et aI, 1973; Ramsay &

Fry 1976) may be indicative of nutrient release from labiIe
inorganic and organic pools h'ithin decaying macrophytes

(e.g" Michaud et al. 1979; Peverly & Johnson 1979; Ànderson

1981). This is based largely on laboratory experiments such

as those of Nichols & Keeney (.1973) in which marked increas-

es in nitrogenous and. phosphorus compounds occurred follow-
ing herbicide ki11 of macrophytes.

A third possibility is that the decline in dissolved oxy-

gen which often occurs after treatment (e.g. Ashton et aI.
1980; Boyle 1980; Murphy et aI. 1981) is the important fac-

166
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tor, since it has been observed that where deoxygenation

does not occurr ño increase in nutrients is observed (Brook-

er & Edwards 1975). This may be the result of increased

rates of release of reduced compounds from the sediment as

redox potential decreases under conditions of anaerobosis

(Mortimer 1941 ¡ 1942) . However, while Simsiman et aI.
(1972) and f.f ingf ield & Johnson ( 1 981 ) have demonstrated a

decline in redox potential following herbicide addition to

microcosms, data of Boyle (1980) suggest that redox changes

in situ cannot adequately account for changes in nutrient
concentration in all situations.

Àt the same time, several lines of evidence suggest that
macrophyte decay cannot account for all of the observed

changes in dissolved nutrients. Peverly & Johnson (1979)

observed that the increase in the amount of nitrogenous com-

pounds following use of diquat exceeded the amount avail-able

in the vegetation of the treated ponds. Moreover, in com-

parative studies using covered experimental enclosures with

and without sediment contact, and with and without macro-

phytes, Kistritz (1978) showed that the amount of ammonia

released by sediments during normal (in the absence of her-

bicide treatment) decomposition was approximately five times

that released by macrophytes, whereas macrophyte decay

yielded twice as much orthophosphate as sediment. Further,
previous experiments (Chapter 2) have documented a substan-

tial increase in ammonia and silicon coinciding with addi-
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tion of simazine and terbutryn to encrosures containing no

macrophytes and that the magnitude of the increase was re_
lated to the concentration of the herbicide. These observa_
tions can be explained by the work of Jansson (19g0), which
showed that inhibition of epiperon (ttrat community which in_
habits sediment surfaces) in sediment cores using mercuric
chloride increased the suppry of ammonia to the waLer cor_
umn. Thus, some or aIl of the increase in certain inorganic
nutrients may be a reflection of the amount which is normal_
1y intercepted by epipelic autotrophs.

To examine the possible role of sediment nutrient fr_ux in
response to herbicioe treatment, an experiment vras designed
using littoral encrosures with and without sediment contact
(none of which contained macrophytes) situated in the Derta
Marsh (experiment G, Appendix À). Changes in concentrations
of total ammonia, silicon, and totat reactive phosphorus
folrowing addition of three concentrations of simazine were
monitoredi the difference in rate of change between encro-
sures was assumed to be due to the contribution of the sedi_
ments. since the maximum increase in these nutrients for_
lowing herbicide treatment occurs within 2 weeks (chapter
2), the resurts of the first 23 days following addition of
simazine are reported here.
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5.2 MATERIALS AND METHODS

Eight PVC littoral enclosures (12Ocm high, 78cm diameter)

grere constructed as previously described (Chapter 2). Four

enclosures were modified to include a sealed floor 90cm from

the top of the enclosure (nigure 38). These floors were

constructed by attaching a 78cm diameter hoop of 1 .2 x 0.6cm

PVC to the inner surface of the enclosure with solvent ce-

ment" À PVC disc of appropriate size was glued onto the

hoop and the joint between the floor and enclosure walls

sealed with silicone rubber. Eight holes approximately 2cm

in diameter were drilled in the enclosure walls just beneath

the floor to allow water and air to escape from the space

beneath the floor during placement of encLosures. Two

smaller holes were drilled in the floor on opposite sides of

the enclosure and hard plastic tubing was passed through the

holes and glued so that the tubes extended from just beneath

the floors to about 1Ocm above the enclosure. These tubes

served as vents to release into the atmosphere any gases

which accumulated under the floors during the experiment.

Experimental enclosures vrere positioned

a smaI1, shaLlow pond (maximum depth=123cm)

Marsh on the southern end of Lake Manitoba

proximately 60cm depth. MacrophyLes in the

Crescent Pond,

thin the Delta

water of ap-

area vrere har-

vested 10 days prior to enclosure placement. Unmodified

open-bottomed (Og) enclosures were pushed into the sediments

to a depth of 35cm. Enclosures with sealed floors (Sg) were

1n

wI

in
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floaLed into position. Às pond water lras slowly added to

the top, they settled into the sediments so that the floors

rested on the sediment interface. Water addition continued

until SB enclosures contained about the same volumes of vra-

ter as OB enclosures (ca. 300t). Experimental manipulation

of enclosures was delayed for 12 days following placement to

aIlow disturbed sediments in OB encl-osures to settle.

Unformulated technical grade simazine (98% a"i.) was dis-
pensed into gauze sacs to yield final encLosure concentra-

tions of 0.1, 1.0, and 5.0m9'tr-t. Herbicide treatments were

assigned so that one SB and one OB enclosure received each

herbicide concentration. Sacs were suspended in the water

of each enclosure and were squeezed at regular intervals in

the first 2 days following addition to ensure complete and

rapid solution of herbicide. Two remaining enclosures (one

SB and one OB) were maintained as untreated controls.

Water $ras sampled from each enclosure from a depth of

1Ocm several times prior to herbicide addition, and at daily
intervals following treatment. Samples were analyzed for

dissolved silicon, total ammonia (ammonia plus ammonium

ion), and total reactive phosphorus after the methods of

Stainton et aI" (1977). Dissolved oxygen concentration vtas

measured on a daily basis using a YSI model 518 oxygen me-

ter. The concentration of simazine in water of treated en-

closures was determined weekly using ultraviolet spectropho-

tometry Mattson et aI. ( 1 970 ) .
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5.3 RESULTS

No simazine was detected in water from control enclosures.

The concentrations of herbicide in each pair of treatments

were initially similar (Z days post-addition) wittr the ex-

ception of the 5.Omg'¡,-t treatment level, where the OB en-

closure reached the maximum water solubility for simazine at

20oc of 3.5mg.L-r (wsse 1983). The sB enclosure exhibited a

mucb. higher initial concentration 4.3mg'L- 1 ) , and decreased

by only 4-5% over the experimental period (rigure 30). Con-

centrations in OB enclosures consistently decreased from

initial leve1s by 8%, 30%, and 60% in the 5.0, 1.0, and

0.1mg.L- 1 treatments respectively.

Within a few hours of enclosure placement, dissolved oxy-

gen concentration in SB enclosures had decreased by ca.

2mg.¡-t whereas in OB enclosures, they had decreased by ca.

4mg.¡- t . Seven days lat.er (5 days prior to herbicide addi-

tion), dissolved oxygen in SB enclosures v¡as greater than or

equal to outside waters, whereas in OB enclosures concentra-

tions were ca. 2mg'¡-l lower than outside and were more

variable than SB enclosures"

No change in oxygen was observed in the first 12 hours

following herbicide Lreatment in any enclosure (nigure g1 );

however, deoxygenation began within 24 hours at higher

treatment levels ( 1 .0 and 5.Omg'L- 1 ) . In the controls, very

litt1e change was observed over the 23 day period (rigure

31). À slight initial decrease occurred in the 0.1m9'L-r oB
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Àssayed herbicide concentration in water of
open-bottom (o) and sealed-bottom (.) enclosures
treateC with three concentrations of simazine.
Inset: Amount of herbicide lost from the water
of each enclosure during the 23 day period of
the experiment expressed as a percentage of the
initial concentration.
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enclosure during the first I days. In all pairs, oxygen

levels were higher in SB enclosures, but progressively de-

clined in relation to controls with increasing simazine con-

centration (nigure 31 ).

Significant differences in total ammonia concentration

were observed in SB and OB enclosures prior to treatment,

and were particularly evident in the enclosures assigned to

the 0.1mg.¡-t OB treatment (Figure 32). These differences

were first observed 5 days before treatment and changed tit-

tle until addition of the herbicide. No changes in concen-

tration occurred following addition of 0,1m9'L-1 simazine

(rigure 32), but at 1.0 and 5.Omg'L-1 treatment levels, both

OB enclosures showed detectably higher ammonia levels within

24 hours and increased consistently over the first 1-3 days.

The corresponding SB enclosures showed no initial change

(rigure 32) 
"

Net sediment ammonia flux vtas calculated by determining

the rate of increase in concentration in the first 15 days

for alt treatments (ttre slope of a least-squares linear re-

gression), subtracting the SB value from the corresponding

OB value and converting the resultant flux Lo mass per unit.

sediment areâ over time using the enclosure volumes (calcu-

lated from water depth) and enclosed sediment area (ca.

Q.47n2). These data (table 16) indicate a small net release

of ammonia by the control and 0.1mg'¡-t treatments over the

experimental period, with a progressively larger rate of re-

Iease at 1.0 and 5.0m9't - t application levels.



Figure 31: Dissolved oxygen concentrations in
open-bottom (o) and sealed-bottom
treated with three concentrations

174

water of(") enclosures
of simazine"
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F i gure 322 Àmmonia concentration
(o) and sealed-bottom
with three concentrat

in water of open-bottom
(.) enclosures treated

ions of simazine.
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TABLE 1 6

Net sediment nutrient flux

total ammonia, total reactive phosphorus (rnp) and siricon
response to three levels of simazine.

Sediment flux (mg'm- 2'day- 1 )

Treatment Àmmon ia TRP Silicon

of
in

cont rol-

0.1m9'¡-t

1 " Omg'¡- t

5,0m9'¡-t

4 "63

4"68

35 "79

64"58

0 "49

-0.90

5"34

19.65

5.25

-92 "95

207 .59

247 "95
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Totar reactive phosphorus (tnp) revels in the enclosures

exhibited trends very simil-ar to those of ammonia (rigure
33), with increases in oB herbicide-treated encrosures de-

tected within 48 hours of addition. sB enclosure levels at
1.0 and 5.0m9'r,- I increased only srightly (rigure 33). car-
culations of sediment flux using arl data (table 16) con-

firmed the increase in fiux with increasing simazine concen-

tration. sright net sediment adsorption (negative flux) was

observed at 0.1m9. ¡- t .

Initial silicon Ievel determinations v¡ere erratic due to
anaryticar difficurties. No significant change occurred in
the controL and 0. 1mg.¡- t encl-osures forrowing treatment,
arthough levers in sB enclosures were near the rimit of de-

tection (rigure 34). Initial differences between sB and oB

encrosures treated with 1.0 and 5.Omg.t - t simazine widened

following treatment, with marked increases in oB encrosures.
Net sediment flux for silicon calcurated using atl data in-
creased in proportion to increasing herbicide concentration
(tabre 16). Às found for TRp, net negative flux was ob-

served at 0.1m9.¡-t simazine.
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Figure 33: ToLaI reactive phosphorus concentration of open-
bottom (o) and sealed-bottom (.) enclosures
treated with three concentrations of simazine.
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Silicon concentration of open-bottom (o) and
sealed-bottom (") enclosures treated with three
concentrations of simazine.
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5 "4 DISCUSSION

During this experiment, two phases in the change in dis-
solved oxygen status of OB versus SB enclosures hrere identi-
fied. The first occurred soon after enclosure placement,

and was characterized by Iower oxygen concentrations in OB

enclosures" This trend continued over the pretreatment

period of 12 days suggesting that the decrease vras a reflec-
tion of normal BOD and/or COD of marsh sediments. Àt the

same time, lower oxygen levels appeared to be correlated
with higher nutrient leveIs (possibly through an influence

on sediment redox), explaining the initial (day 0) nutrient
differences between enclosures (rigures 32-34) "

The second change in dissolved oxygen leveLs of the en-

closures occurred following herbicide treatment, specific
Ievels being a function of herbicide concentration. This is
indicative of a change in photosynthetic oxygen evolution

and corresponding increases in BOD due to decay processes"

Since macrophytes vrere not present in the enclosures, the

observed deoxygenation may reflect inhibition of sediment

epipelon, with some lesser influence upon planktonic and

haptobenthic organisms. In light of the fact that simazine

concentrations in OB enclosures decreased significantly over

the experimental period (nigure 30), sediment adsorption of

herbicide is probable, thereby increasing the phytotoxic

concentration at the sediment/water interface. This is par-

ticularly true for the 5"0m9'¡-t OB treatment, since the
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amount of added herbicide in excess of the maximum observed

water concentration (ca. 3.Smg.L- 1 ) was not accounted for.
Furthermore, significantry higher concentrations noted in
the sB enclosures suggests strongly that sediment adsorption
occurred in the corresponding OB enclosures.

The change in oxygen concentration in reration to the

herbicide leve1 coincided with substantial changes in the

concentrations of total ammonia, TRp, and silicon, pointing
to a connection between inhibiLion of sediment biota and in-
crease in nutrients. Given that the primary effect of
triazine herbicides is on photosynthesis (Morerand 1980) and

that the resurts found here vrere similar to those of the

light-exluding enclosure experiment of Kistritz ( 1 979) , in

that significant sediment rerease of ammonia and phosphorus

occurred under conditions of low dissorved oxygen in both

cases, it is J-ikery that autotrophic biota are important de-

terminants of the ultimate rate of nutrient frux from sedi-
ments. The present data do not indicate whether this rera-
tionship is direct, invorving loss of the nutrient-trapping
epipelic layer (Jansson 1980), or indiregt, through lower

photosynthetically-evolved dissorved oxygen levels which

wourd either stimurate sediment rerease (through lower redox

potential) or sustain high revels of reduced or sparingry
solubre species generated by other means. Further erucida-
tion of the correration between epiperon and sediment nut-
rient flux is clearly needed
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À major assumption of this work is that the observed dif-
ferences in nutrient revers between sB and oB encrosures

folrowing herbicide treatment reflects alr and onry sediment

effects (i.e. that aII inputs and outputs for nutrients to
the pairs of enclosures other than sediment contact lrere the

same). However, concurrent observations on the development

of periphyton in the enclosures suggests that this may not

be true, since algal colonization lras generally much higher

in OB as compared to SB enclosures. Rapid colonization oc-

curred in alI enclosures during the pretreatment period and

autolysis of this material probably explains the slight in-
crease in nutrients in 1.0 and 5"Omg.L-t SB treatment enclo-

sures over time.

Preliminary data indicate that the difference in aIgaI
colonization between SB and OB enclosures following herbi-
cide treatment was greatest in control and 0.1mg'¡-t pairs,
and decreased in relation to herbicide concentration at 1.0

and 5,0m9'¡- t simazine. This is in agreement with our pre-

vious findings where IeveIs of periphytic chlorophyll were

observed to be approximately 75%, 55%, and 5% of a controL

at 0.1 , 1 .0 and 5.0m9.¡- t simazine respectively (Chapter 2) .

It is likely, then, that the fluxes reported for the control
treatment are somewhat underestimated, and the discrepancy

between observed and actual sediment flux would decrease

with decreasing periphyton growth (i.e" at higher herbicide

levels)" These differences may in part explain net negative
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f luxes calculated f or TRP and silicon in the 0.'1mg'L- 1

treatment. On the basis that differences in levels of peri-
phyton colonization between SB and OB enclosures v¡ere of

lesser magnitude that would be expected from the differences

in nutrient concentrations, we do not believe that underes-

timation is of sufficient magnitude to obscure the observed

effect of herbicide concentration on sediment flux rates
(table 16). Moreover, reduction in dissolved oxygen levels

with herbicide treatment (Figure 31 ) would be expected to

reduce the contribution of bioturbation by sediment inverte-

brates on sediment nutrient flux (nutgers van der Loeff et

aI" 1984) wittr the result that calculated fluxes at higher

simazine treatment levels vrere also underestimates,

Because some investigators indicate an interaction be-

tween herbicide addition and nutrient status (..9. Murphy

et al. 1981¡ Tucker & Busch 1982) while other do not (e.9.

Brooker 6. Edwards 1973; Strange 1976), there may be several

interactive factors determining the ultimate ambient nuL-

rient concenLration. The present work points out the poten-

tial importance of sediment effects, even though the con-

trols of the processes involved are yet not clear" One

should not discount, however, the potential importance of

such factors as the size and species composition of macro-

phyte communities, which would determine the magnitude of

biotically stored nutrient pools and the relative suscepti-

bility to subsequent release and/or mineralization" Fur-
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thermore, the potential for development of resistant plant

biotypes (inctuding periphytic and planktonic algae) will
determine the extent of immediate reuse of released nut-
rients. In this regard, several authors who found no in-
crease in nutrients do report the occurrence of new macro-

phyte species (r'istr 1966; Brooker & Edwards 1973) and/or

phytoplankton blooms (walsh et aI. 1971) following herbicide

treatment. The composition of suspended and sediment bac-

terial populations may also have a bearing on ambient nut-
rient levels. Their resistance levels to the specific her-

bicides, abiJ-ity to degrade organic nutrients and release

inorganic compounds, proximity to plant detrital particles
falling to the sediments, and their capacity in nitrifica-
tion may all be important. Sediment characteristics are

also likely to be important (e.g. organic content, texture,
porosity, and sorptive ability for nutrients). For example,

many sediments have high capacity for ammonia and ortho-
phosphaÈe (Lerman 1978) so that if interstitial pools are

sma11, adsorption may exceed release.

Clearly, more intensive examination of some of these fac-

tors wiII be necessary before a complete understanding of

secondary effects of herbicides in aquatic systems is
ga i ned.

FinaIIy, the high

simazine relative to

tangent of the present

nutrient fluxes observed at 5 " Omg'¡- t

the control points t.o an interest ing

work This rate may reflect poten-
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tial sediment contribution of nutrients to the overlying

marsh and therefore the impact of the development of epipe-

lon on marsh nutrient dynamics. Preliminary data for in-
terstitial sediment water concentrations of ammonia and siI-
icon at the study site (up to 6.7 and 7 .2ng"¡,- t

respectively) suggest that flux based simply on molecular

diffusion should be large, since overlying water concentra-

tions of these nutrients (and particularly ammonia) are com-

paratively much lower. The importance of sediment flora,
then, should be considered in examinations of nutrient cy-

cling in shallow water bodies where development of an exten-

sive epipelic community may occur.

...jh:i:1,..'



Chapter VI

SUMMÀRY

rn one experiment, concentrations of the aquatic herbicides
simazine and terbutryn were added to in situ enclosures of

marsh water. Colonization of acrylic substrata by periphy-
ton was monitored through measurements of chlorophyll g ac-

cumulation, carbon assimilation rate and total algal cell
biovorume. No change in these parameters, rerative to an

untreated contror, was observed at 0.1 mg.L-1 simazine over

a 3-week period, with increasing inhibition (to approximate-

ly 98%) at 1 " 0 and 5.0 mg'L- 1 . Argal biomass was reduced

more than 90% with terbutryn concentrations of 0"01 mg.L-r

and higher. upon reduction of herbicide concentrations in
manipulated enclosures, increases in alga1 growth were de-

tected within one week, with growth rate (rate of increase

in atgal chrorophyll, total biovolume or carbon fixation
rate) equal to or greater than that of samples from the con-

trol enclosure.

Pre-frood community structure of periphyton in simazine-

treated enclosures was quaritativery similar to that of con-

trol samples, while a small brue-green alga $ras abundant

only in terbutryn-Èreated enclosures. After enclosure

frooding, substrata from most experimental encrosures were

186
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coronized predominantly by cocconeis pracentula, whire this
taxon accounted for about 25% ot total biovorume on substra-
ta from the control and 0.1 mg.L-1 simazine encrosures. Re-

covery of argar communities forlowing herbicide stress must

therefore be evaruated carefully to incrude effects on boLh

community structure and function.

rn a second series of experiments, the static sensitivity
of periphyton carbon fixation rate of sampres from control
and simazine-treated enclosures to five concentrations of

added simazine $¡as determined. Increased herbicide resis-
tance / tolerance, as indicated by increases in ECso r rê-
sulted from short (ca" 7 days) exposures, arthough ECso de-

creased when herbicide concentration was less than 0.9

mg'L- 1 . Levels of inhibition detected at 1 .0 mg.L- 1 vlere

less than those observed for growth at this concentration,
implying that ECso is an overestimate of LCso. There vras no

evidence that a resistant taxon developed in response to si-
mazine addition, arthough the density of g.pracentula corre-
lated wel-l with ECs o in treated enclosures "

corration of community structural analyses of samples

collected during the preceding experiments showed t.hat a re-
lationship may exist between the maximum density that.

Q.placentula populations achieve on artificial substrata and

the density of the heterotrichous green alga stiqeocronium

sp. The prevalence of c.pracentula in some encrosures fot-
lowing decreases in herbicide concentration and not in oth-
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ers suggests that the specific outcome of herbicide treat-
menLs on algal community structure may depend on the season-

al timing of the addition and the autecological and syneco-

Iogical responses of constituent taxa.

Secondary effects of herbicide addition on enclosed water

chemistry were examined by adding one of three concentra-

tions of simazine to macrophyte-free enclosures with and

without sediment contact. Changes in the concentrations of

total ammonia, total reactive phosphorus and silicon were

monitored, and net sediment flux was calculated from the

difference in nutrient concentration between pairs of bot-

tomed and unbottomed enclosures. Rates of sediment release

for all three nutrients ?rere unaltered by 0.1 mg.L-1 sima-

zine in relation to a control, whereas rates increased pro-

portionally at 1,0 and 5.0 mg.L- 1 " Increases in dissolved

nutrients which commonly follow herbicide treatment of shal-

low waters may therefore not be attributable solely to ma-

crophyte decay, but may also involve a complex interaction
of biotic and abiotic sediment nutrient exchange processes.

Further vrork is needed to determine to what extent primary

(herbicide toxicity) and secondary (increased nutrient sup-

pIy) effects influence periphyton growth in herbicide-treat-
ed enclosures"

å"._-\._
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Appendix A

SUMMÀRY OF ENCLOSURE EXPERIMENTS

Summary of enclosure experimenÈs performed at two sites
in the Delta Marsh, 1982-1984.

Exper iment Start 1 End 2 Yea r Site

À

B

c

D

E

F

(J

u/t
J

13 May

1 I July

22 August

16 May

20 June

20 June

27 July

9 August

27 June

9 JuIy

2 October

1 0 October

23 June

5 Àugust

1 5 August

1 6 September

23 September

23 Àugust

1982

1982

1982

1983

1983

1983

1 983

1984

1983

BC

BC

BC

CP

CP

CP

CP

CP

CP

1

2

3

date of enclosure placement
date of final sample collection
BC = Blind Channel, CP = Crescent Pond
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Appendix B

DETECTION OF BÀCTERIOCHLOROPHYLL IN PERIPHYTON
EXTRÀCTS

The trichromatic method of Strickland & Parson s (1972) was

used in this investigation for determination of chlorophyll

concentrations in crude 90% acetone extracts. This method

involves measurement of the specific absorbance of extracts

at 630, 645 and 665nm with substitution into the following

formulae:

(1) â = 10 x 65 4s - 0.14Ae so) / V

45

30

(2)

(3)

chl

chl

chl

b = 10 x

c = 10 x

(11.6À6

( 20.7A'6

(55.0e.

1 " 31A6

4.34A6

4.64A6

42Àogo)

.3À.ou)

/v
/v

A"

16

65

65

where Àsso, Ae¿s and Àess are absorbances measured in a 1cm

pathlength cuvette, Y is the volume of water extracted (¡,)

and concentrations are in units of ug.L-1. Pigment concen-

trations in samples of periphyton are derived by replacing

the denominator of the above formulae by the substratum sur-

face area (cm2 ) .

This rnethod corrects for potential error due to absor-

bance of particulate material in solution (arising primarily

from macerated glass fiber fitters) by measuring specific
absorbance of the solution at 750nm (Azso). The basis for

Èhe correction is that particulate materials will absorb
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Iight at 750nm, but that constituent plant pigments wiII not

(Strickland & Parsons 1972) " It is further assumed that

Az so is roughly equivalent to the specific absorbance due to

particulates at 630, 645 and 665nm, so that subtraction of

Azso from Asso, As¿5 and Aeos provides a more accurate meas-

ure of net chtorophyll absorbance. The monochromatic esti-

mation method of Lorenzen (1967 ) also employs Àz so as a cor-

rection factor for Às e s.

During two experiments performed in this investigation,

extracts of periphytic materiaL yrere found to have excep-

tionally high Àzso values which were not visually attributa-

ble to particulate material. These extracts were generally

brownish green in colour (as opposed to a usual green col-

our) and were characteristic of specific experimental enclo-

sures. An absorption spectrum of a representative sample in

90% acetone (rigure 35 - solid line) showed t.hat these solu-

tions exhibited a near-infrared absorption maximum in the

range of 770-773nm, whichr upon acidification (ca. 10-2N

Hcl), shifted to 748-750nm (rigure 35 - dashed line). These

findings suggested that a pigment(s) not present in other

samples was a major component of these extracts. Àttèmpts

to isolate these pigments by 2-dimensional ascending paper

chromatography using the method of Jeffrey (1961) (developed

in the dark - dimension 1: 4% propanol in petroleum ether;

dimension 2z 30% chloroform in petroleum ether) were unsuc-

cessful, presumably due to degradation of the pigment(s)
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during concentration of the extract under an air stream (see

l-ater discussion) and the poor resolution of chromatograms.

However, oñ the basis of the observed absorption maximum,

and the assumption that photosynthetic plant pigments absorb

light primarily in the range of 400-700nm, it was concluded

that the solutions contained bacteriochlorophyll a (after

the terminology of Jensen et al. 1964)" This pigment exhib-

its maximum absorbance in the range of 769-773nm in a vari-

ety of organic solvents (including acetone) (Wassink et a1.

1939; Katz & Wassink 1939i Jensen et aI. 1964; Sauer et al.
1966) and its degradation product, bacteriopheophytin ê-, ab-

sorbs maximally at 745-75Onm. Bacteriochlorophyll a is the

primary pigment of anoxygenic photosynthetic bacteria in the

families Chromatiaceae and Rhodospirilliaceae (efennig

1978).

Several methods were encountered in the literature for

quantitative measurement of bacteriochlorophyll a. ÀI1 were

based on monochromatic formulae, since bacteriochlorophyll a

absorbs in a clearly distinct absorbance range from other

photosynthetic bacterial pigments (b,c and d )(Jensen et a1"

1964) " The oldest method, described by van Niel & Àrnold

(1938), involved the quantitative conversion of the appar-

ently Iight-instable pigment to its more stable pheophytin

using HCI. The absorbance of Lhis solution was measured at

667 "8 nm and the concentration of bacteriochlorophyll a cal-

culated in comparison with the extinction coefficient of a



Figure 35: Àbsorption spectrum of per
pathtength) from enclosure
Solid line - whole extract
I ine ac idi f ied extract.
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iphyton extract (1cm
T, experiment G.
(90% acetone), dashed
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standard solution. It was assumed that the amount of pheo-

phytin produced was equivalent to the amount of bacterioch-

Iorphy11 a in the original sample' Lascelles (1956) updated

this method by measuring absorbance of the pheophytin solu-

!ion at 750nm (its absorption maximum). Recent evidence

suggests that concentrated solutions of bacteriochlorophyll

a in pure, clean solvents are actually rather stable (Mauze-

rall 1978), and several authors have based estimation of

concentration on absorbance of the native pigment (takahashi

& Ishimura 1968; Cohen-Bazire et aI. 1957 i Guerrero et aI"

1985). À

solut i ons

ca

of

Iculation formula used by Lhe former authors for

90% acetone t¡as as f ollows:

(4) Bacta (ug'r,-t) = (25.2xr2 xv) / (vxL)

where 25"2 is an extinction coef f icient (mL'mg- r 'cm- 1) f or

the pigment, Azzz is the specific absorbance of the acetone

solution at 772nm, v is the volume of the extract (mL), 9 is

the water volume sampled (¡.) and !. is the 1i9ht pathlength

(cm). Similar methods have also been used for estimation of

bacteriochlorophyll d residues (Caldwell & Tiedje 1975) "

In the present investigation, the latter method was cho-

sen over the more laborious acid-conversion method since

crude solutions were found to be relatively stable in the

30-60 minutes period from extraction of pigments to measure-

ment of absorbance; Iight absorbance of specific wavelengths

by. solutions kept in the dark for up to 4 hours decreased

only slightly.
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The formula adopted for direct estimation of

bacteriochlorophyll a in unacidified extracts was as fol-

lows:

(5) Bact a (ug.cm-2) = (911.54220 x v) / (69 x sÀ)

where 911.5 is the molecular vreight of bacteriochlorophyll
(ug'umole-1), Àzzo is specific absorbance of a 1 cm path-

Iength solution at 770nm, y is the volume extracted (10 mL),

69 is a molar extinction coefficient (mL'umole- 1'cm- 1 ) of

bacteriochlorophyll a in acetone at 770nm (Mauzerall 1978)

and SA is the surf ace area (cm2 ) of t.he substratum.

To simplify this calculation for routine measurements

made at 750nm, a relationship between Àzso and Azzo values

of solutions containing bacteriochlorophyll g was estab-

Iished (rigure 36):

(6) Atzo = 1.5175Àzso - 0.0670 ( r=0 " 9993, n=1 1 )

for the Àzzo term in formulaThis regression v¡as substituted
(5) to yield the following:

(7) Bact â = ((911.5 x v)(1 "5175Azso - 0.670)) / (69 x sA)

The algorithm for calculation of bacteriochlorophyll a in

periphyton samples stas as foIIows. Prior to particulate

correction of Aoso, Ao¿s and Asos values for a given sample,

the corresponding Àzso value vtas inserted into the bacter-

iochlorophyll formula (7) . Since Azso values
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Figure 36: Re1at ionship between Àz s o and Àz z o
containing bacteriochlorophyll a.

of samples
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give negative results from formula (6), samples containing

Iittle or no bacteriochlorophyll were effectively discrimi-

nated, while those yielding a positive value stere assumed to

contain bacteriochlorophyll . Strickland & Parsons (1972)'

noted that solutions of chlorophyll with Azso

spective of pathlength) should not be used to provide relia-

ble estimates, so it is unlikely that bacteriochlorophyll-

free samples would be encountered with Àzso

avoid using Àzso aS an indicator of "particulate" absorbance

of these samples, the subsequent correction step was skipped

at the expense of a small degree of error. Concentrations

of chlorophylts ?¡ b and c and correction for pheophytin a

could then be calculated using formulae (l to 3) (Strickland

& Parsons 1972) and bacteriochlorophyll a by formula 7 
"

Sample data from experiment D (1983) illustrate the ad-

vantages and disadvantages of the present calculation formu-

l-a (fable 17) . In that experiment, substratum samples nere

collected at weekly intervals for 4 weeks from an enclosure

treated with 1.Omg'L-t simazine, and 60cm segments h'ere used

for chlorophyll analyses. On the first week, epiphytic

biomass $raS low, although disintegration upon maceration of

the filters used in collecting epiphyton resulted in a mod-

erately turbid soLution which could not be satisfactorily

clarified either by centrifugation (15 minutes @ 1000 g) or

filtration (whatman GF/C). Àfter correction using Àzso, the

Strickland & Parsons formula (1) confirmed undetectable
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chlorophyll a l-eveIs. Because of the absorbance limitation

noted earlier, the modified formulae (l + 7) erroneously re-

sulted in positive bacteriochlorophyll (due to high Àzso)

and chlorophytl a (due to lack of correction of Àsos by

Àzso) leveIs. These data emphasized that the particulate

content of samples to be screened f.or bacteriochlorophyll by

this method must be Low (s 0"044cm-1).

The incidence of sample turbidity observed on week 1 did

not recur during subsequent sampling, with the result that

chlorophyll a concentration estimates from the two methods

on week 2 were the same. In general, the two methods v¡ill

always yield equivalent results when Azso

bacteriochlorophyll is absent) .

On the third and fourth weeks of sampling, an apparent

bacterial bloom was observed in the enclosure as periphytic

material on sampled substrata increased markedly. Àn ab-

sorption spectrum similar to Figure 35 was recorded for each

of 3 samples on each date " The standard Strickland & Par-

sons correction factor resulted in significant reduction in

Àoos, so estimates of chlorophyll a were much lower than

those provided by the modified formula (rable 17\. This

suggests that the use of Àzso in correction of Aoos may re-

sult in serious underestimation of chlorophyll g concentra-

tions when bacteriochlorophyll a is present. This assertion

is qualified by the assumption that the observed Asss value

represents chlorophyll a absorbance, although it is noted
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that in vitro absorption spectra of bacteriochlorophylls c

and d are very similar to those of chlorophyll a (table 18).

Eloranta (1985) has attempted to differentiate the two on

the basis of absorption spectra and paper chromatographic

separation. Takahashi & Ichimura (1968) reported individual

concentrations of chlorophyll â, and bacteriochlorophylls 3-,

c and d in depth profiles of several Japanese lakes based on

analytical techniques and calculation formulae similar to

those used here. The basis by which separation of a mixture

of these pigments r{as achieved was unfortunately not de-

scribed.

Speculatively, the present samples may have contained

members of the bacterial family Chlorobiaceae, which contain

bacteriochlorophylls c and d, and smaller ( 5-'1 0% of total )

quantities of a (Sybesma 1970) within a mixed community of

green and purple bacteria. This does not, however, preclude

the presence of a1gal chlorophyll a in these samples; corre-

sponding paper chromatograms contained spots with Rf values

and absorption spectra similar to chlorophyll a. Wet and

ashed microscopic preparations of samples from experiment G

(encfosure I ), which exhibited significant bacteriochlorop-

hyll a concentrations, were found to contain Iarge popula-

tions of blue-green, euglenid and diatom taxa (data not

shown). It is therefore suggested that while chlorophyll a

estimates provided by the present formulae counteract inher-

ent underestimation by the standard formulae, caution should
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TABLE 17

Comparison of calulated concentration using two methods

Calculated chlorophyll concentrations from data from experiment
D (enclosure #3, 1983) using the Strickland & Parsons formula
and the modified formula for addition detection of bacterio-
chlorophyll a (t SE, n=3).

Time
(weeks) S & P formula

Concentration (ug'cm- 2 )
Modified S & P

Ch]. a Bact. a

0

0.007
( 0.003 )

0.062
(0.018)

1 .063
(0.278)

0.012
(0.012)

0.007
( 0.003 )

0 "237(0.026)

0.944
(0.224)

0.012
(0.012)

0

0 .142
(0.010)

0.080
( 0.040 )
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TÀBLE 18

Absorption maxima of some chlorophylls and
bac te r i ochloroPhYl 1 s't

Pi gment Maxima (nm)

Chlorophyll a

b

Bacter iochlorophyll

410

430

412

406

430

455

432

425

534

s30

578

549

575

61 5 662

595 644

622 660

612 650

c

¿

*source: Stanier & Smith 1960.
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be exercised in interpretation of absolute pigment leveIs.

Furthermore, this Iimitation should be noted for applica-

tions which presume to measure bacteriochlorophyll concen-

trations in natural samples containing algal chlorophylls
(eg. Caldwell & Tiedje 1975; Guerrero et a1. 1985).

A restriction of the present model is that it does not

aIlow for correction of bacteriochlorophylt a estimates for

any pheophytin a present in the original sample. Such a

correction should be possible if an independent estimate of

bacteriochlorophyll, derived using the Azso value of the

sample after acidification (noting the potential errors for

this latter method) r is compared to that of the present

method in a manner sirnilar to that used by Lorenzen (1967)

to estimate the pheophytin content in samples of chlorophyll

a.

In conclusion, the present modification attempts to aI-

Ieviate Iimitations of the Strickland & Parsons formula used

for estimation of chlorophyll a concentrations in extracts

of periphyton containing significant concentrations of bac-

teriochlorophyll a. WhiIe it does not allow for accurate

differentiation of a1ga1 and green bacterial pigments (if

both are present), it does provide additional useful infor-

mation from periphyton samples containing purple photosyn-

thetic bacteria.



Appendix C

COMPUÎER SIMULATION OF THE PERSISTENCE OF
SIMÀZINE IN ENCLOSURES

c.1 INTRODUCTION

As the use of herbicides in modern agricultural and forestry

practise becomes widespread, knowledge of the persistence of

these compounds in all aspects of the environment is of in-

creasing importance. This information can be used in con-

junction with data characterizing the relative toxicity of

the compound to biota to predict the impact of inputs to the

environment. Unfortunately, generation of persistence data

under natural conditions for all possible environmental con-

taminants is neither practical nor possible" As a result,

the use of simulation models, which provide gross estima-

tions of the environmental partitioning of a compound from

minimal data of its chemical and physical properties (Rao &

Davidson 1980), is becoming increasingLy common" Examples

are models which predict degradation rates (eg. WaIker et

al . 1 983 ) and overall f ate (.lury et aI . 1984 ) of pest ic ides

in soiI, extent of loss of terrestrially-applied compounds

via runoff (Wauchope & Leonard 1980) and movement of these

compounds between various components of the aquatic ecosys-

tem (Mackay eÈ aI" 1981; Roberts et al. 1981). The latter

models are of particular use in aquatic toxicology, as they

238
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may provide an initial direction in determining the orienta-

tion of detailed monitoring programs, and some expectations

of the duration of persistence of the modelled compound.

In this investigation, gross approximations of herbicide

residue levels in experimentally manipulated enclosures were

performed in order to monitor ambient levels of treatments,

and to detect the effects of enclosure flooding on these

Ieve1s. No explicit data regarding partitioning of Lhe her-

bicide between the water (where it was initially added) and

other components of the enclosed littoral marsh can be of-

fered. To address some aspects of the potential environmen-

tal persistence and fate of the herbicides used here, a sim-

ulation was conducted using a model proposed by the National

Research Council of Canada Àssocia*-e Committee on Scientific

Criteria for Environmental Quality (Roberts et al" 1981).

This model was chosen because it allowed the definition of a

specific aquatic 'system' (the enclosure) within Iimits de-

fined by the accuracy of crude estimations"

While the NRC model required a reduced amount of specific

input by the user, it v¡as inevitably limited by the avail-

ability of elementary data. Therefore, the present simula-

tion was restricted to simazine, for which much of the nec-

essary data existed. The simulation vlas conducted using t.he

computer program described by Roberts et aI. (1981)" The

original program $ras written in Tektronix BASIC and was sub-

sequently translated into Microsoft BASIC by Dr. D.C.G"
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Muir. The present program is a derivation of the latter

version, revised by the author to include disk storage of

input data and compatabílity with both the Àpple DoS and Àp-

ple CPAL operating systems. Copies of t.he source code are

available on request,

C.2 THE MODEL ECOSYSTEM

The model defines four compartments of the aquatic environ-

ment" Compartment 1 is water and includes all constituent

dissolved organic and inorganic compounds. Compartment 2,

the catchall, includes all particulates suspended in the wa-

ter column (suspended sediments, phytoplankton, bacteria

etc. ) except fauna. In the present context, âh attempt s¡as

made to incorporate periphyton into this component as welL.

Compartment 3 is the sediment, specifically defined as that

layer in active chemical contact s¡ith the overlying water

column. Compartment 4 is defined as biota by Roberts et aI.
(1981) but should be more closely defined as fauna (the most

important component being fish). Since fish were absent

from the enclosure system, data inputs for compartment 4

specifically pertaining to fish $¡ere neglected (see later

for explanation).

The data entered into the model describe physical and

chemical properties of the enclosed aquatic environment (ta-

ble 19) and simazine (rable 20), as weII as compound-specif-

ic degradation rates (table 21) and inter-compartmental
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transfer rates and partition coefficients (rable 22). Val-

ues v¡ere drawn from the Iiterature where possible, oF were

estimates based on model defaults and/or empirical formulae.

The specific origins of these data are given in the appro-

priate table or are discussed later"
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TABLE 1 9

Systern-specific data (oelta Marsh, Crescent pond)

System-specific data input to the NRC model for
prediction of the persistence of simazine in
in experimental enclosures.

Parameter Input data

latitude ( oH)

water depth (cm)

water volume (l)

concentration of catchall

sediment organic content

sediment weight (gm)

month

water temperature (oC)

50

63

300

1) 25

1q

76s0

JulY

20

low

0.1

0

volume (mg'r,- t )

1

10

(mg'r,-

(%)

light attenuat.ion with depth

average fish weighL (gm)

number of fish

simazine concentration in input

volume of solution input (¡,)

critical percentage

300
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TABLE 20

Compound-spec if ic physical properties

input to NRC model for the prediction of the persistence of
simazine in experimental enclosures. See text for source
of data not given in table.

Parameter Input data Source

compound name

melting point (oC)

molecular weight

vapour pressure (mm Hg)

water solubility (mg'r,- t )

octanol-water part. coeff .

organic matter part. coeff.

Henry' s constant ( Pa 'm- 3 'moI -

extinction coeff. (u- t 'cm- 1 )
(290 40Onm)

quantum yield

f raction biodegradable

s imaz ine

226

201 .7

6.1 x 1 0-9

2q.Jôv

97

175

1) 4.6735 x 1o-s

aII 0

wssÀ 1 983

wssÀ 1 983

wssA 1 983

wssÀ 1 983

1

0
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TABLE 21

Compound-specif ic degradation rates

Compound-specific degradation rates input to
NRC model for prediction of the persist.ence of
simazine in experimental enclosures. See text
for sources. First order or pseudo-first order
kinetics are assumed. À11 uni-ts in day- t

Compartment Rate

water

volatilization
hydrolys i s

photolys i s

ca tcha I I
sediment

bi ota

6.113 x

8.299 x

5.702 x

0.018

0.028

0

10-6

10-

10-
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TABLE 22

Transfer rates and partition coefficients

used as input to NRC model for prediction of the
persistence of simazine in experimental enclosures. See
text for sources "

Parameter Input data

Partition coef f ic ients

sediment / water

catchalL / waLer

fish / water (bioconcentration)

Transfer rat,es

12.5

37 .5

1.0

10

1.78

67

1"78

"1779

"1779

water

sediment

water -> catchall (mg-t'day-

catchall -> water (mg-l'day-

water

fish -> water (day- I )

1)

1)

1)

1)

1

1
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C.3 MODEL INPUT

C.3.1 Enclosure system parameters

The model simulates the addition of 1 L of a 300 mg'L-1 si-

mazine solution ( initiat concentration = 1 .0 m9'L- 1 ) to an

enclosure located in the Crescent Pond (99o 19'I^r, 500 7'N) "

Enclosure volume varied seasonally with pond 1eve1, although

an assumed mean (ca. 300 L) is representative of most enclo-

sure experiments. Based on enclosure diameter (78 cm), this

would represent an enclosed water depth of 63 cm (table 19).

Àctual observations of water depth in the pond indicated

that the level varies temporally within a range of about

50-90 cm (data not shown). The enclosed sediment area with-

in a typical enclosure I{aS 4780cm2. Based on assumed values

f or sediment bulk density and 'active' depth ('1 .6gm'cm- 3 and

1 .Ocrn respectively - Muir, pers.comm. ) , an estimate of sedi*

menL weight within the enclosure Þ¡as 76509m. Sediment sam-

ples vrere collected from within enclosures in the Crescent

Pond in 1984 for determination of organic matter content.

These samples were dried overnight t.o constant weight at

1050C, and organic percentage estimated by loss-on-ignition

from 2gm samples incinerated for 16 hours at 375oC (McKeague

1978 ) " The mean of 4 replicates r.¡as 15.05 t 0 " 30.

Most enclosure experiments were conducted in mid-summer

(Àppendix A) so the model based the simulation in the month

of July. Water temperature in this period fluctuates widely

as a result of winds and the shallor¡ water column, but a es-
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tirnate of 20oC is probably representative. The Iight atten-

uation with water depth (set as either 'high' or '1ow') was

assumed to be low due to the relative clarity of pond water

in this period (mean n=0.0302 cm-r).

No data exist for the concentration of suspended material

(catchatl) in Crescent Pond water, although qualitative ob-

servations derived from water filtrations suggest that the

value is }ow. Since the largest apparent biotic component

within enclosures (tne periphyton) $¡as not quantified by the

model, ãD estimate of total periphyton biomass was incorpo-

rated into the model as catchall. Total surface area for

periphyton colonization was estimated as 20,000 cm2 (15348

and 4562 cm2 on enclcsure walls and on 36-60 cm long acrylic

rcds respectively). Àssuming an average periphyton biomass

(expressed as chlorophyll a) in JuIy of 1.0 ug'cm2 (Hooper-

Reid & Robinson 1978), this represents a total chlorophyll e-

content of 20mg. This in turn was converted to organic mat-

ter using a 1% chlorophyll/organic matter ratio (e.p.Healey,

pers,comm.). The resulting weight (200Omg) was expressed in

units of enclosure volume (300t) as ca. 7mg'L-1. Àn esti-

mate of total catchall concentration vtas taken as 25 m9'L-1

to account for the uncertainty inherent in the above calcu-

Iation and other unquantified (and potentially significant)

catchall comPonents.

Although the enclosure system included no fish (except on

rare occasions when one rlas accidentatly trapped during en-
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closure placement), the input value for average fish weight

could not be set to zero vtithout causing the simulation to

terminate prematurely. To circumvent this problem, a low

value (0.1 gm'f ish- 1) vlas entered and the number of f ish per

enclosure v¡as set to zero"

The critical percentage of the modetled system (which may

be used in calculation of the efficiency of various degrada-

tive pathways in influencing loss of the compound from the

system) was set at 10% (tt¡e model default) "

C.3.2 Simazine properties

Some basic chemical properties of simazine Þtere readily

available for model input (WSSA 1983), while others were es-

timated from data reported in chemical literature (table

20) " The latter include the octanol-water partition coeffi-

cient (¡<ow a crude estimator.of biological membrane parti-

tioning), which was estimated as Lhe arithmetic mean of 88

(Rao & Davidson 1980) and 155 (Kenaga & Goring 1980). The

organic matter partition coefficient (ttoc) was based on the

geometric mean (due to the higher variability of estimates)

of 138 (Rao & Davidson 1980), 135 (nenaga & Goring 1980) and

284 (Clotfelty et aI. 1984)" This estimate assumed that the

effect of colloidal material in solution on Koc is minimal,

although Means & Wijayaratne (1982) have found that Koc of

atrazine (chemically similar to simazine) may increase to

13r000 in the presence of colloids. Henry's constant (used
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in the calculation of volatilization rate) was estimated as

the ratio of vapour pressure (in Pa) to water solubitity (in

mole'm- 3 ) .

The model default for guantum yield of simazine (ratio of

the number of molecule quantities undergoing photolytic re-

actions to the number of light quanta absorbed by the mol-

ecules) of 1.0 vras used (ie. maximum potential photolysis

when energy is absorbed) because no data h'ere available to

allow more accurate input. The default value for the frac-

tion of the molecule which was biodegradable (ratio of biot-

ic degradation rate to export rate) was used (Roberts et aI"

1981). Changes in these parameters had marginal effects on

the resulting simulation.

The rate of volatilization has been assumed to be very

1ow in simulations of the persistence of simazine in soil
(WaIker 1976a¡b) and a calculated first-order rate substan-

tiates this conclusion (tab1e 21). This rate was calculaLed

from the following formula, which is based on' 2-fiIm
(air,water) theory:

1/xot = 1/xtt + RT/HKg

where Kol iS the mass transfer rate between liquid and gas

phases (m.hour-r), Kw and Kq are mass transfer coefficients

for water and gas respectively (m'hour-1), R is the univer-

saÌ gas constant (8.314 Pa.m3.mo]- 1 'K- I ), T is the environ-

mental temperature (on) and E is Henry's constant" The val-
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ues of Kw and KS. for simazine Q .ll x 1 0- 3 and 8.36

respectively) were estimated from similar values offered by

Liss & SLater (1974) for oxygen and water in oceans (which

may be overestimates of actual rates in a sheltered pond)

with correction for the molecular weight of simazine (tab1e

20). The resultant Kol value (1"6047 x 10-7) ltas converted

to a first-order rate constant by division by pond depth (63

cm) "

The ability of simazine to undergo photolysis is based on

the extent to which the herbicide molecule absorbs ultra-
violet light in the range of 290-40Onm (wavelengths <290nrn

are absorbed by the upper atmosphere) " Àn option in the

model allowed the input of extinction coefficients of the

herbicide in water at light wavelengths in the above range

(measured in 1Onm increments). However, while reports in

the literature suggest that such absorption is low (eape &

Zabik 1 970) , no explicit ultraviolet absorption spectra

could be found. À spectrum was, however, generated (figure

37) for a 1 x 10-4 M (20.17mg'1,-1) methanolic simazine solu-

tion in 1cm quartz cuvettes using a Unicam SP-800 scanning

spectrophotometer" Àlthough these data are not directly

comparable to the extinction in water (ttre technique is lim-

ited by the low water solubility of simazine), the differ-

ences are not Iikely to be important because no appreciable

Iight absorpt.ion occurred at Iight wavelengths above 290nm

(rigure 37)" At the same time, while these data would imply
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that photolysis of simazine is negligibIe, the presence of

sens itízing agents in natural waters (many Lypes of organic

molecules whicir absorb light in the near ultraviolet and

transfer shorter wavelength energy directly to the herbicide

molecule) may result in appreciable photolytic losses (Uar-

ris 1978).

Àctual rate of aqueous photolysis of simazine v¡as derived

from Ruzo et al. (1973), in which photolytic losses of si-

mazine were determined in pure water at 300nm in the absence

of a photosensitizing agent. WhiIe no substantive data for

simazine exist, Burkhard & Guth (1976) have determined that

the photolysis rate of atrazine increases 5 times upon addi-

tion of a 1% acetone solution. Thus, the rate may vary in

Delta Marsh water with the availability of sensitizers and

incident light intensitY.

Few data for simazine hydrolysis rate are available in

the literature in which rates were measured independantly of

total 'degradat.ion' in soil samples. Burkhard & Guth (1981)

reported a first-order half-life at pH=7.0 and temperature

of 250C of >200 days (rate constant = 0.0035 day-t¡. Às the

half-Iife vtas not definitively measured, however, this con-

stant may represent a serious overestimate. It was, there-

fore, assumed that a rate measured for atrazine would yield

a more accurate estimate. In solutions of circumneutral PH

values and temperature in the range of 20-25oC, rate con-

stants of 1.0543 x 10-6 (Ctotfelty et aI. 1984), 8.64 x 10-z
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Figure 37 z Simazine ultraviolet
methanol (t x 10-4M,

absorption spectrum
1cm pathlength).
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(plust et aI. 1981) and 5.714 x 10-7 day-1 (Gamble et aI.

1983) were found, and an arithmetic mean (8"299 x 10-7

day-t¡ r¡as used in simulation calculations. Restrictions on

this estimate relate to effects of environmental pH (rela-

tively constant in the range 7,5-8.5), temperature and dis-

solved organic matter content on in situ rates of hydroly-

sis. In the last respect, Khan (1978) found hydrolysis rate

of atrazine to increase Several orders of magnitude upon ad-

dition of 5% fulvic acid.

Overall degradation rate of simazine in catchall was es-

timated from rates in terrestrial soiI. Àlthough Jones et

aI (1982) noted that the degradation rate of atrazine l¡as

approximately ten times greater in estuarine sediment +-han

in terrestrial soiI, the degree of correspondence may vary

with water content (walker 1974), the size of the 'degrader'

population (Scow 1978) and other site-specific factors" The

chosen results therefore are probabty accurate to within an

order of magnitude. The final mean was based on I individu-

aI estimates (Table 23).

À mean of several degradation rates reported by Tucker &

Boyd (1981) for the rate of loss of simazine from in vitro

sediment samples v¡as used for the sediment compartment

(0.028 day- I ). Muir & Yarechewski (1982) have shown,. how-

ever, that degradation rate of terbutryn decreases Signifi-

cantly under anaerobic conditions, and Jones et aI. (1982)

reported similar findings for atrazine degradation in anae-
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TABLE 23

Degradation rates of simazine in soil

Estimate (day- t ) Source

0.009
0 "022
0.040
0.014
0 "022
0 "0290.012
0"012

Walker 1976a
Walker & ThomPson 1977
WaIker 1978
Rao & Davidson 1980

Walker & Brown 1983
Walker et aI. 1 983
Pestemer et al. 1984

mean 0.01 I
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flasks) may
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be an overestimate of the

presumably anaerobic marsh
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, the rate used here

presumably aerobic

rate of simazine deg-

sediments.

À bioconcentration f actor (gCF ) of 1 .0 (table 22) v¡as

used in simulation calculations (ttenaga & Goring 1 980 ) ,

which indicates that simazine is neither actively excluded

nor concentrated by biota. Based on the rapid clearance

rate of simazine by fish (nodgers 1970) and the low BCF,

degradation in biota was assumed to be negligible.

The calculation of chemical partitioning into sediment

(ns) can be estimated from the relation (Roberts et aI.
1981):

Ks = Koc x%Ol,tl/100

where %OM is the organic matter content of the sediment.

The calculated value of Ks was 20.6, although the accuracy

of this value may depend on the possible restrictions on the

accuracy of Koc in the presence of colloids (see earlier)"

This compares favorably with an experimentally determined

value of 12"5 (Ctotfeliy et aI. 1984) used in the present

simulation. The data of Glotfelty et aI. ( 1 984 ) suggest

that partitioning of at.razine into catchall is 3 times Ks,

so a Kca value for simazine of 37.5 vtas used here. Evidence

that this rate is of the correct order of magnitude for sus-

pended organic material can be drawn from the data of Daby-

deen ç Leavitt (1981), which showed that an equilibrium con-
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centration of simazine in the tissue of Elodea canadensis in

a 3mg'¡- t solution vras approximately 22mg 'kg- t . Àssuming a

plant density of 1.0, this corresponds to a Koc (concentra-

tion in plant / concentration in solution) of 7.3"

Calculation of mass transfer rates of simazine between

the four model compartments v¡as based primarily on model de-

faults because very littl-e information exist regarding the

magnitude of intercompartmental fluxes of pesticides. The

value f or water /sediment transf er rate ïras taken as 1 0

mg-1.day-r (Roberts et aI. 1981), from which the waEer/carc-

haIl rate (çl mg-1'day-t¡ was calculated according to the

formula (Roberts et al. 1981):

water/catchall = water/sediment x 100 /ZOu
Catchall/water transfer (water/catchall divided by Kca) and

sediment /water transf er (water/sediment / (nca x %ol"l) /100)

rates were each 1 .78 mg- 1 'day- t

Rates of clearance of simazine by fish were est.imated

from the data of Rodgers (1970) in which the simazine con-

centration of green sunfish tissue, deLermined after 24 hour

oral exposures, v¡as used to calculate a half-Iife and a

first-order rate constant (1 "1779 day- 1 ) " The fish clear*

ance rate constant is equal to the fish/water transfer rate

because degradation in fish was earlier assumed to be negli-
gib1e. Since the BCF (1.0) is then the ratio of rate of en-

try into the biota to its rate of exit, the former rate is

also 1.177 9 day- 1 .
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C.4 MODEL OUTPUT

The Roberts et al. (1981) model provides 'fixed' and 'dynam-

ic' simulations of chemical persistence. The former esti-

mates the retentive capacity of the modelled compound in an

equilibrated system. The leve1s of the compound in each

compartment of this system are assumed to be stable and pro-

portional to partition coefficients and transfer rates be-

Lween the respective compartments (after a period of contin-

uous input of the compound sufficiently long to alIow

equilibration). The fixed solution provides the relative

fractions of the equilibrium compound concentration present

in each compartment, and the relative contributions of vari-

ous loss mechanisms (degradation rates) to the overaLl rate

of loss of compound.

Since this investigation involved single herbicide appli-

cations to enclosures over short time periods, equilibration

of simazine between model compartments likely did not occur'

The results of the fixed solution do, however, permit com-

parisons on a common basis of simazine persistence with oth-

er environmental- pollutants"

The simazine retentive half-Iife of the modelled enclo-

sure system was 147.5 days. When compared with values pro-

vided by Roberts et aI. (1981) for several benchmark com-

pounds, including chloroform (<1 day), methyl parathion (12

days), the dioxin TCDD 0.8 years) and DDT (3335 years), one

may conclude that simazine is a moderately persistent chemi-
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cal. By contrast, similar calculations performed for atra-
zine using a default 'pond system' of the Roberts et aI.
(1981 ) model (Coldsborough, unpubl.data), provided an esti-
mate of retentive capacity of 18 days. The discrepancy of

the two results for similar s-triazines may in part be re-

solved by quantitative differences between the two modelled

systems, but more importantly may reflect the effects of er-

rors inherent in estimations of reaction rates. The former

simulation drew on more recently reported rates of hyroly-

sis, photolysis and volatilization of s-tríazines, and was

Iess reliant on estimated data"

Summaries of fractional retention and degradation are

given in Tab1e 24 and show that the majority 05%) of added

simazine is predicted Lo remain in the water compartment"

The next Iargest sink for herbicide is the sediment (24%)

with only marginal quantities in catchall and biota. The

Iargest degradative pathway occurs in the sediment (99"7% ot

tot.al degradat i on ) .

The prevalence of simazine in the water compartment sug-

gests that the use of crude, whole water extracLs in the de-

tection of simazine residues within enclosures (Chapters

1,2,3\, while limited in scope, did provide meaningful in-
formation on the relative persistence of simazine between

various treatrnents. The above data indicate that a more in-

tensive investigation should be directed at quantification

of resídue levels in sediments, and to a less extent, degra-

dative losses in water and sediment.
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TABLE 24

Results of fixed solution

indicating fractional retention of simazine in ihe four
model compartments and the proportions of total degradative
losses atlributed to various mechanisms'

Percent of Total

Fractional Retention

Water

CatchaIl

Sediment

Biota

Fract ional Degradat ion

Water

Volatilization
PhotoIYs i s

Hydrolys i s

Catcha I I

Sediment

Bi ota

75 "78

0.07

24 .15

negl igible

negl igible
0.06

negl igible
0. 19

99.7 4

negJ- igible
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The 'dynamic' simulation of the NRC model provides a time

sequence plot showing the change in concentration of the

compound in each model compartment as the system approaches

equilibrium. These data are of particular use in examining

the fate of compounds which equilibrate between the compart-

ments sIowly, and for the modelling of single input events.

Therefore, of three 'pollution event' options available in

the model under the dynamic solution (single input / conti.n-

uous input to equilibríun / continuous input to equilibrium

with subsequent cessation), the single input model was most

appropriate to the present enclosure system.

The temporal scale ot. the dynamic solution calculations

was extended over a period of 2552 days (ca. 7 years) by the

computer model. Àt the end of this period, simazine concen-

trations in each of the four compartments were 1"2 x 10-4,

4.5 x 10-3, 6.7 x 1O-4 and 1.2 x 10-4 mg'k9-t in water,

catchall, sediment and biota respectively. For the sake of

brevity, only data representing the first 1000 days after

input are plotted (figures 38 and 39).

Apparent differences in the concentrations of simazine in

the four compartments (figure 38 water , Figure 39 catc-

ha11, sediment, biot.a) are due to respective weight dif f er-

ences between the four compartments" By performing mass

balance calculations, it may be seen that the largest pro-

portion of herbicide is contained in the waLer compartment

(as found by the fixed solution).

Å
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Results of dynamic solution indicating predicted
change in simazine concentration over a 100O-day
period in the water compartment of a simulated
enclosure system after a single input of
1"0m9.¡-t (day 0).
Inset: enlarged view showing apparent l-inear
phase which occurred between days 3 and 45.
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Figure 39:
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Results of dynamic solution indicating predicted
changes in simazine concentration over a
100O-day period in the catchalL, sediment and
biota compartments of a simulated enclosure
systen after a single input of 1.Omg'1-t (day
0).
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The maximum observed simazine concentration in alI com-

partments occurred in the first 0-3 days, and decreased sig-

ni f icantly thereafter. The water concentration decreased

rapidly from the initial input concentration of 1.Omg'L- I

within the first 2 days (rigure 38 inset), probably as a re-

sult of adsorption into the catchall, biota and sediment

compartments (in which concentration increased in the Same

period) " Subsequently, the concentration in the water com-

partment decreased at a nearly linear rate ( 2.8ug'day- t ,

r=-0.9998) between days 3 and 42 (a period corresponding ap-

proximately to the duration of. most enclosure experiments

Appendix A) "

owing tc incidental enclosure flooding during many exper-

iments, quantitative comparisons of simulated with observed

residue leve1s in water of the present studies are limited.

Data collected from OB enclosures (experiment G) are most

suited to such comparison, âs they covered a 37-day period

during which no flooding occurred. Univariate linear re-

gression of estimated simazine concentration in 0.1 and

1 .Omg.L- t treatments resulted in correlation coefficients of

-0.93 and -0.99 respectively and slopes (rates of change in

concentration) of -2"2 and -16"6ug'day-1 respectively. Data

from a 5.Omg.L-1 treatment were not considered, because the

observed residue levels (maximum = 3.62mg'L-r) were in ex-

cess of maximum water sol-ubility in pure water (tab1e 20) "

Under such conditions, the present simulation and its inher-
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ent assumptions of chemical behavior are inappropriate (noU-

erts et al" 1981).

The above two rates of decrease in concentration are sim-

ilar when expressed on a relative basis (2"2% and 1.7%

day- t ¡ and compare favorably with data collected within a

similar time period in other enclosure experiments

(s.g,Gurney, pêrs.comm. ). These rates are, however, consid-

erably greater than would be predicted from the linear peri-

od of the simulation (0.3% day-t¡. This difference likely

is a reflection of the accumulated inaccuracy of estimation

in the various inputs to the model, particularly in regards

to mass transfer rates (table 22\ and water degradation

rates (fab1e 21) under ambient environmental conditions" ÀS

a result, it is suggested that the present simulation over-

estimates the relative persistence of simazine in the Del-ta

Marsh "

C.5 EVÀLUATION OF THE MODEL

The simulation model of Roberts et al. (1981) provides sev-

eral advantages for prediction of chemical persistence.

These include relative simplicitiy of the input data and the

provision for a user-defined model ecosystem and input

event. The value of defining persistence in terms of these

specific inputs can be seen in the substantial variability

in results of studies of changes in concentration of sima-

zine in different water bodies. Mauck et aI. (1976) found
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that the simazine concentration in the water of small, arti-

ficial ponds treated initially with 1.omg'L-1 decreased from

0.45 to O.22mg.L-1 within 45 days. simitar relative losses

occurred in ponds treated with 0.3 and 0.1mg'L-f and residu-

ar concentrations of <0.01 , 0. o3 and 0.09mg'L- 1 were noted

in the 0.1 , 0.3 and 1 .omg'L- 1 treatments respectively after

346 days. Rapid loss of Simazine from treated aquarium wa-

ter (to ca. 1 O% within 14 days) was reported by Hawxby &

Mehta (1979), while the amount in enclosed sediment in-

creased to ca. 20% of the added quantity. Hydamaka et aI'

(1977), on the other hand, provided data which show that no

significant change in simazine concentration occurred within

63 days of a treatment (input concentration not specified)

of farm ponds in southern Manitoba. Klassen & Kadoum (1979)

reported raLes of loss of atrazine from treated ponds rang-

ing from 0.003-0.4% pet days of the added amount. The data

of Mauck et aI. (1976) show that the decline in concentra-

tion following a second addition of simazine to ponds (l

year after the first addition) was less than seen in the

initial treatment; a residual concentration of 0 '42mg'L- 
1

s¡as detected 456 days after a second 1.omg'L-1 treatment'

on the above basis, the model provides data which may be

used in the elucidation of Iikely areas of environmental

concern in specific instances (for example, indicating where

in an aquatic ecosystem a compound may be expected to accu-

mulate). The accuracy with which such predictions are made,
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many compounds estimates of

necessary to the model are

Iy tru for older compounds

registration requirements

pers.comm. ) and is amply

of these data for simazine,

mercial use since the late
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the accuracy of input data. For

physical and chemical propert.ies

unavailable. This is particular-

which were introduced prior to

for such information (Muir,

evident from the paucity of much

which has seen widespread com-

1 950' s.

Furthermore, many physical and chemical properties of the

modelled compound are under complex environmental influence.

In the present context, the effects of such variable factors

as photosensitizer concentration and water turbidity on pho-

tolysis rate, surface water movement on volatilizat,ion pc-

tential, and pH and organic material effects on hydrolysis

may welt be important. The ability of microorganisms to de-

grade the compound may depend on the ability of ambient pop-

ulations to adapt to the presence of the compound, their af-

finity to it, and interactions and competition between

individual taxa for the energy source. Changes in the pro-

porLions of bacterial species of various nutritive strat-

egies following introduction of herbicides have been docu-

mented (ery et aI. 1973; Ramsay & Fry 1976) " Moreover,

Lewis et al. (1983) have shown that a relationship exists

between degradation rate of 2t4-D ester by periphyton and

the flow rate of medium across t.he substratum, suggesting

that transport Iimitation may occur on a spatially and tem-

porally variable sca1e.
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A temporal basis for variability in most input parameters

is not incorporated in the present model. The potential for

change in rate of an inputted photolysis rate with season'

for example, ßây be a serious omission, although the model

does account for variation in light intensity with season.

Other considerations include effects of temperature on rates

of chemical and biological reactions. Such effects would be

particularly evident in north temperate cLimates with ex-

treme annual temperature cycles with corresponding effects

on rate of hydrolysis, catchall mass etc.

Unlike some other aquatic environental fate models (eg.

Mackay et aI. 1981), the NRC model is limited by its lack of

definition of hydrodynamic factors in the transport of the

chemical between compartments, including effects of inflow

and outflow of water (with and without constituent po1lu-

tants), sedimentation of suspended solids (wittr adsorbed

pollutants) and variable sediment resuspension. In shallow

littoral ponds, these factors may be particularly important

in determining the distribution of pollutants. Moreover,

t.he importance of the a i r as an individual compartment in

the fate of volatile compounds is not realized by this model

(uuir, pers.comm. ).

FinaIly, t,he lack of differentiation of such important

determinants of environmental fate of chemicals as aquatic

macrophytes, periphytic a1gae and bacteria' zoobenthos' PhY-

toplankton and zooplankton from "catchall" is a serious
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omission limiting the applicability of the rnodel in pond en-

vironments "

In conclusion, while valuable preliminary information may

be gained from the use of screening persistence models such

as that of Roberts et al. (1981), there is yet no acceptable

alternative to actual environmental monitoring for the exam-

inaÈion of persistence and fate of environmental pollutants"
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Appendix D

EFFECT OF LOW TERBUTRYN LEVELS ON ÀLGAL
PRODUCTIVI TY

The results of experiment B, which examined the effects of

simazine and terbutryn on periphytic algaI community struc-

ture and function (Chapters 2 and 3) did not allow the reso-

Iution of a 'no-effect' IeveI for terbutryn; levels of in-

hibition of chlorophyll at photosynthetic rate and algaI

biovolume vrere greater than 95% at aIl concentrations tested

(0.01, 0.1 and 1.0 mg'L- 1). An experiment conducted in '1983

(experiment D - Àppendix À) attempted to exarnine this ques-

t.ion using a 0.001 mg'¡,- t terbutryn treatment in addition to

0.01 and 0.1 mg'L-1 treatments. Samples of artificial subs-

trata from control and herbicide-treated enclosures vrere

collected at weekly intervals over a S-week period, although

results from week 5 were discarded because enclosure flood-

ing between weeks 4 and 5 resulted in the addition of large

floating mats of filamentous green algae (rvhich $¡ere abun-

dant in the surrounding marsh) to all enclosures

Methods used for the determination of terbutryn residues,

photosynthetic rates and chlorophyll a content were de*

scribed in Chapter 2"
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Owing to a 0.01 mg'L-1 detection limit of the method used

for terbutryn residue analyses, terbutryn v¡aS not detected

in the 0.001 mg.¡,-r enclosure during the experiment. Levels

in the two higher treatment leveI enclosures were slightly

Iess than the initial added concentration (nigure 40) and

IikeIy reflects losses due to sediment adsorption. similar

results were reported in experiment B" Decreases in herbi-

cide concentration between weeks 3 and 4 were due to partial

enclosure flooding aS a result of intense wave act ion

against all enclosureS, while terbutryn waS not detectable

in any enclosure following complete enclosure flooding be-

tween weeks 4 and 5.

In Lhe first 3 weeks of sampling, there were no apparent

effects of 0.001 rng'¡-t terbutryn treatment on algaJ- photo-

synthetic rate or chlorophyll g content (Figure 40) ' LeveIs

of inhibition of photosynthesis at 0.01 and 0.1 m9'L- 1 in

the same period were approximately 88 and 96% respectively,

while inhibition leveIs of chlorophyll content vrere 98 and

1OO% respectively. On week 4, chlorophyll and photosynthet-

ic rate were significantly higher on substrata from the 0'01

mg.L-f treatment, while chlorophyll concentrations in the

0.001 mg.L-r enclosure vrere less than on substrata from the

control enclosure. No explanatiOn can be offered for the

former observation, although it may be related to a 50% te-

duction in terbutryn concentration in this enclosure ob-

served between weeks 3 and 4 " Furthermore' PhotosYnthesis
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Figure 40: Effect of low terbutryn levels. Top: Assayed
terbutryn concentration over a 4-week period in
enclosuies treated with 0.01 (.-'-.) and 0"1
( 
" " ' . ) mg' L- r terbutryn. No herbic ide was

detected in the 0.001 mg'L-t treatment
enc losure .
Photosynthetic rate (middle) and chlorophyll a
Ievel (bottom) of periphyton on artificial
substrata over a 4-week period in the control
enclosure (.---o) and in enclosures treated with
0.001 (o---o), 0.01 (.-'-o) and 0.1 (."'t)
mg.L- I terbutryn.
eiror bars are the SE of replicates (n = 3).
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APPendix E

ASIMPLEBIoÀSsÀYFoRPHoToSYSTEMIIINHIBIToRS
rN WÀTER

USING IN VIVO CHLOROPHYLL FLUORESCENCE'K

8.1 INTRODUCTION

There has been increasing emphasis on the development of

bioassays for environmental toxicants. Those for detection

of herbicide toxicity have ranged from variable phototaxis

of Aedes larvae (simonet et aI. 1976) to the growth of Lemna

f rorrds in solutions containing herbicide (t'tuir et aI' 1980;

1981), The use of algae as assay organisms is particularly

desirable, Since effects on a photosynthetic organism may be

observed directly at a unicellular level. PreviouS use of

algae include variable effects of herbicides on algal chlo-

rophyll production (Kratky & warren 1971¡ Lefebvre-Drouet &

Calvet 1978) , packed cell volume (ashton et aI ' 1966) ' cell

density (Castelfranco & Bisalputra 1965) and oxygen evolu-

t.ion (Hotlister & Walsh 1g73). Àt a simpler level, subjec-

tive assessments of herbicide concentration effects have

been based on degree of trichome migration by blue-green aI-

gae (Hott & Bauer 1973), and relative degree of growth of

algal cells in agueous media (vance & smith 1969; Cooper et

aI. 1978), or on agar plates impregnated with herbicide

273
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(thomas et aI" 1973; wright 1975). while each method has

inherent advantages, many are limited by high cost, Iengthy

procedure, qualitative assessment of effecE and/or low sen-

sitivity.

In vivo chlorophyll fluorescence has been used extensive-

ly to examine effect of herbicides on photosynthetic elec-

tron transport (Prezelin 1981). rt has been shown that upon

addition of an electron transport inhibitor, Iight energy is

diverted into fluorescence, and as a result, many authors

have used DCMU-induced fluorescence as an indicator of maxi-

mum cellular photosynthetic capability (CuIlen & Renger

1979, Roy 6, Legendre 1979; Prezelin & Ley 1980; Vincent

1980; 1981). Variable response of chlorophyll- fluorescence

to specific herbicide levels has also been used to detect

triazine-resistant terrestrial weed biotypes (efi & Souza

Machado 1981) and phytoplankton communities (deNoyeIIes et

al. 1982). It has further been shown that the degree of in-

crease in fluorescence as a result of photosynthetic inhib-

ition is directly related to the concentration of the inhib-

itor (zweig et aI. 1963; Lien et al. 1977), an observation

which probably relates to the number of reaction sites of

phot.csystem II inhibited by a given herbicide concentration.

On the basis of this latter observation, we propose a

bioassay using unialgal cultures in which the response of

fluorescence yield to concentration of inhibitor is known,

so that a change in in vivo chlorophyll fluorescence brought
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about by addition of a water sarnple containing herbicides to

the cultures can be interpolated to an estimate of concen-

tration. This paper reports the use of this bioassay to de-

tect changes in concentration of the herbicide terbutrYD, a

potent photosystem II inhibitor (WSS¡ 1983)' in a laboratory

microcosm over a period of time"

8"2 MÀTERIALS ÀND MEÎHODS

Clones of the diatom Nitzschia acicularis W.Smith and the

green alga Scenedesmus dimorphus (furp. ) Kuetzing were re-

spectively isolated from the periphyton and plankton of the

Blind Channel of the Delta Marsh, Manitoba, Canada (990

19'w, 50o 7'N). Both were cultured in modified MBL medium

(Hichots 1973), with added boron (0'16 uM) and silicon in-

creased to 800 uM. Under aeration in a growth chamber, both

culLures v¡ere grown in uniform Suspension under cOntinuous

light (60-100 uE'm-2's-1 ) at a temperature of 16oc. A con-

tinuous culture apparatus using a peristaltic pump (Buchler

'Dekastaltic') to add fresh medium and remove algal culture

from the reaction flask (ca. 0.69 dilutions day-1) allowed

maintenance of physiological steady state, thereby fixing

maximum chlorophyll fluorescence in response to photosyn-

thetic inhibitors at a more or less constant leve1.

Chlorophyll fluorescence vras measured using a Turner 1 1 1

flgorometer, equipped with a standard cuvetLe door, blue

light source (Turner 110-853), and blue excitat.ion (fodaX
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Wratten 478) and red emission (Corning 2-64) filters. Aper-

ture sizes were chosen such that readings for algal cultures

vrere at least 20% of. ful1 scale. This allowed suf f icient

sensitivity to resolve small differences influorescence upon

addition of herbicide, particularly at lower inhibitor con-

centrat ions.

For fluorometric determinations, a known volume of cell

culture r¡as centrifuged for 10 minutes at approximately 2000

rpm. Whi 1e maintaining low I ight condit ions ( <S

uE'm-2's-1), the supernatant was decanted and replaced by

either fresh medium (for purposes of obtaining calibration

responses) or water samples of unknown terbutryn concentra-

tion (for purposes of herbicide assay). Five milliliter aI-

iquots of the resulting suspensions vlere dispensed into sev:

eral matched fluorometer cuvettes. To cuvettes containing

medium, 0.1mL of 100% methanol containing increasing amount,s

of terbutryn were added to yield final herbicide concentra-

iions of 0,5 to 1000 ug'L-1 (approximately 2 x 10-e to 4 x

10-6 M). À blank consisted of algal culture plus 0.1mL

methanol containing no herbicide. For the sake of consis-

tency, methanol was also added to cuvettes containing un-

knowns, Preliminary experiments showed that addition of

methanol lead to less than a 7% increase in fluorescent re-

sponse over control samples"

Fluorescence of each cuvette was measured twice within

minutes of addition of the herbicide stock (or addition

30

of
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Lhe water sample). The cuvettes were kept at a low light

intensity (<l uE.m-2'S- 1 ) between measurements. Maximum re-

sponse t ime f or most samples vtas less than 1 0 minutes.

Fluorometer readings (f) vlere used to calculate a fluores-

cence response index (fnf ) for each sample using the formu-

Ia:
FRr = 1 - F(b1ank),/r(sampte)

samples for terbutryn analyses vlere generated by spiking

an aquarium containing 2.4kg Delta Marsh sediment and 60L

distilled water H'ith unformulated technical grade terbutryn

(>g8% a. i. ) in 1OO% methanol to give an initial concentra-

tion of about 1 0 ug'L- 1 . Regular additions of water coun-

teracted evaporative losses. Over a 31-day period, unfil-

tereC water samples vrere collected from the aguarium at 2-4

day intervals and assayed for terbutryn via chlorophyll

fluorescence. Aquarium water was also tested for 'dead'

fluorescence. Neither these Samples nor solutions of terbu-

tryn alone showed appreciable fluorescence"

On the same sampling dates, water YIaS also collected for

terbutryn determination by 9as chromatography (t'tuir 1980 ) "

For GC analysis, 1.0L of water (unfiltered) was extracted

into 40OmL methylene chloride, dried over anhydrous sodium

sulfate, and evaporated to near dryness in a rotary evapora-

tor. The residue vras redissolved in 5mL ethyl acetate and

the concentration of terbutryn determined with a Varian 2100

gas chromatograph equipped with a nitrogen*phosphorus detec-
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tor [1.8m x 2.Onm glass column 3% Ov-17, detector tempera-

Lure 220oc, 9âs flows as in Muir(1980)l against a standard

solution in ethyl acetate.

E.3 RESULTS AND DISCUSSION

A typical example of the response of FRI to terbutryn

concentration is given in Figure 41 for N"acicularis. The

data appear to follow a hyperbolic function rather than the

sigmoid curve typical of dose-response functions. This may

be due in part to insufficient data at concentrations less

than 0.5 u9'L-1, although Lien et aI. (1977) also reported a

hyperbolic response of fluorescence to increasing concentra-

tions of DCMU and simazine in Chlamvdomonas reinhardi. Rep-

lication of single concentrations during all experiments

showed a mean coefficient of variation of 5%" It is impor-

tant to note that a constant value for FRI (FRImax) was

achieved at about 30 ug'L-1 (1"24 x 10-7 M), indicating that

the index used here is only equivalent to fluorescence-based

photochemicar indices of other authors [FRr, (cuIlen & Ren-

ger 1979), CFc and CPC (vincent 1980; 1981)J at concentra-

tions greater than this threshold.

Since the magnitude oi the maximum fluorescence response

is apparently related to photosynthetic capacity (Samuelsson

& Oquist 1977), the curve in Figure 41 wouÌd only be con-

stant as long as physiological steady state is maintained.

For the sake of a bioassay in which many unknown samples are



Figure 41: Relationship between f(rnr) of N"acicularisculture and terbutryn
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luorescence response index
grovJn in cont inuous
concentrat ion.
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examined over a period of. time, the stability of the re-

sponse with concentration is of considerable importance.

For this reason, the use of continuous culture technique for

suppty of algal cells is highly desirable. In the present

experiment, FRImax of the Nitzschia culture, which was de-

termined throughout the experiment, varied slightly (rigure

42) except for an intervening period in which defective cul-

ture medium caused the culture to wash out (days 12 to 17).

Nevertheless, it was possible to define a standard curve of

FRI versus concentration on day 17, even though it vlas con-

siderably different from that shown in Figure 41.

Once the FRI function is known, the FRI of samples con-

taining aquarium water could be interpolated directly int.o

units of terbutryn. Alternatively, it is possible |-o Iin-

earize the hyperbola via a double reciprocal transformation,

from which a predictive equation can be derived. The double

reciprocal plot is preferable to other means of transforma-

tion, since it tends to emphasize data at lower concentra-

tions, which is particularly beneficial for a bioassay in

which 1ow limits of detection are stressed.

A compilation of data for dates on which FRImax of

Nitzschia was constant (rigure 42) is shown in transformed

format (nigure 43). The leve1 of fit to a straight line is

very good (r = 0"97 ) although higher regression correlations

were achieved by regressing indi.vidual dates separately

(maximum r = 0.99). This is evident from the higher degree
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Figure 422 Maximum fluorescence response index (FRtmax) of
N.acicularis a teach date on which terbutryn
uiõffi performed. Dashed line indicates
the period ovêr which the culture washed out due
to defective medium.



I

xo
E

É.
tJ-

ooö t2 t6 20

Time (doys )

24 28 32



282

of scatter at lower concentrations (rigure 43), and probably

relates to the fact that FRImax could not be held perfectly

constant due to equipment limitations. Às a result, for op-

timum accuracy, standard curves should perhaps be generated

on a daily basis,

Using daily prediction equations, FRI values of water

from the aquarium were converted to units of terbutryn (fig-

ure 44) " Results from the bioassay agreed closely with

those by gas chromatography, with estimates from both meth-

ods typically within 2ug'¡-t. rn each case, initial esti-

mat,es vrere near the theoret ical appl ied concentrat ion of 1 0

u9.L- r , with declining concentrations in following days,

presumably a result of sediment adsorption (t¿uir et aI"

1981). In general, estimates by bioassay vlere higher than

those by GC from day 10 onwards. This was particularly evi-

dent on day 22 when estimates differed by ca.7 ug'L-1. A

possible explanation for these discrepancies may Iie in the

presence of phytotoxic degradative products such as N-dee-

thylated terbutryn (t'lui r et a1 . 1981) which would tend to

increase the estimate given by the bioassay" However' this

possibility seems unlikely, since chromatographs did not

consistently exhibit identifiable peaks other than that of

terbutryn, although this avenue nas not rigourously investi-

gated. Alternatively, there may have been a variable effect

of incubation medium composition on fluorescent yield. FRI

standards vrere determined in defined medium whereas unknowns



Figure 43:
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Standard curve of the relationship between FRI
of N,acicularis and terbutryn concentration
following double reciprocal transforrnation.
Standard errors f or the regressJ.on coef f ic ients
are based on eight replications (see text).
Overlapping points have been deleted.
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were composed of aquarium water of varying composition.

Kiefer (1973) showed that nitrogen limitation in Thalassios-

ira pseudonana and phosphorus limitation in Monochrvsis 1u-

theri could increase fluorescent response in the absence of

an inhibitor. Conversely, Vincent (1980) found the DCMU-in-

duced fluorescence of natural phytoplankton communities to

decrease upon addition of nitrogen. Even the type of nitro-

gen supplied (either as ammonia or nitrate) has been shown

to significantly alter fluorescent response to DCMU by Os.-

cillatoria chalvbea (gader & Schmid 1980).

Potential effects of nutrient composition on the bioassay

were investigated in the latter part of the experiment.

This was accomplished by diluting aguarium water with known

amounts of culture medium prior to addition to the algal

pellet. Since fresh medium was of high overall nutrient

status, increasing dilutions enriched aquarium vrater while

at the same time diluting terbutryn in the sample by a known

amount. Estimates of herbicide concentration given by each

ditution could be corrected for the dilution to derive an

estimate of concentration in the original sample, Results

showed that, with the possible exception of data on day 31,

the estimate of concentration decreased v¡ith increasing en-

richment; estimates at 1/4 dilution v¡ere consistently Iower

than at aII others (nigure 45 ) " Signi f icantly, t.hese latter

estimates vrere nearer those from GC than those of undiluted

samples on each date. This suggests that herbicide determi-
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Concentration of terbutryn in the water of a
laboratory microcosm over a 31-day period
determined by the in vivo chlorophyll
fluorescence bioassay' using N.acicularis (o--o)
and by gas chromatography (o--.)"
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nation via bioassay may be improved by correction for sample

nutrient composition using various dilutions in instances

where this proves to be a significant factor.

Some advantages of the in vivo chlorophyll fluorescence

bioassay over conventional means of herbicide residue analy-

sis are its rapid and simple operation and relalive cheap-

ness. Moreover, it requires very small sample water volumes

(ca. SmL) while maintaining high sensitivity to smaIl chang-

es in concentration" If concentration of water samples can

be achieved without degrading herbicide residues (perhaps

through freeze drying), much lower detection limits for cer-

tain herbicides may be possible than currently available.

Fina11y, results may be more biologically rneaningful than

estimates of absolute herbicide residue by GC. À limitaÈion

of the method is, however, that it is sensitive only to

those chemicals which interfere with electron transport

through photosystem II of photosynthesis (Moreland 1980)'

In these experiments, l{itzschia acicularis proved to be

an excellent assay organism at low concentrations, although

in general terms, the limits of detection would be set by

the range of concentrations over which FRI of a culture var-

ied, which in turn would be determined by individual species

sensitivity, Ideal1y, a multispecies approach incorporating

clones of varying sensitivity could increase the utilizable

range of the method. For example, data for the FRI function

with terbutryn concentration for Scenedesmus dimorphus grovrn



Figure 45: Effect of dilution of water samples
medium on the estimate of terbutryn
concentration in the original sample
the in vivo chlorophyll fluorescence
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with culture

derived by
bioassay "
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at similar dilution rate to Nitzschia acicularis (figure 46')

showed that this clone was much more tolerant of high herbi-

cide levels than the Nitzschia clone yet still responded in

a similar manner within a defined, albeit higher, range of

concentrations, inferring that this species would be well

suited to detection of higher herbicide leveIs.

In conclusion, in vivo chlorophyll fluorescence repre-

sents a potentially useful bioassay tool which is not only

directly related to the primary effect of electron transport

inhibitors on photosynthesis, but is also more sensitive

than bioassay methods previously proposed. As a result, it

should have potential applications for herbicide residue

analyses in natural waters.
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F i gure 462 Comparison of the response of
["acicularis and g.dimofPÞus
coñtinuous culture at similar
terbutryn concentration.

FRI of
clones (grown in
di 1ut ion rat.es ) to
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