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ABSTRACT

In situ enclosures in Delta Marsh, Canada were used to determine the responses of

planktonic and benthic algae, and submersed macrophytes, to repeated additions ofwaterfowl

feces from mallard ducks (Anas platyrhynchos) and Canada geese (Branta canadensß).

Two types offeces loading were examined. In 1995, two feces pulses were added to duplicate

enclosures, four weeks apart. The treatments were: 1) a high feces load (containing 2.421 gl

m2N and 0.806 drrfP),2) a low feces load (0.242 dm'N and 0.0806 grrfP), and 3) untreated

controls. In 1996, eight weekly additions of waterfowl feces were added to triplicate

enclosures, representing the same cumulative load as added to each high feces load enclosure

in 1995. The treatments were: l) high feces load (0.722 dm' N and 0.240 grrf P) and 2)

untreated controls.

In the high feces load enclosures in both 1995 and 1996, total P, soluble reactive P and

ammonia-N in the water column increased signifìcantly after feces application. However,

biomass, productivity and particulate P of algae (phytoplankton, epiphyton, metaphyton,

and epipelon) did not respond significantly to nutrients released from the waterfowl feces,

even when loading exceeded estimated natural values (438.9 g/m2 versus 1.28 glnf wet

weight, respectively). These results contradict previous studies which showed that waterfowl

do make substantial contributions to the nutrient requirements of wetland algae and

macrophytes. I propose that at least three hypotheses may explain the mitigated response to

waterfowl feces additions, as follows: 1) feces were deplete in N, relative to P, as compared

to the ambient N:P ratio in Delta Marsh, suggesting that feces provided insufficient quantities

ofthe growthJimiting resource; 2) fecal nutrients were not available for algal uptake because

they were rapidly adsorbed in the sediments; 3) feces additions did stimulate algal production

but the increase was immediately and entirely transferred to consumers so an increase in

invertebrates with treatment concealed the algal response.

2



ACKNOWLEDGEMENTS

I extend my appreciation to my supervisor, Dr. Gord Goldsborough for providing me

with the opportunity to pursue graduate studies. This Maritimer thanks you for not only

welcoming her into your lab, but also into your family (thank you Maria, Steffie and Joey).

To Dr. Gordon Robinson, thankyou for your encouragement, enthusiasm and employment.

Having your support made me feel close to home when at times it felt so far away and for

that I am truly grateful. I also thank Dr. Brenda Hann for her role as a member of my advisory

committee. Your suggestions during my research were valued.

To Leslie Goodman and Mike Shaw, thank you does not even begin to express my gratitude.

You helped me, you housed me, you fed me, and on occasion you even hugged me (squirm,

squirm, squirm), but most importantly you were true kindred spirits! Thank you, thank you.

To Rhonda McDougal, my lab mate and partner in crime, thank you for being so damn

organized! Ken Sandilands, April Kiers, Caedin Pettigrew, Scott Higgins, Liz Dykman and

C. J. Mundy provided assistance with sampling and analysis during the summers. Very special

thank you to Curt Horning for help in collecting the waterfowl feces...I owe you!!

I would also like to extend a special thank you to Dr. IrenaKaczmarska-Ehrman ofMount

Allison University, Sackville, NB. You are a mentor and friend, one who I strive to never

disappoint and I thank you for your continuing support.

To my parents, Anne and Carl, how do I begin to thank you? You have always been such

a strong presence in my life, encouraging me and letting me know that the strength was

within me to frnish. Thank you for your love and always being at the end of the line to accept

the charges...I love you both!

Finally, to my best friend, my biggest fan and my partner, Duane MacDonald, thank you

for your unwavering support, your total understanding of why I could not miss out on this

opportunity and your never-failing love. I know you love me beyond what my mind can

fathom, for who else but you would want to spend their vacation being eaten alive by

mosquitoes, in 38oC heat, while gathering up goose poop all to help me. I love you Husband!



LIST OF FIGURES

Figure I Conceptual diagram of the relative importance of four algal 15

assemblages at various stages of wetland development

(Goldsborough and Robinson (199ó).

Figure 2 Aerial view of Delta Marsh in south-central Manitoba (location 30

at dot in inset map).

Figure 3 Aerial view of twelve experimental enclosures deployed in the 31

center of the open water area in Blind Channel.

Figure 4 Schematic showing the segmentation of acrylic rods (0.64 cm 38

diameter, 90 cm long) used as artificial substrata for periphytic

algae in experimental enclosures.

Figure 5 NO¡-N, NH¡-N and SRP concentrations (mgll) liberated from 46

waterfowl feces in the water column of two treatment aquaria

duringalS0hperiod.

Figure 6 NOr-N, NH¡-N and SRP concentrations (mgil) liberated from 47

waterfowl feces in the water column of two treatment aquaria

duringalS0hperiod.

Figure 7 NO¡-N, NH¡-N and SRP concentrations (mgll) liberated from 48

waterfowl feces in the water column of three treatment aquaria

duringalS0hperiod.

Figure 8 NO¡-N, NH¡-N and SRP concentrations (mgll,) liberated from 50

waterfowl feces in the water column of three treatment aquaria

duringalS0hperiod.



Figure 9 Turbidity (NTU + SE, n:2) in control, low feces, and high feces 52

enclosures; 1995.

Figure 10 Dissolved oxygen concentration 50 cm from the water surface 53

(mdL + SE, n : 2) in control, low feces, and high feces

enclosures; 1995.

Figure l1 Nitrate+nitrite-N (n{L + SE, n:2), analyzed by Norwest Labs, 55

in control, low feces, and high feces enclosures; 1995.

Figure 12 TKN (mgll + SE, n: 2) in control, low feces, and high feces 56

enclosures; 1995.

Figure 13 Total P (ng/L + SE, n:2) in control, low feces, and high feces 57

enclosures; 1995.

Figure 14 NH3-N (mglL + SE, n = 2) in control, low feces, and high feces 59

enclosures; I995.

Figure 15 SRP (mgll t SE, n: 2) in control, low feces, and high feces 60

enclosures; 1 995.

Figure 16 Soluble reactive silicon (ng/L + SE, n:2) in control, low feces, 62

and high feces enclosures; 1995.

Figure 17 Ph¡oplankton chlorophyll (pgll t SE, n: 2) in control, low 63

feces, and high feces enclosures; 1995.

Figure 18 Phytoplankton photosynthesis (VgClLlh + SE, n = 2) in control, 64

low feces, and high feces enclosures; 1995.

Figure 19 Ph¡oplankton particulate P (¡rgll + SE, n: 2) in control, low 65

feces, and high feces enclosures; 1995.



Figure 20 TKN (mgll t SE, n = 3) in control and high feces enclosures; 70

t996.

Figure 21 Total P (n{L + SE, n: 3) in control and high feces enclosures; 7l

1,996.

Figure22 NH¡-N (nglL + SE, n: 3) in control and high feces enclosures; 72

1996.

Figure23 SRP (mgll * SE, n:3) in control and high feces enclosures; 74

1996.

Figure 24 pH (* SE, n : 3) in control and high feces enclosures; 1996. 75

Figure 25 Phytoplankton chlorophyll (¡rglL * SE, n: 3) in control and high 76

feces enclosures; 1996.

Figure26 Phytoplankton photosynthesis (¡tgC/Llh * SE, n: 3) in control 77

and high feces enclosures; 1996.

Figure?T Ph¡oplankton particulateP (¡tglL + SE, n : 3) in control and 78

high feces enclosures; 1996.



LIST OF TABLES

Table I Chemical composition of Canada Goose feces added to 33

experimental treatment enclosures in Year I on 28 June 1995.

Table2 Chemical composition of Mallard duckling feces added to 34

experimental treatment enclosures in Year I on 2l July 1995 and

weekly in Year 2 starting on 5 July 1996.

Table 3 Mean (range in parentheses) of biological data measured for 67

periphyton, epipelon, sediment, macrophyte, epiphyton and

invertebrates for experimental enclosures ( I 995).

Table 4 Mean (range in parentheses) of biological data measured for 79

periphyton, epipelon, sediment, macrophyte, epiphyton and

invertebrates for exp erimental enclo sures ( I 996).

Table 5 Mean algal biomass (mg chlorophyll-a per m2 wetland area) in 83

control, high feces and low feces treatments in Delta Marsh 1995

(range in parentheses).

Table 6 Mean algal biomass-normalized photosynthesis (pgClpgChl-a/h) 87

in control, high feces and low feces load treatments in Delta Marsh

1995 (range in parentheses).

Table 7 Mean algal particulate P (mg per m2 wetland area) in control, high 89

feces and low feces treatments in Delta Marsh, 1995 (range in

parentheses).



Table 8 Mean algal biomass (mg chlorophyll-a per m' wetland area) in 91

control, high feces and low feces treatments in Delta Marsh, 1996

(range in parentheses).

Table 9 Mean algal biomass-normalized photosynthesis (þg Clpg Chl-a/h) 92

in control and feces load treatments in Delta Marsh 1996 (range in

parentheses).

Table 10 Mean algal parliculate P (mg per m2 wetland area) in control, high 94

feces and low feces treatments in Delta Marsh, 1996 (range in

parentheses).



1. INTRODUCTION

Wetlands comprise about l4Yo of Canadian land area. They are predominantly littoral-

dominated ecosystems with more or less permanently waterlogged sediments (Goldsborough

and Robinson 1996). Wetlands are viewed as nutrient sinks, where they reduce pollution by

trapping P and other chemicals in their sediment (Kusler et al. 1994). The combination of

wetland plants and microbes found in the wetland ecosystem is highly efficient at transforming

nutrients, metals and other compounds (Richardson and Marshall 1986). Therefore, wetlands

are often seen as buffer zones between aquatic and terrestrial systems, tools to be used to

enhance water quality (Kadlec and Bevis 1990). Wetlands also provide habitat and food for

large populations of breeding waterfowl (Murkin and Kadlec 1986; Leschisin er al. 1992).

However, much of the land area once covered by wetlands has been drained for agriculture

Mtsch and Gosselink 1993) and it is no longer available for use by waterÊowl. Therefore,

those wetlands that do remain support large waterfowl populations and, as a result, they

should theoretically serve as major sinks for nutrients associated with waterfowl @armenter

andLamana 1991).

Waterfowl may influence the eutrophication of lakes either positively or negatively (Gere

and Andrikovics 1992). If they feed in the water and excrete on land the eutrophication

process is delayed. However, if they feed on land and excrete in the water, this increase in

nutrient loading has the potential to quicken eutrophication. Therefore, the role waterfowl

play in regulating plant communities is two-fold: they are viewed as consumers, removing

macrophytes and invertebrates @azely and Jefferies 1989; Hanson and Butler 1990,1994;

Gere and Andrikovics 1992; Hargeby et al. 1994), and they are viewed as contributors,

adding nutrients from their feces and decaying carcasses @armenter and Lamarra l99l;
Gere and Andrikovics 1992;Manny et al. 1994).

To date, research has focused primarily onthe effect that waterfowl have on lakes (Manny

et al' T994; Staicer et al. 1994) but their role in regulating plant communities in wetlands

remains unresolved. Research previously conducted concerning waterfowl and wetlands



has concentrated on habitat selection and food habits of waterfowl (Murkin and Kadlec

1986; Leschisin et al. 1992); however, the impact of waterfowl on the trophic status of a

wetland has yet to be resolved.

The primary producers of wetlands are stimulated by additions of inorganic nutrients

(Campeau et. al 1994; Gabor et. al. 1994; Murkin et. al. 1994; McDougal et al. 1997).

Wetlands are important habitats for waterfowl as they provide food, breeding and nesting

sites (Murkin and Kadlec 1986; Batt et. aI. 1989; Swanson and Duebbert 1989; Leschisin eL

al. 1992; Merendino et. al. 1995). Inorganic N and P are released from waterfowl feces

(Bazely and Jefferies 1985; Gere and Andrikovics 1,992; Manny et. al. 1994; Marion et. al.

1994) but effects of these nutrients on the primary producers have not been examined in a

wetland.

In this thesis, the response of algae and macrophytes to repeated waterfowl feces additions

was determined using in situ littoral enclosures in Delta Marsh. I hypothesized, based on

results of past nutrient enrichment experiments at this site, that additions of feces from

mallard ducks (Anas platyrhynchos) and,Canada geese (Branta canadensis), both of which

are common visitors to prairie marshes, would result in a significant change in the quantity

and productivity of the macrophyte and algal communities. I hypothesized that nutrients

released by the decomposing feces would be assimilated by the plants, leading to increased

primary productivity and biomass. I alsò hypothesized that the addition of feces would alter

the composition of the algal assemblage, shifting the system from an epiphyte-dominated

system to a ph¡oplankton-dominated one. I evaluated these hypotheses by monitoring vertical

light extinction, water chemistry algal photosynthesis (inorganic C assimilation rate), algal

biomass (total chlorophyll), and macroph¡e abundance. In orderto assess whether the algal

and macrophyte components benefited from nutrients liberated by the feces, I measured

their P content following feces additions. I hypothesized that proportionate P content of

algae should increase in enclosures receiving feces loading.
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I tested two types of feces loading. In 1995 (year 1), two large pulses ofwaterfowl feces

were added four weeks apart to simulate the nutrient input from alarge, transient waterfowl

flock. In 1996 (year 2), many smaller additions (press) of waterfowl feces were added at

weekly intervals, representing the same cumulative load as in 1995 with the press intended

to simulate the inputs from a resident flock. Despite these different input regimes, I did not

attempt to approximate natural levels of loading; ratheE additions were selected to represent

approximately the same total P input to experimental enclosures as was added in prior

experiments in Delta Marsh (McDougal et al. 1997).
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2. LITERATURE REVIE\4

2.1 Wetlands

Wetlands are dynamic parts of our landscape, each different from the next, each found in

diverse physical regions, yet all with one characteristic in common: their fluctuating water

levels (Kusler et al. 1994). Wetlands are unique ecosystems that adapt and thrive a.fter

"disastrous events" such as floods, hurricanes, fires and droughts (Moss 1988; Kusler et al.

1994). During a flood, a wetland acts as a temporary reservoir, minimizing the flood's damage

by "spreading out the water" and, therefore, increasing the time it would take the flood to

reach its maximum height (Moss 1988). On the other hand, a drought exposes the wetland

bottom wherein a diverse seed bank exists allowing annuals and emergent species to flourish

(van der Valk and Davis 1978;Poiani and Johnson 1989, 1993).

Wetlands provide a great variety of habitat and subsequently encourage large and diverse

populations of birds, mammals, fish, reptiles and invertebrates to inhabit them (Moss 1988;

Mitsch and Gosselink 1986; Murkin and Kadlec 1986;Leschisin el al. 1992;Kusler et al.

1994). The flora and fauna of wetlands are interdependent; therefore, any alteration of the

habitat can have a ripple effect throughout the ecosystem. Timms and Moss (1984) observed

that the loss of submerged plants in the Broadlands of Norfolk, U.K. lead to devastating

reductions of organisms down the food chain. There was a reduction of habitat for

invertebrates and the number of herbivorous birds that once populated the wetland decreased.

As well, the density and diversity of fish declined because the absence of aquatic plants no

longer provided them with a habitat suitable for spawning and a refuge from prey. Another

example where variations in wetland habitat influenced the populations that live there was

observed by Murkin and Kadlec (1986) in Delta Marsh, Manitoba. They determined that the

presence ofbreeding waterfowl in the spring was positively correlated with macroinvertebrate

densities. This suggests that invertebrate distribution and abundance are an important factor

in habitat selection by waterfowl.

Wetlands are sometimes viewed as buffer zones, tools to enhance water quality. When a
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wetland is encroached by agriculturally active land it is subject to excess nutrient loading

from animal waste, fertilizers and pesticides applied to food and forage crops (Neely and

Baker 1989). Therefore, their capacity to act as "large sponges" (Moss 1988), able to absorb

nutrients and sediments, is one of great value. The combination of plants and microbes

found in wetlands allows a high effrciency for modifying nutrients, metals and other

compounds. For example, nitrogen, when in the form of nitrate (NOr-bÐ can be removed

from the water through denitrification by aerobic and anaerobic bacteria (Moss 1988; Kusler

et al. 1994).

The total primary production of vascular plants in littoral-dominated systems, such as

wetlands, is high @risson etal. l98l), however, one cannot discountthe significant proportion

that algae contribute (Hooper and Robinson 1976; Cattaneo and Kalff 1980; Robarts et al.

1995). Algae are a major component in wetlands providing a fundamental food source to

higher trophic levels because of their size, availability, and nutritive value @obarts et al.

1995; Goldsborough and Robinson 1996) while Camp eau et al. (1994) suggests that vascular

plant litter is a lower quality food source for invertebrates, serving primarily as a habitat and

substratum for algal growth.

Crurnpton (1989) noted that research on the role algae have in wetlands is limited. Research

to this point has primarily concentrated on the role algae have in lakes, therefore a comparison

between wetlands and shallow water lakes (lakes that are less than 2 m) should be made.

Both aquatic systems share the same phenomenon oftwo stable states (Scheffer et al. 1993):

a clear water state v/here aquatic vegetation (macrophytes) is dominant, and a turbid state

where phytoplankton is dominant (Hosper and Jagtman 1990). Assuming there is a critical

point between the two states and the mechanism that triggers one state over the other can be

determined, the system can effectively be manipulated to the desired state. However, in

order to manipulate the system, the mechanism which regulates one states over the other

must be understood.

Hargeby et al. (1994) observed that a shift from a turbid water state to a clear water state

13



in a shallow eutrophic lake, Lake Krankesjor¡ Sweden resulted in the reappearance ofbreeding

and migrating waterfowl. During the mid 1970s there was a decrease in waterfowl which

coincided with the disappearance of submerged macrophytes; however, there were no

limnological studies to explainthis decline invegetation. Bythe early lgSOsthewaterbecame

turbid and rich in phytoplanhon, while submerged macroph¡es and waterfowl remained

scarce. In the mid 1980s vegetation expanded spatially, coinciding with an increase in

waterfowl usage.

Vegetation enhances the clarity ofthe water, where the roots stabilize the substrata, reducing

resuspension of the sediments @ieter 1990). Macrophytes provide refuge to benthic

macroinvertebrates such as snails and isopods from planktivores and they also tend to out

compete phytoplankton for nutrients (Keough 1994). This decrease in phytoplanlfon results

in a subsequent decrease in zooplankton, primarily Cladocera (Campeau et al. 1994). The

changes that occurred in Lake Krankesjon were such that the populations of waterfowl were

able to reestablish themselves.

2.2 Algae of vtetlands

Based on the model of prairie marsh vegetation dynamics proposed by van der Valk and

Davis (1978), Goldsborough and Robinson (1996) proposed a model forwetland development

which predicts the relative abundance offour algal communities. These communities are (l)
phytoplankton, algae entrained in the water column; (2) epiphyton, algae that is attached

and growing on submersed vascular and non-vascular plants; (3) metaphyton, algae that

originates as attached algae, but detaches to form floating and subsurface mats; and (4)

epipelon, algae that inhabits soft sediments. Their model suggests that nutrient loading

("bottom-up control"), grazingpressure ('top-down control"), and water level fluctuations

can effect the development of a wetland such that it will shift towards one out of four stable

states where one of the four algal assemblages listed above will dominate (Fig. 1).

The lake marsh state is charactenzed by high water levels where emergent vegetation can

not establish, a turbid water column and high nutrient levels which allow for ph¡oplanlçton
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to dominate. Due to the turbidity of the lake marsh state, subsurface inadiance is low and

insufficient to support the development of the other th¡ee algal communities. In the absence

of macrophytes, whose roots normally stabilize the bottom, sediment resuspension occurs

and substratum availability for epiphyton is minimal.

In periods that follow a drought where water levels remain at very low levels a dry marsh

state is reached. In this state, the loss ofaquatic plants and the subsequent increase in irradiance

of the sediment surface stimulates production by epipelic algae. The open marsh state is

reached when the water level ofthe dry marsh increases and aquatic macrophytes develop or

when top-down pressures exerted by herbivorous invertebrates on the ph¡oilankton-

dominated lake marsh state become too great. In the open marsh state epiphyton dominates

due to the presence of macrophytes which provide colonizable surfaces for them. However,

this combined presence ofmacroph¡es and epiph¡es shades the sediments thereby reducing

the abundance of epipelon. Phytoplankton is out-competed for nutrients by the abundance

of other primary producers. Disturbances such as wind and benthivorous fish (carp) and

high herbivorymaintain epiphyton biomass at levels which do not hinder macrophyte growth,

for without these natural disturbances epiphyton would shade the macroph¡es leading to

their decline (Goldsborough and Robinson 1996). Without the presence of macroph¡es the

system would shift back to the lake marsh state and phytoplankton would dominate.

In the absence of wind action, epiphyton grows profusely such that it detaches from the

surface of macrophytes and forms large metaphyton mats, shifting the wetland into the

sheltered marsh state. These metaphyton mats that develop shade the macrophytes and

epiphyton thereby altering the dominant algal community.

2.3 Effects of nutríent enríchment on prímary productíon

The life forms in an aquatic ecosystem are linked together through predator-prey

relationships in a food chain. Food chains follow the same general pattern where nutrients

supply ph¡oplankton which in turn are ingested by zooplankton which are consumed by

planktivores and or larger invertebrates which are then eaten by piscivores (Reynolds 1994).
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Within one ecosystem there may be over a hundred food chains integrated into a complex

pattern called a food web. To examine the "big picture" one must consider the combined

effects of both cascading trophic interactions (top-down) and nutrient loading (bottom-up)

for the management of water quality. It is the nutrient availability found at each trophic level

that predetermines the potential productivity of an ecosystem but, as well, it is the top-down

forces that, in the end, regulate the actual productivity ofthat system (Gutierrez et al. 1994;

Reynolds 1994; McQueenet al. 1986; Carpenter et al. T985).

Many researchers suggest that aquatic productivity and the onset of eutrophication are

determined by abiotic factors alone, primarily nutrient inputs (bottom-up) @illon and Rigler

1974; Schindler 1978). If the algal crop size is determined by nutrient supply it stands to

reason that control of water quality can be maintained by manipulating the nutrient content

of an aquatic system and thereby directly influencing the algal communities.

An experiment that examined the response of periphyton (attached algae), to nutrient

enrichment (bottom-up manipulation) was conducted by Jacoby et al. (1991) in Lake Chelan,

Washington. Lake Chelan is divided into two distinct regions where one is the recipient of

inflow from nutrient-rich tributaries. They found those areas nearest the nutrient-rich

tributaries had a 10 to 100-fold increase in periphyton biomass (50-150 mgctúa/rfi)compared

to those areas distant from the nutrient-rich tributaries (<1-20 mg chl alrrf). Periphyton also

increased with nutrient enrichment in Walker Branch, Tennessee, a relatively shallow, low-

nutrient stream (<l-) underlain with gravel and organic sediments. Rosemond et al. (1993)

showed that with the addition of both N and P to the stream increased periph¡on biomass

and primary productivity by over 100% from the controls.

Limnocorrals in Toolik Lake, Alaska were used by O'Brien et al. (T992) to study the

effects ofinorganic nitrogen and phosphorus additions. The additions dramatically increased

phytoplankton biomass from < 5 pglL to 80 pgll. They also observed an increase in

zooplankton densities, primarily daphnids, in the limnocorrals that received the highest

nutrient concentration suggesting that the zooplankton responded positively to high
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phytoplankton densities. Therefore, manipulation ofthe ecosystem via a bottom-up reaction

did occur in this experiment.

Murkin et al. (1994) determined that algae in an oligotrophic wetland in the Interlake

region of Manitoba responded positively to nutrient en¡ichment using in situ enclosures.

The enclosures received bi-weekly nutrient additions of 0 and 0, 800 and 30, and 1600 and

60 pglL inorganic nitrogen (l.IH-Nq) and phosphorus ({rPO), respectively. Biomass of

ph¡oplankton, epiphytes and metaphyton all increased throughout enrichment period;

however, there was no effect on epipelon.

In another series of enclosure experiments at the same site, Gabor et al. (1994) examined

the response of algae to two treatments of dissolved inorganic N and P (6200 ¡tg/LN,420

ltdLP and 3100 ¡rgll N, 210 ¡tgtL P) and, one treatment of organic N and P (ground alfalfa

6200 pgfi' N, 420 þgL P) as compared to untreated control enclosures. Phytoplankton

biomass increased in all fertilization treatments with a corresponding increase in zooplankfon

densities, primarily cladocerans and copepods. These positive relationships between nutrients

and algal abundance indicate the productivity of an aquatic system can be controlled from

bottom-up forces (resource limitation).

2.4 RoIe of ønímals ín nutríent cyclíng of aquatíc systems

Until recently, research has suggested that it is solely a manipulation of top-down forces

such as increased piscivores, decreased planktivores and increased zooplankton granng

which influence plant and algal biomass in an aquatic system (Spencer and King 1984;

Faafeng and Brabrand 1990; Carvalho 1994). However, some researchers challenge this

conclusion, suggesting that there are other factors involved in the top-down forces affecting

algal biomass, separate to zooplankton grazing. These include indirect addition of nutrients

liberated from sediments by burrowing insects and benthivorous fish, and direct addition of

nutrients into the v/ater column via excrement and decaying carcasses.

Phillips et al. (1994) reviewed the effect of fish removal on sediment efflux of phosphorus

in a series of shallow lakes, the Norfolk Broads in England. For one lake, Hoveton Great
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Broad, they found that large populations of benthic chironomid larvae developed following

fish removal, coinciding with an increase in total phosphorus released from the sediments

(from 0.03 mgll to 0.1 mdL). Whenthe chironomid larvae decreased the following month,

phosphorus released from the sediments decreased. They suggested that it was the action of

the burrowing chironomids which lowered the redox potential thereby decreasing the sediment

binding capacity for phosphorus.

Chne et al. (1994) showed that benthivorou s frsh (Cyprinus carpio and lctalurus punctatus)

have an indirect impact on turbidity ofthe water column by stimulating algal production due

to nutrient release from the bottom. They found that enclosures which contained sediment

and abundant benthivorous fish had increased levels ofNOr+NQr-N as compared to sediment-

free enclosures. They also found that those enclosures with sediment had an increased level

of oxygen production (primary production) and no effect on the abundance ofthe zooplankton

community. AII of these results imply that increased productivity was probably due to the

sediment efflux of nitrogen, caused by the bioturbation of the benthivorous fish and not by

decreased gr azing pressure.

Tatrai et al. (1990) also studied the effect benthivorous bream (Abramis brama) have on

nutrient cycling in a large eutrophic shallow lake, Lake Balaton, Hungary. They showed that

there was an increase in both ph¡oplankton biomass and productivity in experimental

enclosures that contained high fish biomass that could not be attributed to zooplankton

predation because, in the presence of high fish biomass, the number of copepods and

cladocerans increased. They also found an increase in 3H-thymidine consumption by bacteria

indicating a growing organic substrate in these enclosures probably due to bioturbation by

benthivorous fish, releasing nutrients from the sediment.

Vanni and Findlay (1990) and Vanni and Layne (1997)have suggested another mechanism

by which fish may indirectly recycle nutrients in which they alter the composition of grazers

and hence change the rates at which zooplankton (grazers) recycle nutrients. Zooplankton

grazing rates increase with body size, so when large-bodied zooplankton are removed by
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fish, the proportion of small-bodied zooplankton increases. Small-sized zooplankton not

only have decreased grazing rates as compared to large-sized zooplankton and they also

have a higher "mass specific excretion rate" @artell 1981). Therefore, communities made

up of small zooplankton species will recycle nutrients to ph¡oplankton faster than large-

species zooplankton. This increase in nutrient cycling, coupled with a decrease in grazng

rates, will allow for enhanced phytoplankton biomass.

Fish have a direct effect on nutrient enrichment through the excretion of wastes as

demonstrated in an experiment conducted simultaneously as the one above by Cline et al.

(1994). They found that enclosures which contained no sediment and omnivorous fish

(Dorosoma cepedianum) had increased levels ofNOr+Ngr-N inthe water column, but these

nutrient levels did not increasewhen addedto enclosureswith sediment. These results suggest

that omnivores play a role in nutrient cycling via physiological processes such as excretion.

Matveev etal. (1995) observedthatthe additionofplanktivorous mosquitofish (Gambusia

holbrooki ) to mesocosms did not suppress zooplankton populations but, in fact, increased

phytoplankton production. They suggested that fish stimulated algal growth by enriching

the water column with excreted nutrients. Schindler (1992) suggested that the sockeye salmon

(Oncorhynchus nerka) which invade Little Lagoon from Chilko Lake, British Columbia

early each June increase internal nutrient loading to phytoplankton with fish excreta and

feces as well as those nutrients released from decaying fish carcasses. Schindler divided his

enclosures into two equal volume compartments using a 116-¡rm-mesh screen thereby

isolating the planktivorous fish from the zooplankton and phytoplankton communities, so

that he could observe the direct effects ofnutrient recycling and not predation onthe plankton

communities. Total plankton biomass increased in the fish-less compartments of his

enclosures, confirming that direct nutrient addition by fish was important in algal production

because 95Yo of the variation in phytoplankton biomass could be predicted solely by P

excretion rates.

Fish also affect nutrient addition through mortality and subsequent decomposition of
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carcasses. Parmenter and Lamarra (1991) observed that carrion decomposition from rainbow

trout (Oncorhynchus mykiss) carcasses in Kemmerer Marsh, Wyoming, contributed

substantial amounts of nutrients during a ten-month period. They noted that fish carrion lost

95Yo of its total N and 600/o of its total P. Threlkeld (1988) found that outdoor tanks with

dead fish (Menidia beryllina) had increased algal chlorophyll fluorescence, decreased water

transparency and increased large herbivorous zooplankton, while those tanks with live fish

displayed the opposite results. Threlkeld suggested it was the nutrients released from decaying

fish tissue that caused an increase in phytoplankton production because there was an increase

in large grazing zooplankton.

2.5 Role of waterþtul ín wetlands

The role that waterfowl play in wetlands remains unresolved. To date, research has

concentrated on habitat selection and food habits of waterfowl (Murkin and Kadlec 1986;

Leschisin et al. 1992; Blankespoor et al. 1994; Hoyer and Canfield 1994; Staicer et al.

1994; Tamisier and Boudouresque 1994). Limited research has focused on the role of

waterfowl in lakes and those few studies that have occured in wetlands (Murkin and Kadlec

1986;Leschisin et al. 1992; Merendino et al. 1995) have yet to shed light onto the role that

waterfowl play in influencing the primary productivity of freshwater wetlands.

Waterfowl have the ability to influence the eutrophication of lakes either positively or

negatively (Gere and Andrikovics 1992). If they feed in the water and excrete on land the

eutrophication process is delayed. However, if they feed on land and excrete in the wateq

this increase in nutrient loading has the potential to quicken eutrophication. Therefore, the

role waterfowl play in regulating plant communities is two-fold: they are viewed as consumers,

removing macroph¡es and invertebrates @azely and Jefferies 1989; Gere and Andrikovics

1992; Hanson and Butler 1990, 1994; Hargeby et al. 1994), and they are viewed as

contributors, adding nutrients from their feces and decaying carcasses (Gere and Andrikovics

1992; Manny et al. T994; Parmenter and Lamarra l99l).

The importance ofwaterfowl as consumers has been shown clearly in lakes where increases
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in plant biomass have followed increases in the populations of herbivorous waterfowl. For

example, Hanson and Butler (1990, 1,994) noted that the density of waterfowl on Lake

Christina, a shallow prairie lake in Minnesota, increased when the lake shifted from a high

turbidity, phytoplankton-dominated systemto a clear, submersed macrophyte- and periphyton-

dominated system in response to fish removal. The changes in the lake corresponded with

an increase in the number of diving ducks using the lake during fall migration.

Similar observations were made by Hargeby et al. (1994) during their study in Lake

Krankesjon, a shallow eutrophic lake in Sweden. Here they observed that a shift from

ph¡oplankton to submerged macrophytes caused structural changes to higher trophic levels

and altered the trophic food web. IVith the shift towards increased submersed plants, the

number of resting and breeding waterfowl increased, the density of planktonic Cladocera

decreased, and the benthic macroinvertebrate assemblage became more diverse and became

dominated by plant-associated forms like snails.

Lauridsen et al. (1993) observed that waterfowl grazing influenced macrophyte

development in a shallow lake, Lake Vaeng, Denmark. The object of their study was to

determine if the delay in the colonization of submerged macrophytes was the result of sediment

composition or grazing pressure exerted by waterfowl. They transplanted pondweed

(Potamogeton crispus) to pots with two kinds of sediment found in Lake Vaeng (organic-

rich mud and sand) and placed them in fenced and unfenced areas. Lauridsen et al. found

that macrophytes grew on both kinds of substrata but, grew 6.5 times more in a station from

which grazing waterfowl, primarily coots (Fluca atra), were excluded as compared to

unfenced macrophytes.

Waterfowl may provide nutrients to wetlands in the form of excretion products and carrion.

Manny et al. (1994) examined the impact of Canada geese (Branta canadensis) and mallard

ducks (Anas platyrhynchos) on Wntergreen Lake, Michigan. They investigated annual P

loads from external sources, such as waterfowl and devised a nutrient load response model

enabling them to determine whether waterfowl degrade water quality. They calculated that
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27o/o of all N and 70% of allP entering Wintergreen Lake was contributed by Canada geese

and mallards. A large population ofbirds breed and roost in Lake Grand-Lieu, France where

Marion et al. (1994) calculated they contributed 5800 kg N and 2000 kg P in one year and

7640 kgN and 2530 kg P the following year. However, these inputs represented only < lyo

of total N and 2Yo of total P and <l%o of total N and 7Yo of total P, making their role of

nutrient contributors small as compared to inputs from human sewage. However, they

calculated the birds would have contributed 36%o of the annual N and 95% of the annual P

prior to initiation of sewage inputs.

Wetlands provide habitat and food for large populations ofbreeding waterfowl (Leschisin

et al. 1992; Murkin and Kadlec 1986). For example, the northern prairie pothole region

produces 50 to 80% ofNorth America's waterfowl population @att et aI. 1989). However,

much of the land area once covered by wetlands has been drained for use in agriculture

(Mitsch and Gosselink 1993) and is no longer available for waterfowl use. Those wetlands

that do remain support large waterfowl populations and should theoretically serve as major

nutrient pools (Parmenter and Lamarra 1991).

Colonial nesting birds add nutrients from their feces and decaying carcasses, thereby

countering the "negative" effects waterfowl have on reducing plant biomass. Baxter and

Fairweather (199a) compared the nutrient levels of the water column and surface sediments

in wetlands in New South Wales that had egret (Egretta sp.) colonies and areas in the same

region with similar physical characteristics that had no colonies. As compared to areas where

egrets were absent, wetlands with the egret colonies had a greater concentration ofN and P

in the water column (16.2 mglL and 18.7 mglL, respectively) and surface sediments (2.9

mg/L and I.4 mg/L, respectively). This suggests colonial nesting birds add nutrients to their

surroundings either from their feces, dropped or regurgitated food, or from dead birds.

Parmenter and Lamara (1991) observed that carrion decomposition from waterfowl

carcasses in Kemmerer Marsh, Wyoming, contributed substantial amounts of nutrients. They

noted that waterfowl carrion lost 65% oftheir total N and3OYo of their total P over a period
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of 10 months suggesting that waterfowl contributions should be taken into account when

determining nutrient budgets of a wetland. Gere and Andrikovics (1992) observed that not

orily do waterfowl remove significant amounts ofN and P (1,500 breeding pairs ofcormorants

removed 12.5 fonnes/year N and 3.1 tonnes/year P) but, through their excretions of feces,

they re-supplied nutrients back into the Kis-Balaton, Hungary, possibly influencing lake

eutrophication. Feces from lesser snow geese (Anser caerulescens caerulescens) made

significant N contributions to macroph¡es in a salt marsh, La Pérouse Bay, Manitoba @azely

and Jefferies 1985). In plots that received snow goose feces, the mean standing crop increased

from 22 glmz to 195-204 ghfi over a 72-day period whereas plots that did not receive any

nutrient addition only increased to 122 g/m2. As well, the N content of puccinellia

phryganodes shoots receiving feces increased from 1.43 to 2.63% dry weight. Both

observations indicate that addition of snow goose feces increased the standing crop of

macroph¡es due to an increase in nutrients received by the plants.

2.6 Enclosure andu,hole løke erperíments

Enclosures or limnocorrals provide a method to conduct in situexperiments. Enclosures

are contained compartments that are assumed to have the same environmental conditions

and communities as the natural aquatic system that the researcher wants to examine. Therefore,

they provide the researcher with an opportunity to monitor conditions of an aquatic system

when they are unable to manipulate that system in its entirety (Cruikshank et al. 1983;

Bloesch et al. 1988).

Bloesch et al. (1988) points out that enclosure experiments avoid the limitations of small

scale laboratory experiments which often have different environmental conditions (light

and nutrients) and community structure (only afew ofthe species) fromwhat occurs naturally.

On the other hand, laboratory experiments allow the control of environmental conditions so

that an understanding of the physiological processes affecting community structure can be

gained. DeNoyelles et al. (1980) used lab and in situ continuous culture chambers to compare

the phytoplankton of lakes at the Experimental Lakes A¡ea of NW Ontario (L23g, L226,
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L223) to alterations in light, nutrient (P) and cadmium concentration. They found that there

lvas no difference in phytoplankton species distribution between control cultures in the

laboratory and in situ as compared to the lake community.

Enclosure studies are not without their faults. These include issues related to their size

and replicability @loesch e/ al. l988;Carpenter and Kitchell 1992;O'Brien et al. 1992).

For example, horizontal advection is reduced due to the presence ofenclosure walls. Bloesch

et al. (1988) believe that without this continuous lateral mixing of waters between the

enclosure and the surrounding aquatic system, difference in the physical and chemical

properties will arise, subsequently affecting the constituent biological communities. They

attribute this and the lack of vertical mixing to the size of the enclosures and recommended

response they observed would be the same as that observed in a whole lake study because

the controlling mechanisms would still be the same, yet the degree of the response may not

fluctuate within the same range.

O'Brien et al. (1992) suggested that shading and temporal factors contributed by reduced

turbulence in the Bloes ch et al. (1988) experiment. In their three year study using limnocorrals

to determine the effect of nutrient and fish additions on phytoplankton and zooplanlfon

populations, O'Brien et al. (1992) found that response from the control enclosures and the

surrounding lake were similar. They found that there was little difference between the water

quality parameters (oxygen concentration, pH ammonia, SRP) ofthe control enclosures and

the lake itself.

In their comment concerning the legitimacy of biomanipulation experiments, DeMelo ef

al. (1992) proposed that size of the enclosure is not a factor which should limit the validity

of the results. They offer the suggestion that because "whole lake" studies encompass the

entire physical and biological components that make up the system it is (1) difficult to find

a similar system to use as a reference (control) point and (2) difficult to control independent

variables. Both factors lead to results that are unlikely to be reproduced and unlikely to

pinpoint the exact components which control the system.

25



No matter the debate, the majority of researchers agree that enclosures are valuable tools

in determining how physical and biological parameters affect each other and how each are

influenced by allochthonous factors. Diffrculty in replicability occurs when researchers

attempt to manipulate whole systems as they manipulated enclosures, expecting to obtain

similar results. Enclosures should be used cautiously as guidelines, understanding that they

have their limitations (as stated above) as well as their merits.
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3. MATERIALS AND METHODS

3. I Aquarium Exp eríments

Aquarium experiments were conducted during 1995 to find if waterfowl feces liberate

inorganic nutrients following application to water under conditions similar to those occurring

tn in situ enclosures and, if so, to measure the duration of the release.

3.LI Experiment#I

This experiment was performed in a laboratory at the University Field Station @elta

Marsh) that received no direct natural light. Four glass aquari a (O .49 m long x 0.27 m deep

x 0.27 m high) were filled with 36 L of carbon-filtered well water. Two hundred milliliters

of water \¡/as removed from each aquarium immediately and analyzedfor soluble reactive p

(SRP), ammonia-N Gq4-¡0 and nitrate-N (NOr-Ð using methods described by Stainton et

al- (1977). One liter of water was removed from two aquaria, and each sample was mixed

with 40.05 g of fresh waterfowl feces, collected from Mallard ducks (Anas platyrþnchos)

and Canadian Geese (Branta canadensis), until a uniform slurry was obtained. The feces

slurries were added to the same aquaria from which the water had been removed. The

remaining two aquaria, where nothing v/as removed or added, served as controls. The four

aquaria \¡/ere covered with plastic wrap (Saran Wrap) and the time was recorded (0 hours).

Every 12 hours for 96 hourq 200 mL ofwater from each aquarium was removed and analped

as above. At the end ofthe 96-hour period, nutrient analyses continued at daily intervals for

one week (12 - 19 June). The plastic wrap was replaced over the aquaria following removal

of water samples to reduce evaporative losses.

3.1.2 Experiment#2

For a second set of experiments at the University Field Station @elta Marsh), the same

four aquaria each received 4 L fresh sediment, collected next to the canoe ditch wharf at the

station. Thirty-four liters of unfiltered marsh water taken near the sediment collection site

was poured into each aquarium. Suspended sediment was allowed to settle for 48 hours

before feces were added. Following the settling period, 200 mLofwater was removed from
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each aquarium and analyzed for SRP,lt[IIr-N, and NO'-N as before. One liter ofwater was

removed from two aquaria and mixed \Nlth 12.228 g of fresh waterfowl feces, collected

from Mallard ducks (Anas platyrhynchos) and Canadian Geese (Branta canadensis), until a

uniform slurry was obtained. The quantity of feces was chosen to approximate the same

proportional load as applied to high feces loading enclosures in 1995 (see below). The feces

slurries were then added back to the aquaria. The aquaria were not covered by plastic wrap

during this experiment. The two remaining aquariq where nothing was removed or added,

served as controls. Every six hours for 24 hours following the feces additions, 200 mL of

water was removed from each aquarium and analyzed as above. After the 24 hours, nutrient

analysis was performed every 12 hours for a72 hour period then every 24 hours for another

72hour period, for a total duration of one week (21 - 28 August).

3.1.3 Experiment #3

Five glass aquaria were placed under direct, natural light in the south greenhouse on the

roof of the Buller Building at the University of Manitoba. Each aquarium was filled with 4

L of fresh sediment, collected near the canoe ditch wharf at the University Field Station

@elta Marsh) and 34 L of dechlorinated City of Winnipeg tap water, poured directly on top

of the sediment and left undisturbed for 48 hours to allow the sediment to resettle. Then, 200

mL of water was removed from each aquarium and analyzed for SRP, ìtI{3,N and NO'-N as

before. One liter of water was removed from two aquaria and mixed with same quantity of

waterfowl feces as used in experiment #2, to simulate high feces loading. The feces had

been frozen and were thawed a day before the experiment began. One liter of water was

removed from two other aquaria and mixed as before with 1.223 g of thawed waterfowl

feces. This quantity of feces was intended to simulate the same proportion load as applied to

low feces loading enclosures (see below). The remaining aquarium, where nothing was

removed or added served, as a control. Following feces addition, 200 mL of water was

removed from each aquarium and analyzed for SRP, NH -N and NO'-N every 4 hours over

a24hour period. A-fter the 24hour period, nutrient analysis was performed at regular intervals

for one week (28 October - 4 November).
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3.1.4 Experiment #4

The ñnal aquarium experiment was conducted under direct, natural light in the greenhouse

on the roof of the Buller Building. The five aquaria were set-up and water was sampled and

processed for SRP, ¡III-N and NO,-N following the same procedure as used in experiment

#3 with one exception. The sediment \ryas removed from the canoe ditch wharf at the

Universþ Field Station @elta Marsh) three weeks prior to the experiment and frozen until

it was required. The experiment was performed over a one-week period (18 - 25 November).

As in experiment #3, there were three treatments (high feces load, low feces load, control).

3.2 FíeId Experíment Year I (1995)

3.2.1 Study Site and Enclosure Set-up

Delta Marsh is a21,870 hectare prairie wetland in south-central Manitoba (Fig. 2) which

supports a wide and unique diversity of habitats and biota. The marsh has dense beds of

submersed aquatic plants (Potamogeton zosterifurmis (Fern.), P. pectinatus (L).,

Myriophyllum sibiricum (Fern.), Ceratophyllum dentersttm (L)., and Chara sp.),and emergent

reed beds (Typha X glauca (Godron)., Phragmites australis (Cav.) bordered by willows

(Salix spp.). Delta Marsh is separated from the south shore oflake Manitob aby asand ridge

and bordered by agricultural land at its southern edge.

A series of floating, littoral enclosures, 5 m x 5 m in size, were constructed to examine

the algal and plant community responses to waterfowl feces additions (FiS. 3). The enclosures

were supported by high density foam blocks fastened under 40 cm wide wooden walkways

which allowed the enclosure edges to float just above the water surface. A translucent plastic

curtain (6-miD was suspended from each frame. A metal rod at the base of each curtain was

embedded into the sediments (-30 cm) to anchor the curtains and prevent lateral water flow

between the enclosures and the surrounding marsh. Each enclosure contained approximately

20,000 L of water. The enclosures were anchored on23 May in the center ofBlind Channel

where the water depth was about I m. Gee-type minnow traps were placed in each enclosure

after curtain deployment and these remained throughout the experiment. Fathead minnows
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Figure 2. Aerial view of Delta Marsh in south-central Manitoba (location at dot in inset

map). This study was conducted near the northern end of the meandering Blind Channel,

near Lake Manitoba in the background left.
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Figure 3. Aerial view of twelve experimental enclosures deployed in the center of the open

water area of Blind Channel, of which six randomly selected enclosures were used in these

experiments in 1995 and 1996. Each square enclosure measured 5 m on a side.
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(Pimephates promelas) and sticklebacks (Gasterosteidae) were the primary fish removed

from the traps. The first enclosure sampling began on 6 June and the last sampling occurred

on 30 August.

3. 2. 2 Col lection, mixing, and addítion of fe ce s

Experimental additions of the waterfowl feces were intended to approximate the total

inorganic P load (20.14 mg/enclosure P) added during inorganic nutrient enrichment

experiments conducted at the same site in 1994 (McDougal et al. 1997). Fresh, intact feces

from Canada geese (Branta canadensis) and/or mallard ducks (Anas platyrhynchos) were

collected from captive and wild flocks at the Delta Waterfowl and Wetlands Research Station

between May and July, and stored at -30oC until required for experimental additions. The

feces were thawed and mixed to make a consistent moist slurry which was poured uniformly

over the surface of the target enclosure. The slurry initially remained at the water surface,

but it was mixed into the water column by gentle agitation using a wooden paddle. Four of

the six experimental enclosures were pulsed (spiked) with the feces slurry on 28 June and 2l

July.

The first addition consisted primarily of Canada goose feces that contained 74.0 mgP/g

dryweight,5.T2mgNlgdryweightandamoisturecontentofs0.g%(Tablel).Twodifferent

loads ofN and P were added to the enclosures such that the experimental treatments were as

follows: 1) a high feces addition to two randomly selected enclosures, each ofwhich received

287 .6 g wet weight/m2 feces representing 0.769 glrrf P and 0.314 glnf N, 2) a low feces

addition to two randomly selected enclosures, representing 0.0769 dm'P and 0.0314 glnf

N, and 3) two untreated controls that received no feces additions.

The second experimental addition was comprised entirely of Mallard duckling feces that

contained 17 .4 mgPlg dry weight, 52.3 mgN/g dry weight and a moisture content of 77Yo

(Table 2). The enclosures assigned to the high feces treatment each received 201.30 g wet

weight/mz feces representing 0.806 gnf P and 2.42T dmt N. The low feces enclosures

received0.0806 gtfPand0.242dmtN.Asbefore,thecontrolsreceivednofecesadditions.
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Table l. Chemical composition of Canada Goose feces added to experimental treatment

enclosures in Year I on 28 June 1995. The units represent the quantities per gram of dry

weight. The quantity labeled "ñtrogen" is total N (the sum of inorganic and inorganic N

forms). Similarly, the quantity labeled "Phosphorus" is the sum of both inorganic and

organic P forms.

Component Concentration

Nitrate (me/e)

Ammonium (nde)

Total organic N (nde)

Nitrogen (nde)

Phosphorus (mdg)

Potassium (mde)

Sodium (ne/e)

Calcium (nde)

Magnesium (mde)

Sulphur (nde)

pH

Conductivity (mS/cm)

Moisture (%)

< 0.05

2.58

3.14

5.72

t4.0

12.5

2.84

2t.4

6.38

3.07

6.9

7.99

80.9
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Table 2. Chemical composition of Mallard duckling feces added to experimental

treatment enclosures in Year I on2l July 1995 and weekly in Year 2 starting on 5 July

1996. The units represent the quantities per gram of dry weight. The quantity labeled

"Nitrogen" is total N (the sum of inorganic and inorganic N forms). Similarþ, the

quantity labeled "Phosphorus" is the sum of both inorganic and organic P forms.

Component Concentration

Nitrogen (nde)

Phosphorus (mdg)

Potassium (mdg)

Sodium (nele)

Moisture (%)

52.3

17.4

T7.5

3.47

77.0
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3. 2. 3 Sampling and Analysis

Photosynthetically active radiation @AR) at 10 cm depth intervals was measured biweeHy,

on sunny, cloud-free days, using a Li-Cor LI- I 85 meter and a LI- l 92SA submersible quantum

sensor. Turbidity was measured weekly using a Hach Model 21008 turbidimeter. Dissolved

oxygen was measured weekly, in the evening, at l0 and 50 cm depths using a YSI Model

5lB meter. Surface \ryater samples (- 15 cm) were collected weekly and analyzed for SRP,

NHr-N, soluble reactive silicon (Stainton et al. 1977), and NO'-N (APHA 1992). Alkalinity

and pH v/ere measured concurrently with measurements of algal C assimilation (see below).

Additional surface water samples from each enclosure were delivered to Norwest Labs

$ryinnipee) for analysis oftotal P (TP), nitrate+nitrite-N (NO.-N) and total Kjeldatrl N (TKN)

using standard methods (APFIA 1992).

At weekly intervals through the experiment, I measured the biomass and photosynthesis

of the four algal assemblages known to occur in Delta Marsh. These were phytoplankton,

algae entrained in the water column; periphyton, attached algae growing on submersed

surfaces; epipelon, algae inhabiting soft sediments; and metaphyton, algae that originates

as attached algae, but detaches to form floating and subsurface mats.

Phytoplankton

Phytoplankton was sampled at three randomly selected positions in each enclosure at

weekly intervals. Depth-integrated samples were collected with a 5.5 cm diameter Plexiglas

plastic tube. Four liters of the collected sample was filtered through a 52 pmplankton net to

remove zooplankton. One liter of the filtrate was retained for analysis and the remaining3L

were returned to the enclosure.

Ph¡oplankton productivity (pgC/L/h) was determined by measuring the rate of inorganic

taC assimilation (Robinson el al. 1997b). Fifty milliliters were taken from the original I L

water sample and dispensed in two equal portions into screw-cap tubes, one of which was

blackened with elastic tape. Each of the sub-samples was inoculated with a NaHtaCO, solution

(0.5 pCi/ml,37 l<Bc1/ntL) and placed in a 25oC water bath under saturating iradiance (500
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pmoles/m2ls) for four hours. The samples lryere then removed from the bath and collected

onto 2.4 cm glass microfiber filters (Whatman GF/C) under gentle vacuum. The filters were

placed over concentrated HCI for at least I minute, which volatilized remaining inorganic

raC, and placed into vials containing 5 mL of Beckman ReadySaferu liquid scintillation

cocktail. The radioactivity of each vial was determined using aBeckmanLS 3801 scintillation

counter. Sample radioactivity (dpm) \¡/as corected for color quenching using the H-number

method.

Phytoplankton productivity was determined according to the formula:

¡tgc I L / h- dpm' xDIC x l'06
dpm, xVxT

where dpm, is the radioactivity of each sample corrected for dark uptake; DIC of marsh

water (pgC/L) as determined from alkalinity, pH and temperature (APHA 1992);1.06 is an

isotope discrimination factor (Strickland and Parsons 1972); dprq is the radioactivity of

added toC; V is the sample volume (25 nL); and T is the incubation time (hours).

Phytoplankton biomass \¡¡as determined by measuring its total chlorophyll content

@obinson et al. 1,997a). Sub-samples (400 mL) were taken from each of the original t L

water samples and collected onto 4.7 cm glass microfìber filters (Whatman GF/C) under

vacuum. The filters were neutralized with a saturated MgCO, solution and stored at -30oC

for later analysis. Each filter was immersed in 5 mL of 90Yo methanol for 24 hours in the

dark at room temperature. A portion of the sample was transferred into a cuvette and its

absorbance was read at two wavelengths, 665 nm and 750 nm, against a blank of 90Yo

methanol using a Milton-Roy Spectronic 601 spectrophotometer. Each sample was then

injected with 50 ¡rL of 10¡ N HCl, allowed to stand in the dark for one hour, then its absorbance

was re-read at the same settings as before. The two sets of readings were used to calculate

the total chlorophyll content (native ctrlorophyll plus degradation products) (pgll,) of each

sample using the equation of Marker et al. (1980).

Phytoplankton chlorophyll values (VglL)were multiplied by estimates of enclosure volume
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(based on daily depth measurements) at the time of sampling and divided by enclosure

surface area (25 m2) to extrapolate to units of wetland area (mglrfi). As well, phytoplankton

photosynthesis values (FgClLlh) were divided by ph¡oplankton clrlorophyll values (VelL)

to determine the rate of C assimilated per unit chlorophyll (¡rg Clchú-a/h) or biomass-

normalized photosynthesis (Robinson el al. 1997b).

Additional phytoplankton sub-samples (200 mL) were taken from each of the original I

L samples, collected onto 4.7 cm glass microfiber filters (Whatman GF/C), and stored at

4oC for later analysis of total particulate P @glL) (Andersen 1976). The samples were

combusted at 550oC in a muffle furnace and boiled in25 ¡ttL I N HCI for 10 minutes thereby

converting polyphosphates to orthophosphate. The P concentration was quantified

spectrophotometrically using the acid molybdate method (Stainton et al. 1977). A standard

curve for P was developed by analyzing samples of known P concentration using the same

method. Data were extrapolated to units of wetland area (mglnf P) using the same method

as for chlorophyll data.

Periphyton

Periphyton were sampled weekly using 90 cm long, 0.65 cm diameter acrylic rods that

served as artificial substrata for attached algae (Goldsborough et al. 1986). These rods were

pre-notched at specific lengths, with each segment used for measurements of algal

productivity, biomass, particulate P, or identifïcation (Fig. a). Sixty-four rods were positioned

on24 May (13 days before the experiment started) so an I x 8 grid was fashioned in each

enclosure. The rods were not sampled for three weeks allowing time for algal colonization

ofthe rods. Three rods were sampled randomly from each enclosure each week, starting on

8 June, using a7 .0 cm diameter plastic tube that fastened around therod while simultaneously

taking a \¡/ater column sample that surrounded the rod. The water was carefully removed

from the tube so as not to disturb the periph¡on on the rod. This water was filtered through

a 100 ¡rm plankton net for zooplankton analysis @ettigrew et al. 1998). The rods were

snapped at the notched points with needle-nose pliers and the segments for total chlorophyll
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12 cm - waste

10 cm - chlorophyll

5 cm - phosphorus

3 cm - productivity
3 cm - productivity

5 cm - phosphorus

10 cm - chlorophyll

12 cm - waste

30 cm - in sediments

Figure 4. Schematic showing the segmentation of acrylic rods (0.64 cm diameter, 90 cm

long) used as artificial substrata for periph¡ic algae in experimental enclosures.
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analysis (2 x 10 cm segments/rod), particulate P analysis (2 x 5 cm segments/rod), and algal

identification (5 cm segment/rod) were placed in separate empty tubes, while the segments

for productivþ analysis (2 x 3 cm segments/rod) were placed in tubes with 25 mL of pre-

filtered (Whatman GF/C) marsh water previously taken from the enclosures.

Periph¡on productivity (pglcrfik} chlorophyll (¡rglcm'z), and total P (¡tglcrfi) were

determined using the same basic procedures as performed for phytoplankton samples. For

productivity and chlorophyllmeasurements, intact rod segmentswereretained during analysis.

Periphyton chlorophyll data(¡tglcrfi) were multiplied by estimates of submersed macrophyte

surface area (rfilrrf) at the time of sampling to extrapolate to units of wetland area (pglnf).

Biomass-normalized photosynthesis for periph¡on was determined using the same calculation

as used for photoplankton. For P analysis, periphytic algae were scraped from their substratum

using a soft bristled paint brush into a petri dish containing a minimal amount of water. The

contents of the dish were collected onto 2.4 cm glass microfiber filters (W"hatman GF/C) for

analysis. Data were extrapolated to units of wetland area (mglnf P) using the same method

as for epiphyton chlorophyll data.

Epipelon

Epipelon was sampled at th¡ee randomly selected sites in each enclosure at bi-weekly

intervals. A small plastic tube, attached to a side-arm flask and a hand-operated vacuum

pump, was used to suction up the surface sediments (- 2 mm deep) enclosed within a l0 cm

diameter PVC tube that was embedded in the surface sediments in the enclosure. When the

flask was filled, its contents were transferred into a I L sample bottle for transport to the

laboratory.

The contents of the plastic sample bottles \¡/ere emptied into blackened 2 L plastic

bottles and left undisturbed in the dark for approximately 24 hours. Then, 400 mL of the

overlying water of each sample were filtered through 4.7 cm glass microfiber filters (W"hatman

GF/C), from which 40 mL were taken for measurements of alkalinity and pH. Three flasks,

each containing 100 mL of the filtered water, were refrigerated at 4"C overnight. The

39



blackened beakers containing the sediment were transported to the field station's weather

station. There, any overlying water was siphoned off and the sediment \¡/as covered with

lens paper tissues (Whatman #1), pre-cut to the same diameter as the beaker (9.02 cm). The

lens paper served to trap the upwardly migrating epipelic algae. Each beaker was covered

with a clear plastic bag, held in place by an elastic band, and left undisturbed on the weather

station platform overnight. The following morning (07:00), any excess waterthat had collected

underneath the lens paper was carefully siphoned off with a glass pipette attached to the

hand-operated vacuum pump. At 10:00, the lens papers were removed and placed into the

corresponding 100 mL of filtered water. The flasks containing the lens paper were shaken

vigorously for 15 minutes to dislodge the epipelon trapped in the lens filter fibers. Epipelon

C assimilation rate (Vglcrrflh) was measured using 50 mL of the water containing the

suspended algal cells while the remaining 50 mL was filtered for total chlorophyll (mglrfi

of wetland area) determination using the same procedures as for phytoplankton samples.

Epipelon biomass-normalized photosynthesis was calculated using the same formula as for

photoplankton.

Sediment

To measure total sediment P content, two milliliters of fresh sediment were removed

from each of the blackened beakers using a syringe. The sediment samples were put into

pre-weighed vials, dried at 100'C for 24 hours, and re-weighed. The samples were then

processed using the same procedure as for phytoplankton samples.

X.eces

Samples of the feces slurry were taken and analyzed for P content both times the feces

additions were made to the enclosures. The feces samples were put into pre-weighed vials,

dried at 100'C for 24 hours and re-weighed. The samples were then processed using the

same procedure as for phytoplankton samples.

40



Macrophytes

Submersed macrophytes were sampled bi-weekly at three randomly selected positions in

each enclosure, starting on 12 June. The sampler was modified from Pip and Stewart (1976)

and enclosed all macrophytes in 0.09 m2 of the enclosure bottom. Following collectior¡

macrophytes were rinsedfree of phytophilous invertebrates using water from the enclosure,

placed into a glass jar and shaken vigorously to dislodge epiphytes. The cleaned macrophyte

samples were brought back to the lab where a sub-sample was taken to measure its surface

area (length and diameter of stems and leaves). Small sub-samples, sorted by plant species,

were placed in pre-weighed aluminum dishes, dried at l00oc for 24 hours, and weighed.

This allowed me to establish empirical relationships between the surface area (cm2) and

weight (g) of macrophyte species in the enclosures. Plant tissue not used in surface area

measurements was placed in pre-weighed aluminum plates and dried at 100oC for 24 hours,

re-weighed, and used to calculate macrophyte biomass in the enclosure (g/m'). A sub-sample

of the dry macrophyte tissue was placed in pre-weighed glass vials for total P analysis (¡rgl

g) using the same method as for algal samples. The total volume of water used to clean the

macrophytes, containing dislodged epiph¡on, was recorded, but only 1 L was used for analysis

of epiph¡on biomass. Known volumes (200 - 400 mL) of the sample were fïltered 4.7 cm

(Whatman GF/C) for analysis of epiphyton chlorophyll and total P (pdedw). Epiphyton

chlorophyll and total P (pglgdw) were multiplied by macroph¡e biomass (gddm) at the

time of sampling to extrapolate to units of wetland area (pglm2).

Invertebrates

Invertebrates were sampled bi-weekly for particulate P using funnel traps. Funnel traps

consist of a Plexiglas plate with three holes through which three funnels, each l0 cm in

diameter, were attached. The stems of the funnels extended into 125 mL sample bottles

where invertebrates were trapped. This method collects those invertebrates that undergo

nightly vertical migration (Whiteside and Williams 1975). The traps were submerged so

that the funnels and sample bottles filled with enclosure water and then they were inverted
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and gently lowered into the enclosures until they rested on the bottom. Two traps per enclosure

were positioned randomly in the evening at - 19:00 and collected in the morning

approximately 12 hours later. Collection involved slowly lifting the traps to just below the

water surface where they were inverted and brought above the surface so the water collected

in the funnel could be poured off. The contents of the 125 mL sample bottles were then

filtered through a52 pmplankton net into pre-weighed glass vials. The samples were brought

back to the lab where they were dried at 100oC for 24 hours and re-weighed and processed

for particulate P using the same procedure as for phytoplankton samples.

3.3 Fíeld Experíment Year 2 (1996)

3.3.1 Study Site and Enclosare Set-up

The enclosure experiment conducted in 1996 occurred at approximantely the same site

as the experiment in 1995. The enclosures were anchored on 11 June in the center of Blind

Channel at a water depth of about I m. Once the curtains \¡/ere anchored into the sediment

each enclosure \¡/as seined to remove adult fish. The fish caught in each enclosure, primarily

Fathead Minnows (Pimephales promelas) and Stickleb acks (Gasterosteidae),were counted

and removed. Gee-type minnow traps were then placed in each enclosure for the duration of

the experiment and any fish caught were removed from the enclosures.

3. 3. 2 Colle ction, mixing, and addi tion offece s

Experimental additions of waterfowl feces approximated the total load added to one of

the high load enclosures (12.2 kg/enclosure wet weight) in 1995. I eliminated the low loading

treatment used in Year 1. This enabled me to increase treatment replication from two to

three, thereby increasing the statistical power of the experiment and my ability to detect

significant responses to feces additions. Fresh, intact feces from Canada geese (Branta

canadensis) and mallard ducks (Anas platyrhynchos) were collected from wild flocks at the

Delta Waterlowl and Wetlands Research Station on 4 July, and stored at -30 oC until required

for experimental additions. Unused feces collected in 1995, which had been stored in sealed

plastic bags at -30 oC, were also used in the 1996 experiment. Three randomly selected

42



enclosures received an aqueous slurry of waterfowl feces once a week beginning on 5 July

with the final application on 23 August.

The experiment additions consisted primarily of mallard duckling feces contaiing 17.4

mg Plg dry weight , 523 mg N/g dry weight and a moisture content of 77Yo (Table 2). ln

1995, the two high feces enclosures each received a total load of 12.2 kg wet weight of

feces. The same total load per enclosure as in 1995 was divided into weekly press additions

so that each week, for 8 weeks, 1.5 kg wet weight of feces was applied to each enclosure.

Three randomly selected enclosures were pressed weekly with 1.5 kg wet weight feces

containing 0.240 úm'P and 0.722 dmt N. The three remaining control enclosures received

no feces additions throughout the experiment.

3. 3. 3 Sampling and Analysis

Measurements of vertical light extinction, turbidity, dissolved orygen, temperature,

concentrations of NH3-N, NO3-N, NO_-N, TKN, SRP, and Tp, algal photosynthesis (C

assimilation rate), algal biomass (total chlorophyll), and macroph¡e abundance rilere

monitored in the six enclosures between June and August at the same frequency and with

the same methods as in 1995. Deviations are described below.

Forty-two acrylic rods were positioned in a7 x 6 grid in each enclosure on 13 June as

substrata for periphyton. The rods were not sampled for two weeks allowing time for algal

colonization of the uppermost 60 cm of each rod. Three rods were randomly sampled from

each enclosure each week, starting on 27 June.

Submersed macroph¡es \¡/ere sampled weekly at two randomly selected positions in

each enclosure, starting on26 June, using a Downing Box sampler @owning 1934). The

procedure for sampling macrophytes was changed in 1996 because there was concern that

the sampler modified from Pip and Stewart (1976) was compressing the macrophytes as it

passed down through the water column, so they were not sampled and total plant biomass

(per m2 ofbottom) was underestimated. The Downing Box was less prone to such problems,

but it does not sample a quantitative area, so independent estimates of aerial abundance
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\ilere used with the PVC cylinder. The sampler consisted of a hinged Plexiglas box (30.5 cm

x 11 cm x 19 cm) that could be opened to enclose macrophytes near the surface of the water

column. Following collection, macroph¡es were rinsed of phytophilous invertebrates using

a known volume of C-filtered water (500 mL or 250 mL, depending on the macrophyte

biomass collected), placed into a glass jar and shaken vigorously to dislodge epiphytes. The

contents of the jar were then poured through a steel sieve (53 ¡rm) with a basin underneath to

collect water containing the epiph¡es. A measured amount of C-filtered water (500 mL or

250 mL) was used to rinse the macrophytes, the jar and the basin. The total volume ofwater

used to clean the macrophytes (1 L or 500 mL) was recorded and transferred into a plastic

sample bottle. These samples were brought back to the lab for analysis of epiphyton biomass

(chlorophyll content). The macrophyte samples were processed as before.

Macroph¡e biomass was measured four times during the experiment (17 June, 15 July,

12 August, and27 August) using a 77 cm diameter PVC cylinder. The sampler enclosed all

macrophytes contained in 0.45 m2 of the enclosure bottom. Collected macrophytes were

brought back to the lab where a sub-sample was taken to measure its surface area (length

and diameter of stems and leaves). The remaining sample \ryas sorted by species and placed

in pre-weighed aluminum plates, dried at 100'C for 24 hours, re-weighed, and used to

calculate macrophyte biomass in the enclosure (gln').

3. 4 Statístícal Analysís

The statistical analysis for all parameters in both years was performed using one-factor

analysis of variance (ANOVA) to detect significant differences between treatments. One-

factor ANOVA compares differences between or among sample means, where it imposes no

restriction on the number of means (Howell 1992). The null hypothesis was rejected when p

= 0.05 and the treatments were said to be significantly different. A repeated-measures ANOVA

was not used because the treatment concentration \¡/as not constant over time. Therefore,

each sampling date was analyzed separately. The analysis was performed using Microsoft

Excel Version 5.0a for Power MacintoshrM. Reported values are all given as mean t SE.
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4. RESULTS

4. I Aquøríum Experíments

4. I. I Experiment # I (FiS. 5)

NO3-N \¡/as present in the control aquaria at time 0 hours at 0.06 mglL and increased to

0.2 mglL for 46 hours. Nq-N levels then decreased to 0.17 mglL and remained at this

concentration for the duration of the experiment. In the aquaria that received the waterfowl

feces there \ryas no NO3-N present for 46 hours. At 60 hours, however NO'-N was detected

at 0.09 mglL where it increased significantly (p:0.042) 34 hours later to reach a ma¡rimum

concentration of 0.26 mgtL. Following this peak, concentrations remained constant at0.l4

mg[L lor the duration of the experiment.

NII3-N increased with time in the feces load treatment and was significantly different

(p<0.05) from the control treatment that had no detectable amounts ofNfl-N present.

SRP concentrations in the feces load treatment were significantly higher (p<0.05) than

the control treatment throughout the experiment which had no detectable amounts of SRP

present. The highest SRP concentration occurred 12 hours after the feces slurry was added

(1.76 mglL), following after which concentrations decreased with time.

4.1.2 Experiment #2 (FiS. 6)

There was no NO3-N detected in either treatment for the duration ofExperimentZ. N"r-

N concentrations in the feces aquaria varied with time, but there \¡/as an overall increase

while the control treatment remained relatively constant. SRP concentrations in the feces

treatment increased with time and were significantly higher (p<0.05) than the control

treatment which remained constant and low (<0.2 mglL)

4.1.3 Experiment #3 (FiS. 7)

Changes in NO'-N concentrations between the three treatments did not occur until 82

hours, after which, the high and low feces load levels increased from 0 mglL to 0.15 mglL

and 0.02 mglL, respectively. NO3-N levels continued to increase with time in both the high

and low feces load treatments for the duration of the experiment where concentrations were
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Figure 5. NO3-N, NH3-N and SRP concentrations (mgll-) liberated from waterfowl feces in

the water column of two treatment aquaria during a 180-h period. Two aquaria received

randoms amounts of the waterfowl feces slurry (closed circles) while two aquaria served as

untreated controls (open circles).
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Figure 6. NO3-N NH3-N and SRP concentrations (mgll) liberated from waterflowl feces in

the water column of two treatment aquaria during a 180-h period. Two aquaria received the

same proportional load as applied to high feces loading enclosures in 1995 (closed circles)

while two aquaria served as untreated controls (open circles). All aquaria contained 4L of

fresh marsh sediment.
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always highest inthe high feces load treatment. There were no significant differences between

treatments on any of the sampling times þ>0.05).

The concentration of Nf{-N varied with time in all treatments. There \¡¡as a significant

difference between treatments at times 0,2 and 4 hours (p=0.018, 0.009, and 0.03,

respectively) while during the other sampling times, there was no significant difference

between treatments (p>0.05). The greatest fluctuation in concentrations occurred in the high

feces load treatment two hours after the feces slurry was added ¡[I{3-N levels went from

0.24 mglL to l.13 mglL. NII-N concentrations then decreased to approximately 0.5 mgtL

where they remained around this level for the duration of the experiment.

SRP increased for the first six hours of the experiment in the high feces load treatment

after which, SRP levels gradually decreased with time. Concentrations increased from 0.035

mg/L time 0 hour to 0.36 mglL at time 2 hour to 0.37 mglL attime 6 hour and then began to

decrease at 10 hours to 0.27 mglL. The low feces load and control treatments remained

relatively constant and low with concentrations not exceeding 0.1 mg/L. There v/as no

significant difference (p>0.05) between treatments at any of the sampling times.

4.1.4 Experiment #4 (nS. 8)

Significant differences (p<0.05) occuned between treatments for only the first ten sampling

times with respect to changes in NO,-N concentrations after which, there was no significant

difference (p>0.05) between treatments. Following feces additions to the high and low load

treatments, NO3-N concentrations u/ere highest in the low feces load treatment than the high

feces load treatment, where values remained constant at approximately 0.25 mglL for the

duration ofthe experiment. The NO,-N levels in the high feces load treatment were less than

0.15 mgll for the first 40 hours of the experiment, where they increased to levels reaching

those ofthe low feces load treatment. There was no NO'-N detected in the control treatment.

¡iI{3-N concentrations in all treatments varied with time, but they were significantly higher

in the high feces load treatment than the other two treatments for the first 60 hours of the

experiment. However, after 80 hours the NH'-N concentrations in the three treatments were

relatively similar and there was no significant difference between them.
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SRP concentrations inthe low feces load and control treatments were constant and neither

exceeded 0.06 mglL. SRP levels increased with time in the high feces load treatment upon

receiving the feces addition, yet there was no significant difference (p>0.05) between

treatments.

4.2 Year I (1995)

4.2.1 Physical Data

Vertical attenuation coefficient (ko) and macrophyte biomass varied during the experiment,

but did not differ significantly (p > 0.05) between treatments (Appendix A).

V/ater was turbid (> 2 NTU) in allthe enclosures at the beginning of the experiment (Fig.

9), but declined with time due to the protection against the effects of wind and fish on the

resuspension of bottom sediments provided by the enclosure curtains. As well, as the

experiment progressed, so did the growth ofmacrophytes, reducing resuspension of sediments

where their roots stabilize the substrata. Following the first and second feces additions,

turbidity between the treatments varied significantly (p :0.009 and 0.02, respectively).

However, by the next sampling date there was no difference between treatment probably

due to the settling of the feces addition.

4.2.2 Chentical Data

Dissolved oxygen at l0 cm, alkalinity and pH varied during the experiment, but did not

differ significantly (p > 0.05) between treatments (Appendix A).

Dissolved oxygen levels in the evening, 50 cm from the water surface (Fig. 10) showed a

negative trend with time from the mean initial readings on the 13 June in the high, low and

control enclosures (14.8 + 0.2, 15.0 * 0 and 15.0 + 0 mgll-, respectively) to the mean final

readings on the 28 August (5.65 + 2.4,2.40 *. 1.7, and 2.00 * 0.9 mglL, respectively).

Significant variation (p: 0.008) between the treatments and the controls occurred once on

23 July with mean dissolved oxygen readings in the high feces load enclosures of 4.0 mgtL

+ 0.4, in the low feces load enclosures of 7.6 + 0.2 mgtL and in the control enclosures of 7.6

+ 0.4 mglL.
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The concentration of nitrate-nitrite, as analyzedbyNorwest Labs, varied with time in all

treatments, yet remained low (< 0.05 nrglL) during the l3-week experimental period (Fig.

11). Two sampling dates expressed significant difference between treatments wherep:

0.005 on 16 June andp:0.03 on25 August. The enclosures were not manipulated until the

fifth week of the experimental period, suggesting that on 16 June (week 3) the higher value

observed in the low treatment enclosures v/as not a treatment effect, but instead a settling

effect where the enclosures had yet to reach constancy. The nitrate-nitrite concentration did

increase in the high feces load treatment after the first feces addition on 28 June from 0.006

mglL+ 0.001 to 0.020 mglL+ 0.006, but did not increase afterthe second feces addition on

2l luly. Therefore, I suggest it was not a treatment effect on25 August (week 13) which

caused a significant p-value, but rather a seasonal effect of macrophyte senescence, which

in turn released P, causing NJimitation in the high feces load treatment.

TKN increased with time in the high feces load treatment, yet remained relatively constant

in both the low feces load and control treatments (Fig. 12). After the first feces addition, the

TKN value increased from 1.28 mglL + 0.11 to 3.00 mglL + 0.56, while after the second

addition the TKN value increased from l.8l mglÏ. + 0.09 to 2.26 mglL *.0.44. The larger

difference between TKN concentrations after the frrst addition than after the second addition

was probably due to the time lag between additions and sampling dates. TKN was determined

one day after the first feces addition, but seven days after the second feces addition. There

were significant differences between treatments on 4 August (p: 0.05) and l8 August (p:

0.0s).

Total P concentration followed a similar trend as TKN where there r¡/as a gradual increase

with time in the high feces load treatments while the low feces load and control treatments

remained relatively constant and low(Fig. l3). A significant differencebetweenthetreatments

and the controls occurred once on 29 June, one day following the first feces addition (p :
0.05). The high feces treatment increased TP from 0. 15 mglL * 0.03 to 0.27 mglL + 0.07,

while both the low feces treatment and controls showed a decrease in TP concentration.
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Figure I L Nitrate-nitrite-N concentration (mg/L + SE, î:2), as analyzed by Norwest Labs,

in the water column during a l3-week sampling period in control (open circles), low feces

load (closed triangles) and high feces load (closed circles) enclosures, 1995. Feces additions

were made on 28 June and 2l July.
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Figure 12. TKN concentration (mg/L + SE, n:2) in the \¡/ater column during a l3-week

sampling period in control (open circles), low feces load (closed triangles) and high feces

load (closed circles) enclosures, 1995. Feces additions were made on 28 June and 2l July.
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Figure I 3 . Total phosphorus concentration (mgil + SE, n : 2) in the water column during a

l3-week sampling period in control (open circles), low feces load (closed triangles) and

high feces load (closed circles) enclosures, 1995. Feces additions were made on28 June and

2l July.
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Within one week of the first addition there was a decrease in the TP concentration in the

high feces treatment which was not observed after the second addition. Following the second

addition, there was an increase in TP in the high feces concentration from0.22mglL+O.OLs

to 0.23 mglL * 0.11, however there was no significant difference between treatments. Agaiq

the low feces load treatment and the controls did not increase T? after the second addition.

TP peaked on25 August in the high feces load treatment (0.44 mglL+0.22),yet there was

no significant difference between treatments.

ìII{3-N differed significantly between treatments after each feces addition where p =
0.00034on28Juneandp:0.0053on2lJuly(Fig. 1a).ThemærimumNtlr-Nconcentration

was observed in the high feces treatment enclosures after the first and second additions

(1.035 mglL + 0.033 and0.67l mg/L+ 0.004, respectively). The low feces treatment also

increased after the feces additions where maximum concentrations reached 0.094 mglL +

0.046 and 0.093 mg/L + 0.091 respectively. Following the feces additions the NH'-N

concentrations in the high and low feces load treatments decreased within 24 hours, yet

remained significantly different (p < 0.05) from each other after the addition on 28 June.

However, 24 fu. following the second feces addition on 2T July,ì[I{3-N concentrations levels

remained low during the remainder ofthe experiment with no significant difference between

treatments.

SRP levels increased with time in both the high and low feces load treatments upon

receiving the feces additions while the control was no greater than 0.054 mgtL+ 0.007 @ig.

15). sRPconcentrationspeakedsignificantlyaftereachfecesaddition(p:0.0016 and0.0022,

respectively) in the treatment enclosures. Following the first feces addition SRP in the high

feces load treatment was 0.695 mgtL + 0.058, while in the low feces load treatment SRp

concentration was 0. I 0I mglL + 0 .0Zl . Levels were highest after the second feces addition

in both high and low feces treatments (1.399 mgtL* 0.081 and 0.218 mg/L + 0.114,

respectively). Values in both treatments decreased within 24 hours ofthe feces additions, yet

a significant difference (p > 0.05) between treatments continued 4 days following both

additions.
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Soluble reactive silicon concentrations varied throughout the duration of the l3-week

experiment (Fig. 16) and differed significantly on three separate sampling dates. On 13 June

p: 0.02, however this was prior to feces addition and therefore not relevant to the purpose

ofthis study. Trends between the three treatments were similar for the month ofJune and the

first two weeks of July but there was a deviation between the treatments after week 6. The

high feces load treatment continued to decrease, reaching the lowest level on25 July (0.134

mg/L + .017), while the low feces load and control treatments remained constant Q.aS7 mgl

L + 0.777 and 1.737 L 0.757 mgL, respectively), displaying little variation between them.

There tryas no significant difference between treatments until week 12, where the trends

observed following week 6 were reversed. On 22 and 25 August (p = 0.0t1 and p : 0.021,

respectively), the high feces load enclosures had higher levels of soluble reactive silicon

than the other two treatments.

4.2.3 Biological Data

Phytoplankton

Changes in phytoplankton chlorophyll, photosynthesis and particulate P concentrations

varied over time in all treatments with no significant effect (p > 0.05) of feces additions

(Figs. 17,18 and 19). Levels peaked in the high feces load treatment (30.04 pglL+27.21,

309.32 ¡tg ClLlh t 285.82 and 7 .91 pelL t 4.48, respectively) following the feces addition

on 28 June, yet declined within one week. Chlorophyll concentrations remained low (< 5

ItglL) in both the low feces load and control treatments following the first feces addition,

but increased afterthe second feces addition on 2l July. Productivityremained lowth¡oughout

the remainder of the experiment in all three treatments. By mid-July particulate P

concentrations were low in the three treatments, with little variation in trends between them.

Particulate P concentrations increased in the th¡ee treatments mid-August and peaked on29

August where the highest concentration in the low feces load treatment (14.93 pg/L+3.26).

AIso during the month of August, phytoplankton chlorophyll increased in the three treatments

where again, the highest values reached were in the low feces treatment (56.82 pglL +

r 1.3 8).
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Figure 16. Soluble reactive silicon concentration (mgll + SE, n:2) in the water column

during a 13-week sampling period in control (open cirlces), Iow feces load (closed triangles),

and high feces load (closed circles) enclosures, 1995. Feces additions were made on 28 June

and 21 July.
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Figure 17. Phytoplankton chlorophyll concentration (pgll + SE, n= Z) during a l3-week

sampling period in control (open circles), low feces load (closed triangles), and high feces

load (closed circles) enclosures, 1995. Feces additions were made on 28 June and 2l July.
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Figure 18. Phytoplankton photosynthetic rate @gClLlh * SE, n: 2) during a l3-week

sampling period in control (open circles), low feces load (closed triangles), and high feces

load (closed circles) enclosures, 1995. Feces additions were made on 28 June and 2l luly.
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Figure 19. Phytoplankton particulate P concentration (¡rg/L + SE, n:2) during a l3-week

sampling period in control (open circles), low feces load (closed triangles) and high feces

load (closed circles) enclosures, 1995. Feces additions were made on 28 June and 2I luly.
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The biologicd, data to follow, like the parameters measured for phytoplankton, varied

during the experiment, but did not differ significantly (p>0.05) between treatments. Data

are summarized in Table 3.

Periphyton

Three different pattern oftrends were observed in periphyton ctrlorophyll, photosynthesis

and particulate P concentrations. Periph¡on clrlorophyll concentrations in the control

enclosures were consistently low (- 0.6 ¡rg/crfi)throughout the duration ofthe experiment.

Following each feces addition there was an increase in chlorophyll concentrations in the

high and low feces load treatments. The low feces load treatment peaked after the first feces

addition Q.al pglcm2 + 0.86), while the high feces load treatment increased yet remained

around control levels (0.6a pglcrfi + O.2O). One week after the addition, the low feces

treatment remained at the same concentration (1.41 ¡tglcmz + l.O7) and the high feces load

treatment increased (I.30 pglcrrf* 0.41). However, two weeks after the first feces additior¡

chlorophyll levels in both the high and low feces load treatments decreased, reaching similar

levels (0.51 ¡rg/cmz * 0.23 and 0.53 pglcÑ + 0.06, respectively) until the second addition.

Then periph¡on chlorophyll increased in the high and low feces load treatm ents e.04 ¡tgl
cm2 * 0.44 and0.90 pglcrÑ + 0.51, respectively), and decreased the following week.

Throughout August chlorophyll levels in the low feces load treatment remained similar to

levels in the controltreatment while levels in the high feces load treatment increased. There

were no significant difference between treatments on any ofthe dates analyzed for chlorophyll.

Prior to the end ofJuly there was no significant difference between periph¡on productivity

in the three treatments. There was however, a significant increase (p:0.036)in productivity

after the second feces addition on 27 luly, but values decreased the following week and

during the month of August the trends between the three treatments were the same and

remained low.

There was no signifìcant difference between periphyton particulate P in the three treatments

until mid-August. Throughout the experiment, particulate P concentrations in the control

66



Table 3. Mean (range in parentheses) of biological data measured for periphyton, epipelon,

sediment, macroph¡e, epiphyton and invertebrates for experimental enclosures (1995).

None of the treatments varied significantly (p>0.05).

Parameter High Feces Low Feces

Periphyton
Chlorophyll

Qrd"^')

Photosynthesis
(pgc/cr*th)

Particulate P

þrel" ')

Epipelon
Chlorophyll

Gdcm')

Photosynthesis

@eC/q#/h)

Sediment
Particulate P
(pdedw)

Macrophyte
Particulate P
(pdedw)

Epiphyton
Chlorophyll
(pded*)

Particulate P
(pdedw)

fnvertebrates
Particulate P
(pdedw)

0.84
(0.09 -2.04)

2.60
(0.29 - ls.64)

0.04
(0.006 - 0.11)

0.08
(0.05 - 0.13)

0.05
(0.02 - 0.08)

t67.42
(142.00 - 187.s6)

469.22
(351.71 - 66r.22)

85.84
(20.86 - 204.64)

5.93
(0.69 - 8.26)

935.94
(s8s.30 - 1880.6s)

0.62
(0.20 - 1.40)

2.37
(0.42 - 11.82)

0.07
(0.006 - 0.28)

0.08
(0.04 - 0.11)

0.06
(0.03 -0.rr)

t57.76

95.64
(23.0e -232.38)

9.51
(1.s0 - 30.36)

693.78
(37t.72 -
1034.20)

0.38
(0.07 - 0.60)

t.4t
(0.2s - 6.te)

0.02
(0.00s - 0.06)

0. l0
(0.04 - 0.20)

0.1I
(0.02 - 0.36

149.12

47.18
(13.40 - 113.84)

4.64
(0.22 - 12.73)

929.06
(417.77 -
l3os.93)

(13e.87 - 180.81) (128.00 - 16s.42)

605.r4 537.69
(396.21- 846.81) (361.66 - 6e8.s2)

67



were steady (S 0.06 pg/cm') and did not vary with time. Concentrations peaked in the low

feces load treatment (0.28 ¡tglcmz*.0.25) on29 June, but decreased steadily until eventually

particulate P levels fell to those of the control. Particulate P levels fluctuated in the high

feces load treatment, but gradually increased with time, reaching a maximum after the second

feces addition (0.11 pglcm2*.0.025). However, two weeks following the feces addition, the

concentration in the high feces load treatment decreased and remained similar to the other

two treatments until the conclusion of the experiment.

Epipelon

Epipelon chlorophyll concentrations and photosynthesis showed no treatment effects.

No signifìcant difference (p> 0.05) due to feces additions was detected in the two parameters

among the three treatments throughout the sampling period.

Sediment

Feces additions had no significant effect (p > 0.05) on sediment particulate P where the

concentrations in all treatments increased with time. During the first week of August, the

last time sediment particulate P was sampled, the control treatment concentration decreased

from the previous sampling date, below both feces treatments.

Macrophyte

Macrophyte particulate P concentrations varied over time, but did not differ significantly

among treatments (p > 0.05).

Epiphyton

Throughout the 7-week sampling period in which epiphyton chlorophyll and particulate

P were measured, no significant differences among treatments were found in either parameter.

Invertebrates

Invertebrate particulate P concentrations varied over time, with no significant differences

among treatments.
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4.3 Yeør 2 (1996)

4.3.1 Physical Data

Turbidity, vertical attenuation coefficient (ko) and macrophyte biomass varied during the

experiment, but did not differ significantly (p > 0.05) between treatments (Appendix A).

4.3.2 Chemical Data

Dissolved oxygen at l0 and 50 cm, nitrate-nitrite, soluble reactive silicon and alkalinity

varied during the experiment, but did not differ significantly (p > 0.05) between treatments

(AppendixA).

TKN varied with time in the two treatments (Fig. 20), but an overall increase was observed

in both feces load (from 1.52 mglL + 0. 1 1 to 2.32 mglL x 0.09) and control (from 1.53 mgl

L + 0. 1 1 to I .88 mglL +0.04) enclosures. Throughout the experiment, the TKN concentrations

in the feces load enclosures were equal to or greater than the concentrations in the controls

and on two sampling dates in late August significant difference between treatments \ilere

noted (p: 0.009 on23 August andp:0.010 on 28 August).

The total P concentration increased throughout the experiment in both treatments (Fig.

2l). The feces load increased from 0.14 mglL + 0 to 0.41 mgtL + 0.05 while the control

increased from 0.17 mglL + 0.04 to 0.29 mglL*.0.01. TP concentrations were higher in the

feces load enclosures than in the controls two weeks following the first feces additiorq and

remained higher than the control values to the end ofthe experiment. A significant difference

(p : 0.009) between the treatments occurred once on23 August.

Afterthe fïrst feces application, ammonia 0{Itr-1.ì) levels increased, but returned to control

levels the following week (Fig. 22). The concentrations between the treatments began to

diverge by late July. On 26 July and 9 August there were significant differences between

treatments (P : 0.025 and p : 0.049, respectively). The feces load treatment continued to

have higher ¡II{3-N concentrations than the controls to the end of the experiment. There was

a gradual increase in NH,-N levels in the feces load enclosures where the maximum

concentration was reached on 23 August (0.100 mglL + 0.039), following which the
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Figure 20. TKN concentration (mgll + SE, n: 3) in the v/ater column during a l2-week

sampling period in control (open circles) and high feces load (closed circles) enclosures,

1996. Feces additions began on 5 July and continued once every week following the initial

application. The final addition was made on23 August.

ËË1??
éÉ+ËooÊÉc.l

@è0è0Þ0o.
====(l)-

¿c\o\.óñÊÉe.l



o
bt)

á 0.6

¡r

trLao
Ë 0.4

c
Er

çEE=5E3Vq0Pq0q0BJ¿¿ãññTñ¿2Ð2.
?3?r't-r-t't-<.OÉ+Éoo\ôC,¡qÌ¡'¡.r.ÊÊC.ìÊe'¡Ñ,r,ÑO\\OÔ¡ Éôl

Date Sampled 1996

Figure 21. Total phosphorus concentration (mgll t SE, n : 3) in the water column during a

l2-week sampling period in control (open circles) and high feces load (closed circles)

enclosures, 1996. Feces additions began on 5 July and continued once every week following

the initial application. The final addition was made on23 August.
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Figure 22. NII-N concentration (mg/L + SE, n: 3) in the water column during a l2-week

sampling period in control (open circles) and high feces load (ctosed circles) enclosures,

1996. Feces additions began on 5 July and continued once every week following the initial

application. The final addition was made on23 August.



concentrations decreased to levels observed at the beginning of the experimental period.

Prior to the feces additions, there was a decrease in the SRP concentrations (Fig. 23) and

the levels ofthe control were higher than those ofthe enclosures designated for feces addition.

From mid-July SRP concentrations in the feces load treatment were two times higher than

those in the controls (< 0.1 mglL) and remained so throughout the experiment. On 6 August,

there was a significant difference @:0.040) between the feces load treatment (0.28 mgtL+

0.061) and the control (0.078 mg[L + 0.031). Significant differences between treatments

were also calculated on each of the last four sampling dates 20, 23, 27 and 28 August (p :

0.017, 0.005 l, 0.014, and 0.0036, respectively).

pH increased with time in both treatments and values were always higher in the control

treatment @i9.2Ð. There \ryere a significant differences in pH between treatments on the 2,

13 and 14 of August (p: 0.021,0.013 and 0.048, respectively).

4.3.3 Biological Data

Phytoplankton

Changes in phytoplankton chlorophyll (Fig. 25) and productivity (Fig. 26) concentrations

over time increased after the feces additions began, however the level of concentrations

were highest in the controls. There was no significant effect (p > 0.05) of feces addition in

either parameter. Phytoplankton particulate P decreased prior to feces additions in both

treatments and remained at a constant level in the control treatment during the remainder of

the experiment (Fig. 27). The particulate P concentrations continued to decrease after the

feces additions were applied, yet no significant difference between treatments was detected.

The biological data to follow, like the parameters measured for phytoplankton, varied

during the experiment, but did not differ significantly (p>0.05) between treatments. Data

are sunlmarized in Table 4.

Periphyton

Feces additions increased periph¡on chlorophyll and photosynthesis concentrations within

a week of the first addition, however concentrations then decreased during the following
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Figure 23. SRP concentration (mgll + SE, n : 3) during an ll-week sampling period in

control (open circles) and high feces load (closed circles) enclosures, 1996. Feces additions

began on 5 July and continued once every week following the initial application. The final

addition was made on23 August.
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Figure 24. pH (+ SE, n = 3) in the water column during a l2-week sampling period in

control (open circles) and high feces load (closed circles) enclosures, 1996. Feces additions

began on 5 July and continued once every week following the initial application. The final

addition was made on23 August.
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Figure 25. Phytoplankton chlorophyll concentration (pgll t SE, n:3) during an ll-week

sampling period in control (open circles) and high feces load (closed circles) enclosures,

1996. Feces additions began on 5 July and continued once every week following the initial

application. The final addition was made on23 August.
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Figure 26. Phytoplankton photosynthetic rate @gC/L/h+ SE, n : 3) during an ll-week

sampling period in control (open circles) and high feces load (closed circles) enclosures,

1996. Feces additions began on 5 July and continued once every week following the intial

application. The final addition was made on23 August.
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Figure 2T.Phyloplankton particulate P concentration (¡rgll + SE, n : 3) during an l l-week

sampling period in control (open circles) and high feces load (closed circles) enclosures,

1996. Feces additions began on 5 July and continued once every week following the initial

application. The final addition was made on23 August.

Fl
è0

o

rlL
c)
CJ

U
U)

Lo

ao

ê)

()

Êr

\ -{ . High Feces

-.....F Control

/t

SES.EEEEESoTSTB5ñ5ñ??-¿g,\\ocñ.{rr+-l¿ff;¿.¡gåññ+i3ñ-1
Date Sampled 1996

78



Table 4. Mean (range in parentheses) of biological data measured for periph¡on,

epipelon, sediment, macroph¡e, epiphyton and invertebrates for experimental

enclosures (1996). None of the treatments varied signifìcantly (p>0.05).

Parameter High X'eces Load Control

Periphyton
Chlorophyll (¡rglcm2)

Photo synthesis ( ¡r gClc m' lh¡

Particulate P (¡rclcm2)

Epipelon
Chlorophyll (¡rglcm2)

Photo synthesis (pgC/c m' lh¡

Sediment
Particulate P (¡rglgdw)

Macrophyte
Particulate P (pglgdw)

Epiphyton
Chlorophyll (pglgdw)

Invertebrates
Particulate P (¡rglgdw)

1.65
(0.36 - 3.11)

2.18
(0.e4 - 3.10)

0.27
(0.0s - 0.e7)

0.08
(0.0s - 0.17)

0.04
(0.02 - 0.06)

t66.t7
(10r.49 -227.44

573.23
(31s.60 - 1053.e3)

182.97
(3e.48 - 396.64)

564.04
(417.24 - 6e7.76)

t.64
(0.31 - 3.78)

r.76
(0.60 - 2.38)

0.10
(0.04 - 0.35)

0.07
(0.0s - 0.1t)

0.04
(0.02 - 0.07)

t67.58
(106.68 -228.20)

571.05
(308.05 - t026.3t)

t38.72
(81.s6 -22s.68)

749.73
(46e.74 - r032.3r)
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two weeks. Periph¡on chlorophyll concentrations increased in both the feces load and control

treatments from late July until the end of the experiment and no significant difference with

respect to treatment were detected. Photosynthesis was higher in the feces load treatment

than the control from late July through to mid-August, but again, there were no significant

differences in photosynthesis between treatments on any date. Periphyton particulate P

remained at constant levels (- 0.3 5 pglcnf) in the control treatment throughout the e4periment.

Particulate P concentrations in the feces treatment increased steadily from 0.05 ttg/crfi +

0.02 on 25 June to 0.97 ttglcrfi* 1.26 on l8 July and then declined rapidly to 0.027 pglcríf

+ 0.005 on 26 July. Throughout August, particulate P levels remained at a constant

concentration in the feces load enclosures (- 0.25 pglcm2). There were no significant

differences between treatments.

Epipelon

Epipelon chlorophyll concentrations did not differ with treatment until late, when

concentrations, in response to feces loading, were higher in feces load treatment than in the

controls. Epipelon photosynthesis decreased with time in both treatments. Feces addition

had no significant effect (p > 0.05) on either epipelon biomass and productivþ

Sediment

Feces addition had no significant effect (p > 0.05) on sediment particulate P.

Macrophyte

Macrophyte particulate P concentrations in both treatments followed the same trend over

time as sediment particulate P concentrations, with a peak in mid-July. In the feces load

treatment values increased from 521.01 ttds*,22.29 in mid-June to 1053.93 1rglg+ 177.46

in mid-July, while in the control treatment values increased from 396.96 pglg* 81.87 to

1026.31 pglg+284.29. Particulate P levels declined to their lowest levels by mid-August in

both the feces load (315.60 þele+ 14.81) and control (303.05 pele+ 86.05) treatments.

Macrophyte particulate P concentrations did not differ significantly between treatments.
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Epiphyton

Epiphyton biomass varied over time, but there were no significant differences due to

treatment.

fnvertebrates

After treatment commenced, invertebrate particulate P concentrations rryere generally

higher in the controls that in response to the feces loading throughout the experiment.

Differences between treatments were not significant.
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5. DISCUSSION

5.7 Year I (1995)

Biomass

Seasonal and experimental factors both contributed to determining which of the four

algal assemblages, all expressed in proportionate terms (mg/m' wetland area), predominated

in experimental enclosures (Table 5). The results obtained were different in the high, low

and control treatments. There was a shift from phytoplankton dominance in the control and

low feces enclosures, starting in the beginning of June to periphyton dominance through

July to mid-August. After 13 August, periph¡on was displaced by phytoplankton which

remained the dominant assemblage until the end of the experiment. I attribute this shift to

macrophyte development and macroph¡e decomposition.

With the development of macrophytes in the enclosures in late June, competition for

nutrients between phytoplankton and macroph¡es occurred and macrophytes \ryere

competitively superior to phytoplankton. Other studies found similar patterns. Meijer et al.

(1990) examined changes in water quality that resulted after they experimentally reduced

the total fish stock in two shallow lakes in The Netherlands by 70 to 8S%o. The growth of

submerged macrophytes increased after the fish reduction. Coinciding with the increase in

macrophytes was decreased algal abundance and dissolved N, and increased water

transparency. They inferred that the decrease in algal abundance was partly due to the

development of the submerged macroph¡es, and macroph¡es out-competed algae forN. A

similar study found that planktivorous fish removal was responsible for increased macrophyte

growth in the shallow Lake Zwemhust, The Netherlands (Ozimek et al. 1990). Increased

macrophyte abundance resulted in NJimitation and decreased phytoplankton biomass; N-

limitation by macrophytes rilas confirmed by bioassay experiments in the laboratory.

Coupled with macrophyte development was an increase in colonizable surface area for

epiphytic algae. I used acrylic rods as artificial substrata in these experiments from which I
estimated epiphytic (periphyton) algal biomass, productivity and particulate P. I assumed
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Table 5. Mean algal biomass (mg chlorophyll-a per m2wetland area) in control, high feces

and low feces treatments in Delta Marsh 1995 (range in parentheses). Comparative data

from the Marsh Ecology Wetland Research Program (MERP), collected in Delta Marsh

from 1985 through 1986, are summarized from Robinson el at. (1997a). In MERp

epiphyton samples were collected from artificial substrata, which I refer to as periphytoq

while no biomass measurements were collected from algae on natural substrata, which I

refer to as epiphyton. Metaphyton did not develop in my study.

Assemblage Control Low Feces High Feces MERP

Epipelon

Epiphyton

Phytoplankton

Periphyton

Metaphyton

I
(<0.4 - 2)

I
(0.2 - 2)

6
(0.8 - le)

5

(0.2 - l6)

N/A

0.8
(0.4 - t)

I
(0.6 - 2)

10

(l - 30)

10

(<0.2 - 3 t)

N/A

0.8
(0.3 - 1.3)

2
(0.2 - 8)

10
(3 -28)

13

(0.4 - 4t)

N/A

4
(<l - l7.s)

not measured

7
(<1 - 3e)

67
(6 - 182)

530
(t23 - 1,309)
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the values for the parameters that I measured for periphytic algae were close estimates to

those of epiphytic algae because the rods were placed in the enclosures at the time of

macrophyte emergence, as suggested by Hooper and Robinson (1976). However, biomass

was consistently higher on the rods than on the macrophytes. For example, mean concentration

of epiphyton chlorophyll in the control was I mg/rrf , whereas periphyton chlorophyll was 5

milm'. The reason for this difference will be examined in a later section. Howard-Williams

(1981) demonstrated that the epiph¡ic alga, Cladophora (at times loosely attached to my

rods), absorbed 3? 8.1 times faster than the macrophyte, Potamageton. TTns suggests that

epiphytes can compete effectively for nutrients with developing macrophytes and, therefore,

it was probablythe later development ofmacrophytes and epiph¡es that resulted in observed

decrease of phytoplankton in the control and low feces treatment.

Periphyton biomass decreased and phytoplankton biomass increased in August,

corresponding to a decrease in macrophyte biomass with the onset of senescence. The shift

observed late in the sampling season in the low feces treatment and the control may be

attributed to a release of nutrients from decaying macrophytes. Landers (1982) tested the

effects of senescenceby Myriophyllum spicatunt on the nutrient and chlorophyll-a levels in

Lake Mon¡oe, Indiana using ln sllz open-bottomed enclosures. Decomposing macroph¡es

were responsible for 2.2Yo N and 17.9% P of the total non-point sources entering the lake

yearly. This increase in nutrients to the surrounding waters as the result of macroph¡e

senescence contributed to a significant increase in ph¡oplankton chlorophyll. Murkinet al.

(1989) reasoned that raised water levels in Delta Marsh would remove existing submersed

plant litter and release bound nutrients into the surrounding waters upon their decomposition.

They found that litter from all macrophyte species studied showed significant losses of N

and P within the first 48 hours after litter bags were laid on the substratum surface,

approximately 75.cm deep. The Hardstem Bulrush (Scirpus lacustris glaucus) continued to

leach nutrients after two years of flooding. They suggested that submerged macrophytes,

with small amounts of non-labile structural material, decomposed readily, releasing nutrients
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which, in turn, may support ph¡oplankton growth.

Phytoplankton and periph¡on biomass responded most prominently to feces additions

(Table 5). Mean phytoplankton biomass increased from 6 mdm' in the control to l0 mg/m2

in the low and high feces treatments, while mean periph¡on biomass increased from 5 mg/

m2 in the control to 10 mglm2 in the low feces treatment and to 13 mglm2 in the high feces

treatment. Phytoplankton chlorophyll per m2 of wetland area (Table 5) increased after the

first feces application in the high treatment, yet decreased the following week and remained

similar to levels measured in the controls. Because macrophytes had not yet developed,

there may have been no competition for nutrients so the nutrients released from the first

feces addition were assimilated by the phytoplankton. Perhaps the greatest response \¡/as

observed after the second addition in the high feces treatment in the periphyton and epiph¡on

biomass. I suggest that it was the combination ofmacroph¡e senescence and nutrient addition

that caused increases in the two algal assemblages. For example, at the time of the second

nutrient addition, Cladophora surounded the rods in the high and low feces enclosures.

Epipelon biomass was unaffected by any treatment. Epipelon biomass was highest at the

beginning of the experiment when macrophytes had yet to establish and sediment surfaces

tended not to be shaded. As the macroph¡e canopy became more dense, less light was able

to reach the substratum and epipelon biomass decreased. This is supported by low turbidity

values in the control treatment (- I NTII) at the same time that epipelon biomass peaked in

the control ( 2 nglrfi). Lack of effects of external nutrient loading on epipelon has been

observed by others. For example, Murkin et at. (1991) found that epipelon biomass in a

poorly vegetated site at Narcisse Marsh, MB was higher than in a vegetated site. In another

experiment, Murkin et al. (1994) added inorganic N and P to a wetland at Long Lake, MB

and observed no significant differences in epipelon biomass between the manipulated and

unmanipulated enclosures even though there was an increase in the other algal communities

after fertilization. This suggests that epipelon did not respond to the addition ofeither inorganic

or organic nutrients to the water column.
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Metaphyton mats, which flourished with nutrient enrichment in experiments by McDougal

et al. (1997) and others (Gabor et al. 1994; Murkin et al. 1994), were not observed in this

study. Perhaps, as suggested by Gabor et al. (1,994) for experiments involving organic

enrichment by ground alfalfa, nutrients were released slowly into the wetland and were

quickly assimilated by other plant communities. Metaphyton probably did not develop in

this experiment, like that of the alfalfa treatments, because epiphytes did not flourish with

the added nutrients to yield metaphyton.

B i omass-normali zed photosynthe sis

Biomass-normalized photosynthesis was calculated to assess algal responses to feces

additions. It is the rate of C assimilated per unit chlorophyll @obinson et al. 1997b). I
proposed that the biomass-normalized photosynthesis would increase in response to feces

additions where high values imply that algal cells are more efficient at using C when they

are replete with nutrients provided by the feces. In 1995, there was little variation in the

biomass-normalized photosynthesis between treatments for the three algal assemblages

measured (Table 6). Goldsborough and Robinson (1996) discuss variation in the

photosynthetic-iradiance relationship for the benthic algae of wetlands and suggest that

part ofthe variation is due to the th¡ee-dimensional growth observed in assemblages such as

epiph¡on. They observed that, at times, there is an inverse correlation between biomass and

biomass-normalized photosynthesis such that as biomass of epiphyton increases, selÊshading

and nutrient limitation occur in the layers most closely associated with the substratum. Müller

(1996) found that selÊshading did occur in dense periph¡ic layers when chlorophyll

concentrations \¡/ere more than 6 ¡tglcrrf . Under these conditions, the chlorophyll-specific

rate of photosynthesis @B) decreased due to the dense layering of epiphytes which caused

intensive shading. Even though periph¡ic chlorophyll values in all treatments never exceeded

6 p'glcmz (a maximum value of 2.5 ¡rg/cm2was observed after the second nutrient addition

in the high feces treatment), I suggest that selÊshading was possibly a factor that affected

biomass-normalized photosynthesis. Ph¡oplankton had the highest overall biomass-
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Table 6. Mean algal biomass-normalized photosynthesis (¡rgC/pgchl-a/h) in control, high

feces and low feces load treatments in Delta Marsh 1995 (range in parentheses).

Comparative data from the Marsh Ecology Wetland Research Program (MERP),

collected in Delta Marsh from 1985 through 1986, are summarized from Robinson et a/.

(1997b). In MERP epiph¡on samples were collected from artificial substrata, which I

refer to as periphyton. Metaphyton did not develop in my study.

Assemblage Control Low Feces High Feces MERP

Epipelon 1.0 0.8 0.6 2.3
(<0.s - 2) (o.s - 1) <0.5 - I (0.3 - s)

Phytoplankton 4.9 3.7 4.0 7.2
(1 - 8) (<2 - s) (l - e) (0.2 - 23)

Periph¡on 4.8 4.3 4.5 2.4
(l - re) (<l - ls) (<l - te) (0.1 - 17)

Metaphyton N/A N/A N/A t.l
(0.1 - 11)
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normalized photosynthesis in the control after increased biomass was observed in the

periph¡on community (Table 6), suggesting that phytoplankton may assimilate C more

efficiently than periphyton, possibly due to its increased density and subsequent self-shading.

With the addition of waterfowl feces, biomass-normalized photosynthesis in periph¡on

increased, which may be due to increased nutrient availability. It appears that the seasonal

trend of higher biomass-normalized photosynthesis in the phytoplankton, observed in the

control, is still present in the fecesloaded enclosures, but the "gap" betvyeen the biomass-

normalized photosynthesis of phytoplankton and periphyton narrowed. Epipelon biomass-

normalized photosynthesis values were the lowest of the three algal assemblages and were

not affected by feces loading (Table 6). Again, I propose that less light was able to reach the

substrate as the macrophyte canopybecame more dense so epipelon was unable to assimilate

C efüciently.

Particulate Phosphorus

PP (mglm'?wetland area) in the three assemblages was affected by nutrient enrichment

where the highest PP values were observed in the high feces treatments (Table 7).

Phytoplankton had the highest mean PP concentration throughout the experiment, followed

by periph¡on and then epiphyton in each of the treatments. The seasonal trend of PP, as

observed in the control, had phytoplankton values higher than periph¡on values.

Phytoplankton control PP concentrations varied with time with no consistent temporal trend.

The control periphyton PP increased with time, until it peaked in early July, where it decreased

until the end of the experiment. I propose that with the development of macrophytes and

their associated epiphytes, there was increased competition for nutrients and the assemblage

that was favored was the one better able to utilize the nutrients available to it.

5.2 Year 2 (1996)

Biomass

The seasonal trend observed in the control was similar to that observed in 1995 where

there was a shift in algal dominance from phytoplankton, observed early in the seasoq to
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Table 7. Mean algal particulate phosphorus (mg per m2wetland area) in control, high feces

and low feces load treatments in Delta Marsh 1995 (range in parentheses).

Assemblage Low Feces High Feces

Epiph¡on

Phytoplankton

Periphyton

0.1

(0.002 - 0.2)

r.2
(0.4 - 3.7)

0.4
(0.01 - 1.2)

0.1

(0.02 - 0.27)

1.8

(0.s - 7.e)

0.7
(0.02 - 2.s)

0.2
(0.01 - 0.4)

2.5
(0.s - 6.s)

0.8
(0.01 - 2.6)
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periphyton, beginning to increase mid-July and dominate late July. Again, I attribute this

shift in dominance to macrophyte development which resulted in increased colonizable surface

area and competition for available nutrients. In 1996, I did not see a shift back to phytoplankton

dominance later in the season; however, phytoplankton biomass values did increase in late

July with maximum biomass at the onset of macrophyte senescence after I I August.

Periphyton biomass increased steadily in August suggesting that it was able utilize the

nutrients leached from the decaying macrophytes.

Of the four algal assemblages measured, the addition of waterfowl feces affected only

periphyton (Table 8). Before feces loading (5 July), periphyton biomass levels in the control

and feces treatment were similar. Trends between the treatments were similar, yet biomass

increased in the feces treatment above levels observed in the control. I suggest that this

increase in periphyton in the feces treatment was due to nutrients released from the feces

into the surrounding waters which were made available for uptake.

Epipelon biomass increased with the addition of feces. I suspect that shading of the

sediments was greater in the controls because macrophyte biomass was higher in the controls

than in the feces treatment throughout the experiment. However, the magnitude of the

difference was not sufficiently large to be statistically significant.

B i om as s-norm a Ii z e d p h ot o synthe s i s

Phytoplankton had the highest mean biomass-normalized photosynthesis in both the

controls and feces treatment (Table 9), yet values in the controls were higher than in the

manipulated enclosures. Biomass-normalized photosynthesis in the control reached its

maximum value during the second week of sampling and its lowest value by the third week.

From weeks 4 through 9, biomass-normalized photosynthesis increased and then decreased

during the last two weeks of sampling. The trend in the control enclosures was the opposite,

which suggests that as periph¡on biomass increased, as observed above, self-shading occurred

and the periphyton became inefficient at assimilating C. When the two assemblages v/ere

compared in the feces treatment, there appeared to be an overall trend where biomass-
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Table 8. Mean algal biomass (mg chlorophyll-a per m2wetland area) in control, high feces

and low feces treatments in Delta Marsh 1996 (range in parentheses). Comparative data

from the Marsh Ecology Wetland Research Program (MERP), collected in Delta Marsh

from 1985 through 1986, are summarized f¡om Robinson et al. (1997a). In MERP

epiphyton samples were collected from artificial substrata, which I refer to as periphytorL

while no biomass measurements were collected from algae on natural substrata, which I

refer to as epiph¡on. Metaphyton did not develop in my study.

Assemblage Control Feces Addition MERP

Epipelon

Epiphyton

Phytoplankton

Periphyton

Metaphyton

1

(<0.5 - l)

1l
(<s -2s)

13

(4 - 22)

32
(2 - 108)

N/A

I
(<o.s - 2)

10

(<2 -2s)

12

(6 - 2t)

36
(<l - 88)

N/A

4
(<l - 17.5)

not measured

7
(<1 - 3e)

67
(6 - 182)

530
(t23 - 1,309)
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Table 9. Mean algal biomass-normalized photosynthesis (¡rgC l¡tgc\ú-alh) in control and

feces load treatments in Delta Marsh 1996 (range in parentheses). Comparative data from

the Marsh Ecology Wetland Research Program (MERP), collected in Delta Marsh from

1985 th¡ough 1986, are summarized from Robinson et al. (1997b). In MERP epiphyton

samples were collected from artificial substrata, which I refer to as periph¡on, while no

biomass measurements were collected from algae on natural substrata, which I refer to as

epiphyton. Metaphyton did not develop in my study.

Assemblage Control Feces Addition MERP

Epipelon

Phytoplankton

Periphyton

Metaphyton

0.5
(<o.s - 1)

3.2
(2-6)

2.3
(<l - s)

N/A

0.5
(<0.5 - t)

3.0
(1-6)

1.6
(<l - 3)

N/A

2.3
(0.3 - s)

7.2
(0.2 - 23)

2.4
(0.1 - 17)

1.1

(0.1 - ll)

92



normalized photosynthesis decreased with time with feces additions and, on average,

ph¡oplankton values were higher. It appeared that nutrient enrichment lessened the effect

of selÊshading, perhaps by increasing nutrient availability to deeply buried epiphytic layers

near the substratum that were most ef[ected by selÊshading. Epipelon biomass-normalized

photosynthesis values were the lowest ofthe three algal assemblages and were not affected

by feces loading. I suggest that decreased light availability limited the C assimilation efficiency

of epipelon.

Particulate Phosphorus

Phytoplankton PP per m2 of wetland was not affected by feces loading (Table l0).

Ph¡oplankton PP values in the feces treatment at the beginning of the experiment prior to

loading were higher than the controls. Through the experiment, the trends observed in the

controls and feces treatment mirrored one another with the feces load PP values higher than

the controls yet there is no increased separation between the treatments with feces loading.

This suggests that nutrient en¡ichment from the feces additions did not occur. I suggest that

phytoplankton was not the primary recipient of increased nutrient supply because PP

concentration in phytoplankton per m2 of wetland area did not increase. Periph¡on PP did

increase with nutrient loading (Table 10) which, coupled with the observed increase in

biomass, suggests periphyton was able to utilize the nutrients released from the feces.

5.3 Summary

Total mean algal biomass was higher in Year 2 than in Year l. For example, total algal

biomass in the control treatments increased from 13 mg/nf in 1995 to 57 mglm, in 1996.

One possibility for higher algal biomass may be the difference in nutrient levels between the

two years. In 1996 SRP and NH -N was approximately 3 and 4 times higher, respectively in

the control enclosures than in 1995. Macroph¡e biomass more than doubled in 1996 from

1995 in the control enclosures (35.4 glmz to 89.8 g/m2, respectively), which may provide an

explanation for increased epiph¡on biomass. Epiphyton biomass in the control increased

from 1 mglnf in 1995 to ll mg/m2 in 1996, possibly due to increased colonizable surface
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Table 10. Mean algal particulate phosphorus (mg per m2wetland area) in control and feces

load treatments in Delta Marsh 1996 (range in parentheses). Epiph¡on particulate

phosphorus was not measured in 1996.

Assemblage Feces Addition

Phytoplankton

Periph¡on

2.8
(r.6 - 4.1)

1.5

(0.2 - s.4)

2.9
(1.4 - 4.8)

2.9
(0.1 - s.7)

94



area as macrophytes developed.

Biomass-normalized photosynthesis was lower in all the algal assemblages in 1996 than

compared to 1995 which may be due to increased macrophyte canopy and subsequent lower

light levels. This difference cannot be explained by a reduction in the subsurface light field

in 1996 because, as stated above, light extinction was lower in the second year ofthis study.

With regards to the periphytic algal assemblage, biomass increased dramatically from 5 mgl

m2 in 1995 to 32 mglmz in 1996 in the control treatment and from 13 mglnf in 1995 to 36

mdrú in 1996 in the high feces treatment. I suggest that increased biomass in the periph¡ic

assemblage lead to increased selÊshading and therefore this may be a possible explanation

its decreased biomass-normalized photosynthesis in 1996.

When the control and high feces datasets are compared between 1995 and 1996, one sees

there is an overall increase in PP levels in the controls. In 1995 there was an increase in

phytoplankton PP in the high feces treatment, while in 1996 there was not. A possible

explanation for may be due to the pulse addition in 1995 versus the press addition in 1996.

Phytoplankton may have been able to utilize the nutrients in the pulse addition because there

v/as a higher concentration of PP added, therefore "more to go around" and competition

with developing periph¡on was not as great. The second addition appears to have half the

PP content as the first and therefore I suggest that the phytoplankton were unable to out-

compete the periphyton for nutrients and this is why there is no increase in PP after the

second addition in the phytoplankton. In 1996, loading was applied every week beginning

on 5 July when periphyton started to establish and periph¡on \¡/as able to out-compete

phytoplankton for the nutrients with each addition.

Researchers have suggested that nutrient enrichment with inorganicnutrients can stimulate

plant and algal growth in wetlands (Gabor et al. 1994;Murkin et al.. 1994;Crafr. et at. 1995;

McDougal et al. 1997). Other studies involving nutrients released from organic sources,

such as sewage efiluent, have observed an increase in wetland productivity (Richardson and

Schwegler 1986; Kadlec and Bevis 1990). Inorganic nutrients are released from the feces of
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aquatic birds into surrounding waters @axter and Fairweather 1994; Manny et al. 1994;

Marion et al. 1994). I hypothesizedthatthe biomass and productivity ofthe macroph¡e and

algal communities of Delta Marsh enclosures would be affected by feces addition, yet it

appears that, in both years ofthe study, neither assemblage responded according to prediøions.

There are some indications that abiotic factors, primarily nutrient inputs, ultimately

determine the productivity of a system @illon and Rigler 1974; Schindler lgTB). although

other evidence points to the role of the consumer in influencing ecosystem structure and

productivity (McQueen et al. 1990; Sarnelle 1992). Based on my experiments, it appears

that primary production is regulated by a complex interaction of both abiotic and biotic

factors (Gophen 1990; Rosemond et al. 1993; Kjeldsen 1996). Some of the factors which

influence macrophyte and algal production are nutrients, light and grazing. Therefore, I
propose, based on previous research, that it rryas one or more ofthese factors that resulted in

the observed lack of response by algae and macrophytes to feces additions.

Contrary to my predictions, wetland algae manipulated in these experiments did not

respond to nutrients liberated from waterfowl feces in a consistent way. Because this finding

contradicts the "conventional wisdom" that waterfowl make substantial, important

contributions to the nutrient requirements of algae and plants (Gere and Andrikovics 1992;

Manny et al. 1994; Marion et al. 1994), it is an interesting and noteworthy finding for which

I sought some explanation. I formulated several hypothesis and, in the sections that follow,

I address each in turn. Since these hypothesis were devel oped a postiori, datacollected for

this thesis necessarily cannot fully address their likely importance. Proper evaluation is left

for subsequent studies.

Hypothesis I:
Nutrients in addedwaterfowlfeceswere not released sufficiently quickly to benefit algae

Nutrients are released from waterfowl feces (Gere and Andrikovics 1992;Manny et al.

1994; Marion et al. 1994) and they are known to increase algal biomass in lakes (Mawry et

al. 1994), so perhaps no algal response was observed because nutrients remained bound to
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the fecal particles as they sank to the bottom sediments. Feces loads added experimentally

to my experimental enclosures \¡/ere in substantially higher concentration than those occurring

naturally in Delta Marsh. The natural feces loading to Delta Marsh by Canada geese was

calculated f¡om measurements of bird density and defecation rates, and mass and chemical

composition of the feces. The density of waterfowl in Delta Marsh is - I bird/tra @r. Bob

Jones, ManitobaNaturalResources, lVinnipeg MB, personal communicationto C. Pettigrew).

Manny et al. (1994) measured defecation rates of Canada geese on Wintergreen Lake,

Michigan and determined that geese defecate 1.96 droppings/bird/tn during the day, and

0.37 droppings/bird/hr at night. Therefore, assuming a l2-hour daylight period, a goose

defecates about 28 times/day. Manny et al. (1994) also determined the average dry weight of

one goose dropping to be l. 17 g dry weight or 7 .29 g wet weight (based on my estimate of

80.9% water content). Therefore, given 28 droppings/bird/day and 0.0001 bird/m, in Delta

Marsh, the natural daily loading rate is 0.0204 {m2/day wet weight. In 1995, the nutrient

additions applied over nine weeks represented a hypothetical natural loading of 1.28 glmz

wet weight, as compared to the actual experimental loading to each ofthe highfeces enclosures

of 488.9 glnf wet weight (the low feces enclosure values were one-tenth of this level). In

1996, the total experimental loading was the same as in 1995 but it was added over an 8-

week period so the total hypothetical natural loading would have been approximately l.l4
glmz wet weight.

The total natural loading rate ofN and P after 9 weeks would have been 0.0014 dmt N

and 0.0034 gltf P while the total experimental loading on N and P in 1995 in the high and

low feces enclosures was 2.73 dm' N, l.s1 glmz p and 0.273 dm, N, o.ls7 glrrf p,

respectively. The total natural loading rate ofN and P after 8 weeks would have been 0.0011

dm'N and 0.0027 grrf P while the total experimental loading of N and P in 1996 for the

enclosures that received the duckling feces slurry was 5.87 dm, N and 1.95 grrf P. From

the numbers calculated above, I added approximately the same total inorganic P load as

applied by McDougal et al. (1997), yet I did not observe a significant increase in epiphyton
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and metaphyton biomass and, in fact, metaph¡on did not develop during the experiment.

It is apparent that the applications of waterfowl feces in my experiments exceeded those

that would have occurred naturally, so perhaps the problem was not that there was insufficient

nutrients to stimulate growtlr" but rather that nutrients \¡/ere not released quickly enough to

benefit algae. The results from the aquarium experiments, however, suggest that this is not

the case for nutrients were released immediately upon addition. It is clear that there was an

immediate release of SRP and NII-N within the first 24 hours of the feces additions. The

release ofNOr-N, however, was delayed in experiments #l and #3 for at least 40 hours and,

in experiment#2, NO3-N v/as not released during the experiment. In lgg5, the enclosure

NO3-N values fluctuated and were low, never exceeding 0.4 mgtL and did not appear to be

affected by the addition of feces. Two significantly sharp increases (p < 0.05) were observed

in Nft-N and SRP concentrations after the two feces additions in the load enclosures. In

1996, the NO,-N values were low and there was only one date where the concentration was

detectable and this occurred in the controls. NII'-N and SRP concentrations increased above

the control concentrations after the first application of feces on 5 July and remained higher

than the control values throughout the experiment. These results refute the possibilþ that

nutrients are not released from the feces quickly, for they were detected in the water column

immediately after addition to the enclosures.

Hypothesis 2:

Ammoniawas releasedfromwaterÍowlÍeces in safficient quantities to cause direct

toxicity, thereby reducing rather than stimurating argat biomass

Ammonia was the major form of inorganic N occuming after feces additions, commonly

reaching concentrations ) 0.6mglLin 1995 and > 0.02mglLin 1996. Although ammonia is

the primary form of N used by algae,it is toxic when in high concentrations (Wetzel l9S3).

Niederlehner and Cairns (1990) tested the effects of six ammonia concentrations (0 to 137.7

n,g/L) on the biomass of periph¡on in laboratory test tanks. They found that periphyton

biomass was significantly lower than the controls when ammonia concentrations were >
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0.011 mg/L. Húrlimann and Schanz (1993) found that exposure of periph¡on in artificial

channels to 5.1 and 9.3 mg/L NH.*-N over an 80-day period in the winter lowered biomass

as compared to that in control channels. They suggested that these "toxiC' levels in the

winter would be observed in the summer if 0.5 mglLNH4*-N (or 0.006 mglLNt{-N) were

added to natural water.

The above studies suggest that if ammonia toxicity had occurred during this study, the

periphyton values in the feces enclosures would be significantly lower than the controls. In

1995 the ammonia values peaked 7 hours after each feces application in both the high and

low load treatments. During this time, when the ammonia values were maximum (1.035 and

0.671 mgL, respectiveþ) the periphyton chlorophyll values increased. In 1996, ammonia

Ievels in the feces treatment were above the "toxiC' levels found byNiederlehner and Cairns

(1990) and Hürlimann and Schanz (1993) throughout the experiment and were always higher

than the control values after feces applications began on 5 July. The periphyton chlorophyll

concentrations, however, did not appear to respond to the increased levels ofNIIr-N and, in

fact, the periph¡on values were higher in the feces treatment than in the control when the

ìIII-N concentrations were the highest on 23 and 27 August. These results refute the

possibility that ammonia toxicity was responsible for the lack ofresponse to the feces additions

for in both years because there was no significant (p > 0.05) decrease in periphyton biomass

with increase in NHr-N concentrations.

Hypothesis 3:

Algae and/or plants luxury consumed liberated nutrients without growing

Algae are known to consume nutrients in excess of their immediate metabolic needs

(luxury consumption), so it is theoretically possible that they could take up added nutrients

without a colresponding increase in biomass or productivity. Pickering et al. (1993) found

that the seaweed, Gracilaria chilensis, achieved its maximum growth if a high ammonium

concentration (up to 150 ¡rM) was pulsed into N-depleted sea water once every 7 days.

Growth continued when the N source was depleted, suggesting that plants can take up N in
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excess (luxury consume) and store it until it is required, and continue to grow in the nutrient-

limited medium. Steward and Ornes (1975) found that there was an increase in nutrient

uptake when enclosed stands of Cladium jamaicense were enriched with N, P and K, but no

increase in growth was observed. They suggested that natural levels of these nutrients were

enough to sustain growth and that this wetland in the southern Everglades, was not nutrient-

limited. Therefore, the plants luxury consumed the added nutrients and stored them as a

reserve until ambient nutrient levels dropped below required amounts.

In 1995, TP increased in the water column of the high feces treatment and remained

above levels in the low feces and control treatments throughout the experiment. As well, TP

values increased after the first feces load in 1996 above levels in the controls and remained

so until the end of the experiment. This suggests that P was available for uptake, yet in both

years there was no significant increase inPP levels in the algal and macrophyte communities,

suggesting that P was not luxury consumed and, therefore, neither aided nor limited growth.

Hypothesis 4:

Feceswere depleted in N, relatíve to P as compared to the ambient N:P ratio in Delta

Marsh, saggesting thatfeces provided insufficient quantities of the growthJimiting

nutrientfor algae

Inorganic P and N concentrations often determine whether a system will shift from a less

productive state to a more productive state (Wetzel 1983) and, therefore, the limitation of

one of these elements may have been responsible for the lack of response to added feces, if
the feces were depleted in either N or P. Schindler (1974) demonstrated the stimulatory

effects of P, N and C on Lake 226 in the Experimental Lakes Area, ON. Lake 226 was

divided into two basins where both basins received equal additions of N and C while only

one received a P addition. The basin which received the three elements became highly

eutrophic where algal biomass increased while the basin which received only N and C

remained unchanged. This demonstrates the effect P had on controlling production.

P was probably not a limiting factor in the enclosure experiment because TP values
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increased in the water column in the treatment enclosures after feces additions above the

levels in the control treatment throughout the experiments. Lake productivity is eutrophic

when total P concentrations are between 30 and 100 pglL, (Wetzel 1983). P levels in the

high feces enclosures were above 100 pglL following treatment in both years.

Yymazal et al. (1994) tested the effects of P and N additions on periphyton growtt¡

composition and biomass nutrient content in three different plant communities using

experimental plots in the South Florida Everglades. Highest values of periphyton biomass

were obtained with high P concentration, and medium and high N and P concentration

treatments. The lowest biomass was observed in the treatments that received onty N. These

results suggest that P was the limiting nutrient; however, it is important to note that a

combination of N and P resulted in significantly higher periphyton biomass. Strauss ef a/.

(1994) also observed the highest chlorophyll ø concentrations in enclosures in a Kansas

farm pond that received N and P in combination, suggesting that phytoplanl¡ton were "co-

limited" by these two nutrients.

The foregoing leads me to suspect that the marsh may be N-limited. Relative to the Redfield

ratio (1958) of the molar concentration of total N (sum of TKN and NOr-NOr) to total p

(TP), if a value < 16 is obtained, a system is NJimited while if values are ) 16, the system is

Plimited. Healey and Hendzel (1980) showed that P-deficiency in freshwater ph¡oplanhon

occurs as the N/P molar loading ratio exceeds 10. Therefore, it should follow that an N-

deficiency occurs when there is a decrease in the N:P loading. In 1995, the ratio between

total N and total P varied in the three treatments, showing no trends during the experiment

with no significance between treatments on any of the sampling dates. However, the ratio

fell below 16 on three separate sampling dates in at least one treatment, indicating N-

limitation. TN:TP was 14.55 + 1.07 in the low nutrient load treatment on 16 June; in the

control treatment on 7 July TN:TP was 7.96 + 6.74,while on25 August the TN:Tp ratio in

high nutrient load and control treatments were 6.83 + 3.10 and 14.32+ 5.38, respectively.

In 1996, TN:TP in the water column declined with each nutrient addition, shifting the
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system away from Plimitation towards Nlimitation. TN:TP increased in both treatments at

the beginning of the experiment, prior to nutrient additions. The ratio decreased sharply

after the first feces addition in both treatments and, by mid-July, the values forthe treatments

started to diverge; the pattern ofthe trends, however, remained the same. TN:TP decreased

with time in the treatments in early August but levels were N-limited (<16) in the enclosures

which received the nutrients. The controls remained P-limited (>16) throughout the

experiment until the last sampling dateQS August) where levels were 14.47 + 0.25.I suggest

that it is this change in the resource ratio upon the addition of the waterfowl feces which

may have caused the wetland to be depleted in N, relative to P.

Hypothesis 5:

Algae were light-limited, not nutrient-limited, so additions of nutrient didnot stimulate

growth

There \¡/as no significant difference in the light extinction coefficient of any treatments in

both years although it decreased with time in all treatments, probably due to shading caused

by the increase in macrophyte abundance. The increase in macrophyte abundance, coupled

with the removal of fish and the presence ofthe enclosure curtains, reduced the resuspension

of bottom sediments, producing a decrease in turbidity of the water column. A decline in

turbidity probably allowed increased light to penetrate the water column and likeþ an increase

in transparency, more so than what would be observed outside the enclosures.

Müller (1996) found that periphytic algae associated withPhragmitesinthe littoral zone

oflake Belau, North Germany was not limited by light, even in cases of dense shading. She

suspected that the communities adapted to low light intensities with changes in community

structure. As well, Robinson et aI. (1997b) tested the effects ofwaterJevel manipulations in

large (5.5 - 7.7 ha) mesocosms in Delta Marsh and found that the ambient light levels in the

marsh were well above I* (saturating irradiance value) forwetland algae. Therefore, it appears

unlikely that algae in Delta Marsh are lighrlimited.
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Hypothesis 6:

Fecal nutrients were not available for algal uptake because theywere rapidly and

irreversibly oqurrtrrra in the sediments

Nutrients entering awetland may be absorbed by biota, such as macrophytes, or sequestered

in the sediments (Steward and Ornes 1975; Kadlec 1994). Wetland sediments contain

abundant nutrients (Jansson et al. 1994} and they a¡e known to have high assimilative capacity

for N and P (Walbridge and Struthers 1993; Jansson et al. 1994: Paludan and Jensen 1995)

so feces and the associated nutrients, particularly those in particulate form, might be rapidly

and permanently adsorbed, thereby rendering them unavailable for algal assimilation. Murkin

et al.(1991) compared two marshes in the Interlake region ofMB;Narcisse Marsh received

no known external nutrient input whereas Cruise Marsh received external nutrient input

from a cattle feedlot. They found that Cruise Marsh had higher levels ofN and P, increased

epiph¡e and phytoplankton biomass and greater invertebrate abundance than Narcisse Marsh.

From data interpolated from Murkin et al. (1991), Goldsborough and Robinson (1996)

determined that the N:P of Narcisse and Cruise marshes were 126 and27, respectively,

indicating severe P-limitation at the Narcisse site. They suggested that, even when N and P

entered the Narcisse site, they were rapidly removed from the water column and deposited

in the sediments, unavailable for algal uptake.

The aquarium experiments conducted in 1995 support the hypothesis that inorganic

nutrients were released from waterfowl feces. Subsequent to the release ofthe fecal nutrients,

I hypothesized that, in th. presence of marsh sediment, nutrient concentration in the water

column would decrease as they became bound to the sediment particles. In the aquarium

with sediments, SRP concentration increased to approximately 0.6 mg/Lwithin less than 20

hours after the feces addition, while in the corresponding aquarium without sediments, SRP

concentrations increased to approximately I .8 mgll. The control aquarium without sediments

had undetectable amounts of SRP throughout the rest of the experiment, while the control

aquarium with sediments had a constant SRP concentration approximately 0.1 mglL.I suspect
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that this may be the reason for the gradual increase in SRP concentration with time in the

feces-treated aquarium with sediments as compared to the feces-treated aquarium without

sediments, where nutrients may have slowly released from the sediments as the experiment

proceeded.

Hypothesis 7:

Feces additions did stimulate algal production, but the increase was entirely transferred

to consumers so an increase in grazers with treatment mitigated the algal response

Considerable research has been conducted on the role of invertebrates in regulating algal

growth when nutrients are not a limiting factor (Murkin et at. 1991, Gabor et al. 1994;

Strauss et al. 1994). Campeau et al. (1994) used enclosures in the Interlake region ofMB to

test two hypothesis, one ofwhichwas to determine if algae are a food source to invertebrates.

They found that when enclosures were enriched with inorganic N and P, phytoplankton and

epiphyton biomass increased significantly above levels in unfertilized enclosures. Subsequent

to this increase in biomass was a significant increase in the number of cladocerans, copepods

and ostracods. Kjeldsen (1996) found that stones which had previously been immersed in

insecticide had significantly higher algal biomass than stones which had not been treated

with the insecticide in Gelbaek stream, Denmark. She also found that there was a significantly

higher density of Ancylus fluviatilis on the untreated stones confirming that algal biomass

was regulated by invertebrate grazing.

In an experiment conducted in enclosures at DeltaMarsh, Hann and Goldsborough (lgg7)

examined the microinvertebrate communities after press and pulse additions of inorganic N

and P. They found that there tryas no significant difference between treatments concerning

cladoceran abundance in the water column; however, cladoceran abundance increased after

a phytoplankton bloom such that algal biomass \¡/as kept low throughout the experiment.

Cladocerans associated with artificial substrata increased after the press additions until mid-

July, while following the application of each nutrient pulse, cladoceran abundance increased,

keeping the periphyton biomass down. Hann and Goldsborough (lgg7) attributed this
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difference in periph¡on biomass to size-selective herbivory. They suggest that, as periphyton

biomass increased in the press treatment, cladocerans grazed on the smaller algal cells

colonizing the artificial substrata, which allowed the filamentous green algae (Cladophora)

to increase under the pressed nutrient regime. These results support the impact grazers have

on controlling algal dominance.

As the evidence above suggests, the lack of algal response in my study may be due, in

part, to the top-down, regulating forces of zooplankton herbivory. For example, in an

experiment conducted in enclosures at Delta Marsh concurrent with mine, Pettigrew et al.

(1998) examined the microinvertebrate communities after the pulsed additions in 1995.

They found there was no significant difference between treatments concerning cladoceran

abundance in the water column; however trends indicate there was an increase in cladoceran

abundance after the first feces addition in one of the high feces load enclosures (#1). This

increase may have caused decreased algal abundance after the first addition. Algal biomass

remained low through the duration ofthe experiment while cladoceran abundance increased

substantially. During my experiment in 1995 I observed increased phytoplankton biomass

after the first feces addition in the high feces treatment, but it did not increase in either

treatment after the second addition. Perhaps invertebrates in the water column were able to

take advantage of the increased biomass and graze down the ph¡oplankton, thereby keeping

phytoplankton biomass low even when nutrients were available after the second addition.

Epiphyton chlorophyll increased one week after the second feces addition in the high load

treatment in 1995, while invertebrate particulate P, of those grazeß associated with

macrophytes, increased in this treatment th¡ee weeks after the addition, perhaps a response

to the increased food source.

In 1996, ph¡oplankton biomass was highest in both treatments before the weekly feces

additions but, perhaps as in Pettigrew et al. ( I 998) invertebrates in the water column increased

such that phytoplankton was maintained at a constant concentration during the rest of the

experiment. Epiphyton chlorophyll increased after the first feces application in the high
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feces treatmentbut it decreased thefollowingweek. Concurrent withthe decreased epiphytic

biomass was increased invertebrate particulate P, again perhaps muting the algal response.

There is no corresponding invertebrate data in 1996.

6. CONCLUSION

Natural feces loading rates by the waterfowl inhabiting the Delta Marsh during a nine-

week period would have equaled approximately 1.28 glrrf wet weight, while the amounts

added to the high feces enclosures each comprised a total load of 488.9 glmz wetweight.

Contrary to my hypothesis, there was no significant change in the biomass and productivity

ofthe submersed macroph¡es and algal communities by waterfowl feces loading even when

loading greatly exceeded estimated natural values. I was unable to shift the system from the

prevailing epiphyte-dominated stateto aph¡oplankton-dominated statewithpulsed orweekly

additions of waterfowl feces, contrary to earlier enrichment experiments with inorganic

nutrients (McDougal et al.. 1997).I propose that my inability to shift the system was attributed

to one or more factors that, in combination, interacted to regulate primary production. Feces

were depleted in N, relative to P, so when added to an N-limited system, the feces additions

did not lead to a growth response. Therefore, I suspect that natural feces inputs over an

eighr to nine-week period to Delta Marsh probably do not substantially alter nutrient cycling.

Top-down control of invertebrute grazers may have regulated the algal response whereby

increased algal biomass may have lead to increased invertebrate abundance and subsequent

depression of the algal communities. Nutrients released from the feces may have been

adsorbed rapidly and deposited in the sediments upon application and, therefore, were

unavailable for assimilation by the algal components of the marsh.

106



7. REFERENCES

American Public Health Association (APHA) 1992. Standard Methods for the Examination of

Water andWastewater, 18ù ed. Greenberg AE., Clescerl L.S. andEator¡ AD. (eds.).

Andersen, I.M. 1976. An ignition method for determination of total phosphorus in lake

sediments. Water Research 10:329 -331.

Bartell, S.M. 198 I . Potential impact of size selective planktivory on P release by zooplankton.

Hydrobiologia 80: 139-146.

Batt, B.D.J., Anderson, M.G., Anderson, C.D. and Caswell, F.D. 1989. The use of prairie

potholes by North American ducks. In: van der Valk, A. (ed.) Northern Prairie Wetlands,

pp. 204-227 . Iowa State University Press, Ames.

Baxter, G.S. and Fairweather, P.G. 1994. Phosphorus and nitrogen in wetlands with and

without egret colonies. Australian Journal of Ecology 19:409-416.

Bazely, D. R. and Jefferies, R. L. 1989. Lesser snov/ geese and the nitrogen economy of a

grazed salt marsh. Journal of Ecology 77:24-34.

Bazely, D.R. and Jefferies, R.L. 1985. Goose faeces: a source ofnitrogen for plant growth in

aCtrazed salt marsh. Journal of Applied Ecology 22:693-703.

Blankespoor, G.w., Loken, B., Blankespoor, H.D. and Reimink, R. 1994. Breeding

populations of Mallards, Anas platyrhyncho.r, on four urbanized lakes in Michigan.

Canadian Field Naturalist I 08 :294-296.

Bloesctr, J., Bossard, P., Büluer, H., Bürgi, H. R and uehlinger, U. 1988. Can results from

limnocorral experiments be transferredto insllz conditions? Hydrobiologia 159:297-308

Brisson, M.M., Lugo, A.E. and Brown, S. 1981. Primary productivity, decomposition and

consumer activity in freshwater wetlands. Annual Review ofEcology and Systematics

12:123-161.

Campeau, S., Murkir¡ H.R. and Titman, R.D. 1994. Relative importance ofalgae and emergent

plant litter to freshwater marsh invertebrates. Canadian Journal of Fisheries and Aquatic

Sciences 5l:681-692.

t07



Carpenter, S.R. and Kitchell, I.F 1992. Trophic cascade and biomanipulation: interface of
research and management - a reply to the comment by DeMelo et al. Limnology and

O ceanogra phy 37 :208 -213 .

Carpenter, S.R., Kitchell, J.F. and Hodgson, J.R. 1985. Cascading trophic interactions and

lake productivity. Bioscience 35:634-639.

Carvalho, L. T994. Top-down control ofphytoplankton in a shallow hypertrophic lake: Little

Mere @ngland). Hydrobiolo gia 27 5 /27 6:53 -63 .

Cattaneo, A. andKalfi J. 1980. Therelativecontributionofaquaticmacrophytesandtheirepiphytes

to the production ofmacrophyte beds. Limnology and Oceano g;aphy 25:280-2g9.

Cline, J.M., East, T'L. and Threlkeld, S.T. 1994. Fish interactions with the sediment-v/ater

interface. Hydrobiolo gia 27 5/27 6:3 0 1 -3 I 1.

Craft, C.B., $mazal',L andRichardsoq C.J. 1995. Response ofeverglades plant communities

to nitrogen and phosphorus additions. wetland s 15:259-27r.

Cruikshank, D.R', Penny, J. and Levine, S. 1983. Construction of large enclosures for

experimental studies in lakes. Canadian Technical Report on Fisheries and Aquatic

Sciences I2l0:iv-9.

Crumpton, W.G. 1989. Algae in northern prairie wetlands. In: van der Valk, A (ed.) Northern

Prairie wetlands, pp. l8s-203. Iowa state university press, Ames.

DeMelo, R', France, R. and McQueen, D.J. lgg2. Biomanipulation: hit or myth? Limnology

and Oceanography 37 :192-207 .

DeNoyelles, F., Knoechel, R., Reinke, D., Treanor, D. and Altenhofeq c. 19g0. continuous

culturing ofnaturalphytoplankton communities in the Experimental Lakes Area: effects

of enclosure, in situ incubation, light, phosphorus, and cadmium. Canadian Journal of
Fisheries and Aquatic Sciences 37:424-433.

Dieter, C'D. 1990. The importance ofemergent vegetation in reducing sediment resuspension

in wetlands. Journal of Freshwater Ecology 5:467_473.

108



Dillon, P.J. and Rigler, F.H. 1974. The phosphorus-chlorophyll relationship in lakes.

Limnology and Oceanography l9:7 67 -773.

Downing, J.A. 1984. Sampling the benthos of standing waters. In: Downing, J.A. and Rigler,

F.H. (eds.) A Manual for the Assessment of Secondary Productivity,2"d Edition, pp.

87- I 30. Blackwell, Oxford.

Faafeng, B.A. and Brabrand, A. 1990. Biomanipulation of a small, urban lake - removal of

fi sh exclude bluegreen blooms. Verhandlungen Internationale Vereinigung Limnologie

24:567-602.

Gabor, T.S., Murkin, H.R., Stainton, M.P., Boughen, J.A. and Titman, R.D. 1994. Nutrient

additions to wetlands in the Interlake region of Manitoba, Canada: effects of a single

pulse addition in spring. Hydrobiolo gia 279/280:497 -510.

Gere, G. and Andrikovics, S. 1992. Effects of waterfowl on water quality. Hydrobiologia

243/244:445-448.

Goldsborough, L.G. and Robinson, G.G.C. 1996. Pattern in wetlands. In: Stevenson, R.J.,

Bothwell, M.L. andLowe, R.L. (eds.) Algal Ecology:FreshwaterBenthicEcosystems,

pp. 77 -117. Academic Press.

Goldsborougtq L.G., Robinsoq G.G.C. and Gurney, S.E. 1986. An enclosurdsubstratum system

for in situ ecological studies of periphyton. A¡chiv fur Hydrobiologie 106:373-393.

Gophen,M.1990.Biomanipulation:retrospectiveandfuturedevelopment.Hydrobiologia

2001201:l-ll.

Gutierrez, 4.P., Mills, N.J., Schreiber, S.J. and Ellis, C.K. 1994. Aphysiologically based

tritrophic perspective on bottom-up-top-down regulation of populations. Ecology

75:2227-2242.

Hann, B.J. and Goldsborough, L.G. 1997. Responses of a prairie wetland to press and pulse

additions ofinorganic nitrogen and phosphorus: invertebrate community structure and

interactions. Archiv fur Hydrobiologie 140:169-194.

109



Hanson, M.A. and Butler, M.G. 1990. Early responses of plankton and turbidity to

biomanipulation in a shallow prairie lake. Hydrobiologia 2OO/2OL:317-327.

Hanson, M.A. and Butler, M.G. 1994. Responses to food web manipulation in a shallow

waterfowl lake. Hydrobiologia 27 9 I 280 : 4 57 -4 66.

Hargeby, 4., Andersson, G., Blindow, I. and Johansson, S. 1994. Trophic web structure in a

shallow eutrophic lake during a dominance shift from ph¡oplanlton to submerged

macrophytes. Hydrobiologia 27 9 /280:83 -90.

Healey, F.P. and Hendzel, L.L. 1980. Physiological indicators of nutrient deficiency in lake

ph¡oplankton. Canadian Journal of Fisheries and Aquatic Sciences 37:442-453.

Hooper, N.M. and Robinson, G.G.C. l976.Pnmary production of epiphytic algae in a marsh

pond. Canadian Journal of Botany 54:2810-2815.

Hosper, S.H. and Jagfman, E. 1990. Biomanipulation additional to nutrient control for

restoration of shallow lakes in The Netherlands. Hydrobiolo gia 200/201:523-534.

Howard-Wlliams, C. 19S1. Studiesontheability of Potamogetonpectinatzscommunityto

remove dissolved nitrogen and phosphorus compounds from lake water. Journal of

Applied Ecology 18:619-637.

Howell, D.C. 1992. Statistical Methods for Psychology, 3'o ed. Duxbury Press. Belmont, CA

Hoyer, M.V. and Canfield, D.E. 1994. Bird abundance and species richness on Florida lakes:

influence oftrophic status, lake morphology, and aquatic macrophytes. Hydrobiologia

297/280:107-119.

Hürlimann, J. and Schanz, F. 1993. The effects of ammonium enhancement on riverine

periphytic diatom communities. Aquatic Sciences 55:40-64.

Iacoby, J.M., Bouchard, D.D., and Patmont, C.R. 1991. Response ofperiph¡on to nutrient

en¡ichment in Lake chlean, wA. Lake and Reservoir Management 7:33-43.

Jansson, M., Andersson, R., Berggren, H. and Leonardson,L. lgg4. Wetlands and lakes as

nitrogen traps. Ambio 23:320-325.

110



Kadlec, R.H. 1994. Phosphorus uptake in Florida marshes. 'Water 
Science and Technology

30:225-234.

Kadlec, R.H. and Bevis, F.B. 1990. Wetlands and wastewater: Kinross, Michigan. Wetlands

10:77-92.

Keough, J.R. 1994. Understanding Great Lakes food webs using stable isotope signatures.

Great Lakes Wetlands 5:l-10.

Kjeldsen, K. 1996. Regulation of algal biomass in a small lowland stream: field experiments

on the role of invertebrate grazing, phosphorus and irradiance. Freshwater Biology

36:535-546.

Kusler, J.4., Mitsclq W.J. and Larsorq J.S. 1994. Wetlands. Scientific American Jan:648-70.

Landers, D.H. 1982. Effects ofnaturally senescing aquatic macroph¡es on nutrient chemistry

and chlorophyll a of surrounding waters. Limnology and Oceanography 27 :4ZB-439.

Lauridsen, T.L., Jeppesen, E. and Andersen, F.O. 1993. Colonization of submerged

macrophytes in shallow fish manipulated Lake Vaeng: impact of sediment composition

and waterfowl grazing. Aquatic Botany 46 l-15.

Leschisin, D.4., Mlliams, G.L. and Weller, M.W. 1992.Factors affecting waterfowl use of

constructed wetlands in northwestern Minnesota. Wetlands 12:178-183.

Manny, 8.4., Johnson, W.C. and Wetzel, R.G. 1994. Nutrient additions by waterfowl to

lakes and reservoirs-predicting their effects on productivity and water quality.

Hydrobiolo gia 280 : l2l - 132.

Marion, L., Clergeau, P, Brient, L. and Bertu, G. 1994. The importance of avian-contributed

nitrogen (N) and phosphorus (P) to Lake Grand-Lieu, France. Hydrobiolo gia 279t

280:133-147.

Marker, A.F.H., Crowther, C.A. and Gunn, R.J.M. 1980. Methanol and acetone for estimating

chlorophyll a and phaeopigments by spectrophorometry. A¡chiv für Hydrobiologie

Beihefte 14:52-69.

lll



Matveev, V., Matveeva,L. and Jones, G. 1994. Ph¡oplankton stimulation by mosquitofish

in the presence oflarge Daphnia. Verhandlungen Internationale Vereinigung Limnologie

25:2793-2197.

McDougal, R.L., Goldsborough, L.G. and Hann, B.J. 1997. Responses of a prairie wetland

to press and pulse additions of inorganic nitrogen and phosphorus: production by

planktonic and benthic algae. Archiv fur Hydrobiologie 140:145-167.

McQueen, D.J., Johannes, M.R.s., Post, J.R., stewart, T.J. and Lean, D.R.s. 1990.

Biomanipulation and community structure at Lake St. George, Ontario, Canada.

verhandlungen Internationale vereinigung Limnologie 24 :33 5 -33g.

McQueen, D.J., Post, J.R. and Mills, E.L. 1986. Trophic relationships in freshwater pelagic

ecosystems. Canadian Journal of Fisheries and Aquatic Sciences 43:1571-1581.

Meijer, M.-L., de Hann, M.W., Breukelaar, A.W. and Buiteveld, H. 1990. Is reduction ofthe

benthivorous fish an important cause of high transparency following biomanipulation

in shallow lakes? Hydrobiolo gia 2OO /201 :3 03 -3 1 5.

Merendino, M.T., McCullougl¡ G.8., and Nortb N.R. 1995. Wetland availability and use by

breeding waterflowl in Southern Onta¡io. Journal of Wildlife Management 59:527-532.

Mtsch, W.J. and Gosselink, J.G. 1993. Wetlands, 2"d ed. VanNostrand Reinhold, New york.

Moss, B. 1988. Ecology of Fresh Waters, 2"d ed. Blackwell Scientific Publications, Oxford.

Müller, U. 1996. Production rates of epiph¡ic algae in a eutrophic lake. Hydrobiologia

330:37-45.

Murkin, H.F., van der Valk, A.G. and Davis, C.B. 1989. Decomposition of four dominant

macrophytes in the Delta Marsh, Manitoba. Wildlife Society Bulletin 17:215-221.

Murkin, H.R. and Kadlec, J.A. 1986. Relationship between waterfowl and macroinvertebrate

densities in a northern prairie marsh. Journal of Wildlife Management 50.212-217.

Murkin, H.R., Pollard, J.8., stainton, M.p., Boughen, J.4,, and Titman, R.D. 1994. Nutrient

additions to wetlands in the Interlake region of Manitoba, Canada: effect of periodic

additions throu ghout the growing season. Hydrobiolo gia 27 9 / 280 : 483 -49 5 .

tt2



Murkin, H.R., Stainton, M.P., Boughen, J.A., pollard, J.B. and Titman, R.D. 1991. Nutrient

status of wetlands in the Interlake region ofManitob a, Canada. Wetlands ll:105-122.

Neely, R.K. and Baker, J.L. 1989. ñtrogen and phosphorus dynamics and the fate of
agricultural runoff. In: van der Valk, A. (ed) Northern Prairie Wetlands, pp.92-131.

Iowa State University press, Ames.

Niederlehner, B.R. and Cairns, J. Jr. 1990. Effects of ammonia on periph¡ic communities.

Environmental Polluti on 66.207 -221.

o'Brien, w.J., Hershe¡ 4.E., Hobbie, J.E., Hullar, M.A., Kipphut, G.w., Miller, M.c.,

Moller, B. and Vestal, J.R. 1992. Control mechanisms of arctic lake ecosystems: a

limno corral experiment. Hydrobio lo gia 240 : 143 - I g g.

Ozime( T., Gulati, R.D. and van Donk, E. 1990. Can macrophytes be useful in biomanipulation

of lakes? The Lake Zwernlusr example. Hydrobiolog ia 200/201 :3¡gg-407 .

Paludar¡ C. and Jensen, H. 1995. Sequential extraction ofphosphorus in freshwater wetland and

lake sediment: significance of humic acids. wetlands 14:365-373.

Parmenter, R.R. and Laman4 VA. 1991 . Nutrient cycling in freshwater marsh: the decomposition

of fish and waterfowl carrion. Limnology and oceanogaphy 36:976-9g7.

Pettþew, C.T., Ilaff\ B.J. and Goldsborougl¡ L.G. 1998. Waterfowl feces as a source ofnutrients

to a prairie wetland: responses of microinvertebrates to experimental additions.

Hydrobiolo ga 3 62:5 5 -66.

Phillips, G., Jackson, R., Bennett, c., and chilvers, A. 1994. The importance of sediment

phosphorus release in the restoration of very shallow lakes (The Norfolk Broads,

England) and implications for biomanipulation. Hydrobiolo gia 275/276:445-456.

Pickering, T.D., Gordon, M.E. and Tong, L.J. lgg3. Effect of nutrient pulse concentration

and frequency on growth of Graciløria chilensis plants and levels of epiphyti c algae.

Journal of Applied phycology 5:525-533.

Pip, E. and Stewart, J.M. 1976. The dynamics of two aquatic plant-snail associations.

Canadian Journal of Zoology 54:1192_1205.

113



Poiani, K.A' and Johnson, W.C. 1989. Effect of hydroperiod on seed-bank composition in

semi-permanent prairie wetlands. Canadian Journal of Botany 67:856-864.

Poiani, K.A. and Johnsor¡ W.C. 1993 . A spatial simulation model ofhydrolory and vegetation

dynamics in semi-permanent prairie wetlands. Ecological Applicatio ns 3:279-293.

Redfield, A.C. 1958. The biological control ofchemical factors in the environment. American

Scientist 46:205-221.

Reynolds, C'S' 1994. The ecological basis for the successful biomanipulation of aquatic

communities. A¡chiv fur Hydrobiologie 130: l-33.

Richardson, C.J. and Marshall, P.E. 1986. Process controlling movement, storage, and export

of phosphorus in a fen peatland. Ecorogical Monographs 56:279-302.

Richardson, C.J. and Schwegler, B.R. 1986. Algal bioassay and gross productivity

experiments using sewage effluent in a Michigan wetland. Water Resources Bulletin

22:TII-120.

Robarts, D.R., Donald, D.8., and Arts, M.T. 1995. phytoplankton primary production of
three temporary northern prairie wetlands. Canadian Journal ofFisheries and Aquatic

Sciences 52:897-902.

Robinson, G.G.C., Gurney, S.E. and Goldsborough, L.G. 1997a. Response of benthic and

planktonic algal biomass to experimental water-level manipulations in a prairie

lakeshore wetland. Wetlands 17 :167 -lgl.
Robinson, G.G.C., Gurney, S.E. and Goldsborough, L.G. lgg7b. The primary productivity

of benthic and planktonic algae in a prairie wetland under controlled water-level

regimes. Wetlands 17 :lBZ-194.

Rosemond,4.D., Mulholland, P.J., andElwood, J.IV. 1993. Top-downandbottom-up control

of stream periph¡on: effects of nutrients and herbivores. Ecology 74:1264-12g0.

Sarnelle, O. 1992. Nutrient enrichment and grazereffects on phytoplankton in lakes. Ecology

73:551-560.

tr4



scheffer, M., Hosper, s.H., Meijer, M-L., Moss, B. and Jeppesen, E. rg93. Arternative

equilibria in shallow lakes. Trends in Ecology and Evolution g:275-279.

Schindler, D.E' 1992. Nutrient regeneration by Sockeye Salmon (Oncorhynchus ner¡a) fry
and subsequent effects on zooplankton and phytoplankton. Canadian Journal of
Fisheries and Aquatic Sciences 49:2499_2506.

Schindler, D'w. 1974. Eutrophication and recovery in experimental lakes: implications for
lake management. Science lg4:g97-g99.

Schindler, D.w. 1978. Factors regulating phytoplankton production and standing crop in the

world's freshwaters. Limnology and oceanography 23:47g-4g6.

Spencer, C'N' and King D.L. 1984. Role of fish in regulation of plant and animal communities

in eutrophic ponds. Canadian Joumal ofFisheries and Aquatic Sciences 4l:lg5l-1g55.
staicer, c.4., Freedman,8., srivastava, D., Dowd, N., Kilgar, J., Hayden, J., payne, F. and

Pollock, T. 1994. Use of lakes by black duck broods in relation to biological, chemical

and physical features. Hydrobioro gia 27 9 /2g0: I g 5- 1 99.

Stainton, M.P., Cape, M.J. and Armstrong, F.A. LSTT.TheChemical Analysis ofFreshwater,

2"d ed' Fisheries and Environment Canada Miscellaneous Special publication No. 25.

Steward, K'K' and ornes, w.H. 1975. Assessing a marsh environment for v/astewater

renovation. Journal of the ÏVater Pollution Control Federation 47: lgg0-lg9l.
Strauss, E'A', Dodds, W.K. and Edler, c.c. lgg4. The impact of nutrient pulses on trophic

interactions in a farm pond. Journal of Freshwater Ecology 9:217-22g.

Strickland, J.D. andParsons, T.R. 1972. APracticalHandbookofseawaterAnalysis, Znded.

Fisheries Research Board of canada Bulletin 167, ottawa, oN.

Swanson, G'A' and Duebbert, H.F. 1989. lVetland habitats ofwaterfowl in the prairie pothole

region' In: van der Valk, A. (ed.) Northern Prairie Wetlands, pp.22g-267. Iowa State

University press, Ames.

Tamisier, A' and Boudouresque, C. 1994. Aquatic bird populations as possible indicators of
seasonal nutrient flow at Ichkeul Lake, Tunisia. Hydrobiolo gia279/2g0:149-156.

ll5



Tatrai,I., Toth, G., Ponyi, J.E.,zlinskzþ, J. and Istvanovics, v. 1990. Bottom-up effects of

bream (Abramis brama L.) in Lake Balaton. Hydrobiologia 200/201:167-175.

Threlkeld, S.T. 1988. Planktivory and planktivore biomass effects of zooplankton,

phytoplankton, and the trophic cascade. Limnology and Oceano graphy33:1362-1375.

Timms, R.M. and Moss, B. 1984. Prevention of growth of potentially dense phytoplankton

populations by zooplankton grazing, in the presence of zooplanktivorous fish, in a

shallow wetland ecosystem. Limnology and oceanography 29:472-4g6.

van der Valk, A.G. and Davis, C.B. 1978. The role of seed banks in the vegetation dynamics

of prairie glacial marshes. Ecology 59:322-335.

Vanni, M.J., and Findlay, D.L. 1990. Trophic cascades and ph¡oplankton community

structure. Ecology. 7 I :921 -937 .

Vanni, M.J., and Layne, C.D.1997. Ecology. Nutrient recycling and herbivory as mechanism

in the top-down effect of fish on algae in lakes. Ecology 7g:21-40.

\mazal, J., Craft, C.B. and Richardson, C.J. lgg4. Periphyton response to nitrogen and

phosphorus additions in Florida Everglades. Algological Studies 73:75-97.

Walbridge, M.R. and Struthers, J.P. 1993 . Phosphorus retention in non-tidal palustrine forested

wetlands of the mid-Atlantic region. Wetlands l3:g4-94.

Wetzel, R.G. 1983. Limnology, 2nd ed. Saunders College Publishing, Philadelphia, pA.

Whiteside, M.C. and Mlliams, J.8.1975. A new sampling technique for aquatic ecologists.

verhandlungen Internationae vereinigung Limnolo gie I 9 : I 53 4 - I 53 9 .

ll6



8. APPENDD( A

8.1Year I (1995)

8.1.1 PhysicalData

Table 41. Mean (range in parentheses) of physical parameters from experimental

enclosures, none of which varied significantly (p>0.05) with treatment.

Parameter High Feces Low Feces Control

Vertical attenuation
coefficient (r/cm)

Macroph¡e biomass (gttf)

-0.067
(-0.t22 - -0.017)

24.3
(4.4 - 43.8)

-0.068
(-0.140 - -0.024)

31.8
(4.4 - 68.7)

-0.076
(-0.16e - -0.01e)

35.4
(s.e - 66.8)

8.1.2 Chemical Data

Table A2. Mean (range in parentheses) of chemicd,parameters from experimental

enclosures, none of which varied significantly (p>0.05) with treatment.

Parameter High Feces Low Feces Control

Dissolved oxygen at 1Ocm

@úr)

Titratable alkalinity (me/L)

pH

14.3
(7.2 - re.4)

208.3
(18r.8 - 237.6)

9.3
(8.2 - t0.2)

13.8

(7.6 - r8.8)

t79.t
(r23.7 -237.2)

9.4
(8.0 - ro.4)

T3.7
(7.8 - 20.o)

160.4
(114.3 - 223.t)

9.5
(8.1 - 10.4)
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8.2 Year 2 (1996)

8.2.I physical Data

Table 43. Mean (range in parentheses) of physical parameters from experimental

enclosures, none of which varied significantly (p>0.05) with treatment.

Parameter High Feces

Turbidity (NTII)

Vertical attenuation coefücient (r/cm)

Macroph¡e biomass (d^')

1.7
(0.8 - 2 e)

-0.045
(-0.1 10 - -0.017)

66.2
(28.4 - 101.0)

1.6
(0.e - 2.s)

-0.041
(-0.0e8 - -0.016)

89.8
(41.0 - 127.8)

8.2.2 Chemical Dara

Table A4' Mean (range in parentheses) of chemical parameters from experimental

enclosures, none of which varied significantly (p>0.05) with treatment.

Parameter High Feces Control

Dissolved oxygen at lOcm (ng/L)

Dissolved oxygen ar 50cm (me/L)

Nitrate-nitrite (mg/L)

Silicon (mell)

Titratable alkalinity (mg¡t)

8.0
(6.1 - 10.1)

4.5
(1.I - 8.2)

0.0t2
(0.00s - 0.027)

'))
(0.2 - 4.3)

2t3.r
(re2.4 - 2s7 .4)

8.2
(6.0 - e.8)

4.7
(2.0 - 8.0)

0.01I
(0.00s - 0.02e)

2.4
(0.2 - 4.3)

191.9
(r62.e - 2s7.4)
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