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Abstract 

1 added nutrients (inorganic nitrogen and phosphorus) and the arthropod-specific 

insecticide chlorpyrifos to large (20,000L) experimental enclosures in the Blind Channel 

of Delta Marsh, Manitoba. 1 hypothesized that nutrient addition would lead to an 

increase in algal production (approximated by chlorophyll a concentration), that the 

application of insecticide would indirectly result in increased algal production (through 

the elimination of herbivorous zooplankton), and that the combination of both nutrients 

and insecticide would elicit greater algal production than either factor aIone. 

The addition of nutrients caused increased phytoplankton chlorophylI a, indirectly 

caused decreased rnacrophyte abundance (due to shading by phytoplankton blooms), 

and did not affect periphyton chlorophyll. Chlorpyrifos did not elicit any rneasurable, 

indirect effects on phytoplankton or periphyton. Metaphyton developed in enclosures 

that received both nutrients and insecticide. 

Based on these findings, 1 concluded that algal assemblages within enclosures 

were not affected by consumer controls (i.e., grazing). Algal biomass was strongly 

lirnited by bottom-up forces. If these results can be generalized to marshes as a 

whole, they imply that the Delta Marsh food web is an example of a system in which 

producers regulate ecosystem structure. 

1 conducted two ancillary experiments to assess the Iirniting nutrient at the 

study site. Results from nitrogen debt experiments indicated that the phytoplankton 

assemblage in the Blind Channel was limited by nitrogen availability. An assay of 

periphytic algal growth on nutrient-diffusing substrata in response to N and P 

demonstrated increased growth in response to nitrogen, but not to phosphorus. The 

results of these two assays suggest that both phytoplankton and periphytic algae are 

lirnited by nitrogen in the Blind Channel of Delta Marsh. 



I conclude that Delta Marsh, Manitoba is susceptible to nutrient inputs from 

the surrounding agricultural land, especially in areas where nitrogen-based fertilizers 

are used. Although it is widely believed that wetlands are inexhaustible filters for 

polfutants, I predict that continual nutrient enrichment of this wetland will evoke 

irreparable changes to the base of the food web. A shift away from macrophyîes and 

epiphyton to phytoplankton dominance will negatively impact the ability of Deita Marsh 

to sustain its upper trophic levels (fish and waterfowl). 
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1 Introduction 

Prairie wetlands have been extensively altered, both physically and chemically, 

by the impacts of intensive agriculture. Many wetlands have been drained and 

cultivated, while those that remain intact are subject to chernical fertilizers and 

pesticides used to boost crop productivity. Wetlands are ofien viewed as natural filters 

for anthropogenic discharges (e-g., Kadlec and Knight 1996; Murkin 1 998); therefore, 

it is important to develop an understanding of the way in which these ecosystems 

respond to such inputs. The objective of my research was to studythe effects of both 

ferülizer and insecticide application on the algal communities in Delta Marsh, Manitoba. 

Two views of aquatic community structure and function predominate in the 

ecological literature. The "top-downn theory is based on the concept that predation 

regulates community structure; therefore, suppression of algal production occurs when 

herbivorous zooplankton are abundant and graze down algal biomass (e-g., Carpenter 

et al. 1985). The "bottom-upn approach hypothesizes that ecosystem productivity is 

controlled by the availability of nutrients and resulting primary production (e.g., Schindler 

1978). 

Many experiments have studied the effects of either nutrients or insecticides in 

isolation (e.g., Brock et al. 1 W2a, 1 QWb, 1993; Murkin etal. 1994; McDougal et al. 

1997); however, very little work has been done on their interaction, especially in 

wetlands. By manipulaüng both nutrient levels and insecticide exposure in mesocosms 

at Delta Marsh, control of algal biornass will theoretically be released: insecticide 

application will remove grazers (zooplankton and other microinvertebrates), and nutrient 

addition will increase the potential for algal growth. The results of this study could be 

used to predict the cumulative effects of continued insecticide and fertilizer use on this 

important wetland, as well as other prairie marshes. Additionally, there is little 

documented evidence on the nutrient status of Delta Marsh (but see Hooper-Reid and 



Robinson 1978; Goldsborough and Robinson 1996). Using a series of ancillary 

experiments, l examined the role of phosphorus and nitrogen in Ihiting algal growth at 

the study site. 

l used 5 rn x 5 m enclosures to examine the effectç of inorganic nutrient addition 

(nitrogen and phosphorus) and organophosphate insecticide application (chlorpyrifos) 

on the algal comrnunities in Delta Marsh. This studywas designeci to test the interaction 

betwem top-down and bottom-up control of aquatic ecosystem structure and function 

within the framework of conceptual models developed by Scheffer et al. (1 993) and 

Goldsborough and Robinson (1996) deçcribing alternate wetland stable states. 



2 Literature Review 

2.1 Wetlands 

North American wetlands are extremely important ecosysterns that have been 

overlooked by ecologists, politicians, and the general population since European 

colonization began. They have been drained, filled, harvested for peat and other 

productç, inundated with pollutants and effluents, and generally seen as unproductive 

wastelands. Only in the last several decades have the many functions of wetlands 

been identified and valued in our society, leading to their preservation and protection 

by international agreements such as the Ramsar Convention in 1971 and the North 

American Waterfowl Management Plan in 1986. 

Wetlands cover about six percent of the Earth's total land area, and are found 

on every continent except Antarctica (Mitsch and Gosselink 1993). Forty-one percent 

of Canadian wetlands occur in the provinces of Manitoba and Ontario (Zoltai 1988); in 

fact, forty-three percent of Manitoba's land surface is classified as wetland (90% of 

these are peat-forming bogs or fens) (Halsey e t  al. 1 997). A precise definition of a 

wetland is dificult to discern, as many variations can be found in the literature, Mitsch 

and Gosselink (1 993) identify three main characteristics of wetlands. They are: (1) the 

presence of water, either at the surface or the root zone; (2) unique soi1 conditions, 

characteristicaily anaerobic and reducing; and (3) vegetation adapted to wet conditions. 

Whereas other wetland definitions may Vary depending upon the user, these three 

identifying characteristics describe most North American wetlands. 

Althoug h defining a wetland may be a difficult exercise, many functional values 

of wetlands have been identified and are now widely recognized. Preston and Bedford 

(1988) distinguish among three wetland functional values: life support functions, 

hydrologic functions, and water quality functions. Wetlands are recognized as some of 



the most highly productive ecosystems in the world. Bemuse they are transition zones 

between terrestrial and aquatic systems, the presence of species characterizing both 

ecosystems leads to high biodiverçity (Mitsch and Gosselink 1993). The importance 

of wetlands for waterfowl breeding grounds rnust not be overlooked. The Canadian 

prairie pothole region, for example, is responsible for 50% of North America's waterfowl 

production (Millar 1989). Hydrobgic fùncüons of wetlands indude groundwater recharge 

and flood protection (Preston and Bedford 1988). Wetland water quality functions are 

many, and are widely studied (e.g., Whigharn etal. 1988; Goldsborough and Crumpton 

1998; Ingersoll and Baker 1998). They include nutrient assimilation, reduction of 

biochemical oxygen demand, suspended solids sedirnentation, retention of metals 

and xenobiotic pollutants, and many others (Hemond and Benoit 1988). 

Wetlands of the United States have been threatened since i849, when the 

passage of the Swarnp Land Act gave Louisiana control of al1 of its swamplands in 

order to reduce flooding in the Mississippi Basin. From 1940 to 1977, the USDA 

Agriculture Conservation Program promoted the drainage of 23 million hectares of 

wet agricultural land. Agricultural drainage continues to be the major cause of wetland 

loss in the United States (Mitsch and Gosselink 1993). Furtherwetland alteration occurs 

by hydrologic modification (for fiood control, navigation, and industrial activities), 

highway construction, peat mining, mineral and water extraction, and water pollution 

(Mitsch and Gosselink 1993). 

Canadian wetlands are equally as threatened as those in the United States. 

The prairie pothole region in particular has been dramatically affected by agriculturaI 

activities, beginning with drainage in the late 1800s. Areas characterized by good 

quality agricultural soils and gentle topography have been most heavily drained and 

put under cultivation, as there is a high retum for a minimal investrnent by the producer 

(Millar 1989). In Canada, less than 30% of prairie potholes remain in an unaltered 

state (Young 1994), and it has been estimated by several sources that over 85% of 

4 



wetland loss on the prairies is due to agriculture (Murkin 1998). In addition to the 

threats caused by agriculture, road development in rural areas also threatens prairie 

wetlands (Millar 1989). Roads exist every mile in southern Manitoba in both north- 

south and east-west directions, impacüng many wetiands (which are filled forthe road 

allowance, cleared of upland vegetation, etc.). The presence of ditches along miles of 

roads facilitates drainage of wetiands not directly on the road allowance, as landowners 

have easy access to drainage systems. 

The close proximity with which prairie wetlands and agricultural soils coexist 

leads to the unintentional contamination of wetlands with pesticides and fertilizers 

(Goldsborough and Cmmpton 1998). These chemicals are applied to lands irnmediately 

surrounding wetlands, often with no buffer between the field and the wetland. Spray- 

drift and runoff of chemicals (examples of non-point source pollution) to the wetland is 

inevitable. Agricultural non-point source pollution is a serious threat to water quality in 

both the United States and Canada (Peterson i998; Carpenter etal. 1998). The United 

States Environmental Protection Agency (U.S.E.P.A.) reported to American Congress 

that agricultural non-point source pollution is the major obs@cIe in achieving water 

quality goals, now that point-source pollution in the U.S. has been reduced çubstantially 

(Daniel etal. 1998). Unfortunately, the U.S.E.P.A. does not have authority under the 

Clean Water Act to regulate non-point pollution (Parr- 1998). In a large-scale study of 

land use surrounding the wetlands in the Canadian portion of the Great Lakes Basin, 

Crosbie and Chow-Fraser (1999) found that water quality (turbidity, nutrient, and 

chlorophyll levels) was significantly affected by the percentage of agricultural land in 

the watershed. They recommended the use of buffer zones to trap diffuse agricultural 

runoff, and theoretically rnaintain water quality, in these wetlands. North American 

wetlands continue to be threatened by urban and rural development, despite recent 

protective measures afforded to by international agreements such as the Ramsar 

Convention. 



The use of wetlands (natural or constructed) for remediation of contaminated 

surface water has been successful due to the efficient transformation of many pollutants 

in wastewater strearns to harrnless byproducts (Kadlec and Knight 1996). Nitrate - 

removal is accomplished by plant uptake and denitrification in wetlands (Moraghan 

1993; lngersoli and Baker 1998). Moustafa etal. (1 998) found that mean annual nutnent 

removal from a constructed wetland in Florida was 72% for phosphorus and 34% for 

nitrogen. dernonstrating the nutrient storage capacity of this wetland. However, when 

dealing with natural wetlands, the nutrient storage capacity (simply a measure of the 

total mass of a nutrient that can be retained pemanently by the wetland) may not be an 

appropriate model. Instead, Richardson and Qian (1 999) propose the use of nutrient 

assimilative capacity models, which predict the mass per unit area that can be 

absorbed into a systern without significant changes to ecosystem structure and function, 

and downstrearn output of the nutrient They estimate that the phosphorus assimilative 

capacity for North American wetlands is 1 g/m2/yr. 

2.2 Algae in Wetlands 

Four distinct algal assemblages can be found in wetland habitats: phytoplankton, 

epiphyton, metaphyton, and epipelon (Crumpton 1989; Goldsborough and Robinson 

1996). Phytoplankton are planktonic algae that grow in the open-water, or pelagic, 

zone of a wetland or other body of water. They are generally microscopie, and are 

entrained in the water column. Epiphyton are benthic algae that grow attached to 

submersed rnacrophytes or other algae. Metaphyton consists of mats of filamentous 

green algae or cyanobacteria that float below or at the surface of the water. These 

mats originate in association with some type of substratum (macrophytes, sediments, 

etc.), but eventually detach from or remain loosely associated with the substratum. 

Sediment-associated algae include both epipelon and plocon (Bourne 2000). These 

terms have been variously defined, but epipelon usually refers to the motile algae 



living in the sediments, and plocon refers to non-rnotile forms, which f o m  detachable 

crusts on the surface of the sediment. 

Goldsborough and Robinson (1996) proposed a rnodel that predicts the 

dominant algal assemblage in a wetland, depending on factors such as grazers, water 

column stability, nutrient loading , and water levels (Fig. 1 ). Their mode1 differentiates 

between four possible states: the dry marsh, dominated by epipelic algae, the open 

marsh, dominated by epiphyton, the sheltered marsh, dominated by rnetaphyton, and 

the lake marsh, dominated by phytoplankton. 

Low water levels (following drawdown, or during early flooding of a new wetiand) 

characterize the dry marsh state. Decornposing vegetative litter from mudflat annuals 

results in high nutrient availability (Wnibleski etal. 1997). lrradiance is high in areas 

where grasses and sedges are absent. These factors favour the development of algae 

on the exposed moist sediments. 

Submersed macrophytes and moderate water ievels result in the open marsh 

state. Nutrient levels are high following flooding of soils and subsequent decomposition 

of vegetative litter, and combined with high availability of colonizable surface area on 

submersed macrophytes, lead to epiphyton proliferation. Water column disturbance 

(by foraging fish and abundant invertebrate consurners) prevents shading of 

macrophytes that would occurwith unchecked epiphytic growoi. Delta Marsh, Manitoba, 

is a wetland that exhibits the characteristics of an open marsh in some areas. Abundant 

substrata for growth , hig h grazing pressure by microcrustaceans, chironomid larvae, 

and planktivorous fish, and water column disturbance (by both wind turbulence and 

benthivorous fish) lead to proliferation of epiphytic algae (Robinson etal. 1997). Grazing 

pressure and water column disturbance maintain epiphyton at moderate levels, which 

is necessary to prevent complete shading, and ultimate decline, of macrophytes which 

can occur with very high epiphytic growth. Once macrophytes are shaded out, they 

die, and no longer provide substrata for epiphyte growth. 
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Figure 1. Conceptual rnodel of the factors leading to four stable states in wetlands 

(Goldsborough and Robinson 1996). 



The sheitered marsh state may result if nutrient availability remains high, and 

water column disturbance declines. Epiphyton, plocon, or other periphytic forms of 

algae detach and become metaphyton. Macrophytes stabilize the sediments and 

provide substratum for continued metaphyton formation. 

High water levels cornbined with abundant nutrients may lead to dominance by 

phytoplankton in the lake marsh state. Macrophyte development is lirnited due to 

reduced undenvater light availability, providing little surface area for colonizaüon by 

epiphyton. Phytoplankton dominance persists if grazing pressure remains low, and 

water levels remain high. Many prairie potholes are characterized by these phenornena. 

Shamess et  al. (1985) report that planktonic chlorophyll a maxima in two eutrophic 

prairie lakes reached 230 pglL and 280 pg/L, levels typical of hypertrophy (Wetzel 

1983). Dominance of phytoplankton with high nutrient concentrations and lack of 

submersed macrophytes can also be seen in marshes in the LaureMan Great Lakes 

basin (Reeder 1994) and in areas of Delta Marsh. 

There are other models that describe the assemblage of primary producers in 

aquatic ecosystems. Scheffer et al. (1 993) proposed a rnodel for shallow lakes which 

predicts that one of two stable states is possible: the clear-water state dominated by 

submersed rnacrophytes, or the turbid state dominated by phytoplankton. These 

alternative equilibria are the result of the interaction between subrnersed vegetation 

and turbidity: rnacrophytes improve water clarity through sediment stabilization, 

providing refuge for zooplanlcton from predatorç, and competing with algae for nutrients. 

Turbidity, on the other hand, prevents the growth of macrophytes by limiting light 

penetration through the water column. Their rnodel is based on a threshold turbidity 

value at which vegetation disappears due to shading. Lougheed et al. (1 998) found 

evidence of this in 19 wetlands surrounding the Laurentian Great Lakes. Wetlands 



characterized by turbidity fevels >20 NTU had low species diversity of submerged 

macrophytes (c5 species), whereas wetlands with low turbidity had a more diverse 

macrophyte assemblage. 

2.3 Trophic Interactions 

Aquatic ecologists have struggled for decades to determine the interna1 and 

extemal rnechanisms that reg ulate aquatic ecosystem structure and function, and the 

debate continues today. Two theories persist in the literature: the bottom-up and the 

top-down rnodels of ecosystem regulation (McQueen etal. 1986). Nutrient availability 

has been viewed historically as the pnmary determinant of algal productivity; the bottom- 

up theory states that the transfer of energy upward through primary producers controls 

ecosystem productivity (Boyle etal. 1996). The top-down theory predicts that upper 

trophic levels, or consumers, regulate community structure. In pelagic systerns, for 

example, planktivorous fish graze down herbivorous zooplankton to low densities. This 

theoretically causes phyto plankton biomass to increase, because it is unchecked by 

herbivory. 

Many studies of producer and consumer effects on food webs have been 

reported in the current literature, most of which focus on the structure of pelagic food 

webs (e.g., Axler and Reuter 1996; Budy etal. 1998). Benthic processes and fundional 

characteristics such as nutrient regeneration and productivity have generally been 

less studied (although see McDougal et al. 1997; Havens et al. 1999). Producers and 

consumers function in aquatic systems simultaneously; therefore, it is diifficult to predict 

which force dominates the biomass and size structure of pelagic food webs (Mills and 

Forney 1988). A mode1 that combines both bottom-up and top-down impacts on 

ecosystem structure and function provides the most realistic predictions. 



2.3.1 Bottom-Up Regulation 

The influence of nutrients on prirnary productivity and lake trophic status has 

been a central focus of limnology for the last century (Wetzel1983). and it has generally 

been accepted by the scientific cornmunity that the addition of a limiting nutrient will 

lead to increased algal growth (e.g. Tilman et al. 1982; Borchardt 1996; Havens etal. 

1999). Many empirical relationships support the producer-wntrolled model of pelagic 

food web structure, suggesting that biomass of upper trophic levels is dependent on 

biomass at lower trophic levels (McQueen etal. 1986; Mills and Fomey 1988). 

Several groundbreaking whole-lake manipulations at the Experimental Lakes 

Area (ELA) in northwestern Ontario confirmed the importance of phosphorus as a 

Iimiting nutrient in the Canadian Shield. The ELA was established out of a 1965 report 

of the International Joint Commission conceming pollution in the Great Lakes; 

specifically, a recommendation which called for studies of whole lake experimental 

eutrophication in an attempt to detemine ecological effects, persistence, and possible 

remediation (Hecky et al. 1994). 

Nutrient addition to ELA Lake 227 began in June 1969 at rates of 6.29 g N/m 2/ 

yr and 0.48 g P/rn2/yr. Phytoplankton standing crop (chlorophyil a) increased from about 

2-5 pg/L to 200 pg/L, and the dominant taxa changed from chrysophyceae and 

cryptophyceae to cyanophytes and chlorophytes such as Oscillatoria, Lyngbya, and 

Oocystis by the end of the first year of nutrient addition (Schindler etal. 1971; Kling 

and Holmgren 1972; Schindler and Fee 1974). Examination of the sediments of Lake 

227 confirmed the change in species composition: there was an immediate shiff in 

dominant diatoms and chrysophytes with the addition of N and P in 1969 (Zeeb etal. 

1994). Lake 227 has been undergoing experimental nutrient loading since that time 

(over 25 years), and although P loading has remained generally unchanged, nitrogen 

has been added at three different loading rates. N loading was reduced for the first 



tirne in 1975, and Kling et al. (1 994) report that nitrogen-fixing cyanophytes such as 

Anabaena and Aphanitomenon became dominant. Although species composition 

changed with reduced N:P ratio, algal biomass did not change significantly (Findlay et 

a/. 1 994). 

Lake 226 was also manipulated to study eutrophication. The iake was separated 

into two halves by a curtain; half received carbon and nitrogen. while the other half 

received carbon, nitrogen, and phosphorus. As further testament to the importance of 

phosphorus to cultural eutrophication, the half of the lake that received al1 three nutnents 

developed an extensive algal bloom, although the half that received just C and N did 

not (Schindler and Fee 1974). 

These whote-lake perturbations led to the establishment of phosphorus as the 

central focus of North American limnological research; phosphorus reduction was 

accepted as the basis for controlling eutrophication by the late seventies (Hecky and 

Kilham 1988). However, in a review of limiting nutrient experiments, Elser et al. (1 990) 

concluded that not enough attention had been paid to nitrogen's role as secondary 

nutrient, and that implementation of factorial experimental designs are necessary to 

differentiate the role of N versus P. They found that the addition of both nitrogen and 

phosphorus had a greater affect on algal biomass than either nutrient alone, as did 

Spencer and Ellis (1998). In wntrast, Karjalainen et al. (1 998) found that N alone did 

not cause an increase algal growth in laboratory mesocosms, but chlorophyll a was 

highest in treatments that received P, whether N was present or not. 

There is much evidence supporting the bottom-up control of aquatic ecosystem 

structure; empirically derived relationships based on data from many lakes take the 

form of regression lines plotong the biomass of the consumer (dependent variable) as 

a function of the biomass of the producer (independent variable). Four sets of these 

relationships apply to pelagic systems: total phosphorus and chlorophyll a; chlorophyll 

a and zooplankton biomass: zooplankton biomass and planktivore biomass; and 



planktivore biomass and piscivore biomass (McQueen et al. 1986; Mills and Fomey 

1988). When taken together. these four relationships suggest that the biomass of each 

trophic level is limlted by the trophic level immediately below t Although the relationship 

between nutrients and chlorophyll a is well documented, few studies have included the 

response of upper trophic levels to nutrient enrichment. In a study of large enclosures 

in an oligotrophic lake, Budy etal. (1 998) found that phytoplankton, periphyton. and 

zooplankton biomass was significantly greater in enclosures that received nutrients 

(24 g Nfm2 and 0.8 g P/m20ver 3 months) than control enclosures. This biornass was 

transferred up the food web, as juvenile planktivorous fish gained more mass in the 

nutrient treatrnent. 

Most of the papers dealing with nutrient limitation and effects of nutrients on 

aquatic ecosystems have focussed on pelagic systems. Recently, however, benthic 

algal communities are also being included in such studies, especially in wetlands 

(Rader and Richardson 1 992; Murkin et al. 1 994; McDougal et al. 1997). In the Florida 

Everglades, Rader and Richardson (1 992) relate the presence of cyanobacterial mats, 

characteristic of many areas of the Everglades, to nutrient-poor conditions. They found 

that the addition of non-point source phosphorus caused disintegration of these mats, 

a shift in periphyton species composition to more edible species (for example diatoms 

and other unicellular algae), and increased periphytic biomass and primary production. 

In a nutrient enrichment experiment of the littoral zone of Lake Okeechobee, Florida, 

Havens etal. (1 999) found that the addition of 1.2 g N/rn2 and 0.2 g P/m2 over 28 days 

led to changes in periphytic community structure and function. They hypothesized that 

once P sequestration by the periphytic community was saturated, any further increase 

in nutrient input would lead to a shift towards a planktonic community. A response by 

phytoplankton was not detected, however, and they concluded that periphyton are able 

to outcompete phytoplankton for water column phosphorus. 



Studies of Manitoba wetlands have dernonstrated increases in benthic algal 

biomass with nutrient enrichment. Murkin et al. (1 994) found that the addition of 5.28 g 

N/m2 and 0.2 g P/m2 over three months to enclosures in an oligotrophic wetland resuited 

in an increase in epiphyton, metaphyton, and phytoplankton biomass (chlorophyll a), 

but a trophic transfer was not dernonstrated, as invertebrates did not increase in 

biomass or numbers. McDougal et al. (1 997) added 1 1.7 g Nlm%nd 1.6 g P h 2  over 

ten weeks to enclosures in Delta Marsh, Manitoba, and found that epiphyton and 

metaphyton biomass increased significantly, whereas phytoplankton and sedirnent- 

associated algae did not respond to nutrient enrïchrnent. In a cornpanson of the nutrient 

status of two wetlands in the lnterlake region of Manitoba, Murkin ef al. (1 991 ) found 

that Cruise and Narcisse marshes, which differed only in nutrient inputs, had very 

different levels of algal biomass and algal nutrient deficiency. Cruise Marsh, which 

had received nutrient-rich runoff forover 50 years, had greater phytoplankton, epiphyton, 

and invertebrate biomass than the pristine Narcisse rnarsh. There was no indication 

of nutrient deficiency (alkaline phosphatase activity, nutrient ratios, or ammonium 

uptake) in Cruise marsh primary producers, but Narcisse algae were highIy nutrient 

deficient, 

Benthic-pelagic linkages may complicate responses to nutrient enrichrnent. 

Although most experiments examine benthic and pelagic comrnunities as if they are 

functionally independent of each other, the two habitats can exist in close physical 

proximity, so the potential for interactions is high. Blumenshine et al. (1 997) found that 

both phytoplankton chlorophyll a and periphyton chlorophyll a on plastic strips in 2000 

L mesocosms in Long Lake, Michigan increased in response to nutrients; however, 

phytoplankton was a much less significant proportion of algal biomass than periphflon. 

Zooplankton biomass did not increase significantiy, but benthic invertebrates increased 

in response to greater food sources. Sediment-associated algae did not respond to 

nutrient enrichment, but sedirnent-dwelling macroinvertebrates did. The authors showed 



that this was in fact due to the increased phytoplankton abundance (and resulting 

sedimentation of phytoplankton), as phytoplanktonic species were found in the digestive 

tracts of these anirnals. This suggested that nutrient enrichment of shallow lakes might 

shift primary and secondary production away from pelagic organisrns to the benthos. 

In contrast, Bjork-Rarnberg and Anel1 (1 985) found that the addition of N (me year at 

3.86 g/m2) and P (three years at 0.3 g/m2) to subarctic lakes in Sweden reçulted in no 

increase in epipelic and epilithic algal biomass. Benthic algal production constituted 

over 70% of total algal production in the unfertilized "control" lake, but after fertilization 

in the experimental lake, the proportion declined to 22%. and the importance of 

phytoplankton increased significantly. They suggested that the increase in pelagic 

productivity likely caused benthic algae to become light-limited. 

2.3.2 Top-Down Regulation 

The top-down theory of caçcading trophic interactions was developed by 

Carpenter et al. (1 985) in an attempt to explain the differences in productivity seen 

among lakes with similar nutrient supplies but differing food webs. Their theory was 

based on previously developed fisheries management principles; the concept of fish 

as regulators of lake ecosystem processes sternmed from the work of Hrbacek and 

others in 1961 (in Carpenter et al. (1 985)). This body of literature dealt prirnarily with 

the structure of pelagiczones in lakes, and the impacts offish on zooplankton community 

structure and p hytoplankton densities. 

Two different cornmunities of pelagic macro- and microzooplankton result from 

the presence or absence of piscivorous fish in oligotrophic lakes. In iakes without 

piscivorous fish, vertebrate planktivory is high. Planktivorous fish are visual feeders, 

and therefore eliminate visible, large-bodied zooplankton and invertebrate predators. 

As a consequence, high densities of rotifers and small crustaceans proliferate (due to 

both reduced competition with large zooplankters and reduced predation from 



invertebrates). In lakes where piscivores maintain low densities of planktivorous fish, 

large crustacean zooplankton such as Daphnia sp. and  invertebrate predaton such 

as insect larvae and predaceous copepods proliferate CCarpenter e t  al. 1985). 

Although responses of zooplankton communities to cascading trophic 

interactions seem clear, the resulting changes to algal communities may not be so 

obvious. The two size structures of herbivorous zooplan:kton that result from differing 

top-down influences of fish lead to differences in grazing and nutnent recycling rates, 

which directly affect primary producers. Elser et al. (1988) found that different 

zooplankton assemblages resulted in different nutrient-limiting conditions: small 

zooplankton induced nitrogen-limiting conditions, while large zooplankton such as 

Daphnia resulted in phosphorus limitation. Grazers infiuenced nutrient ratios depending 

on their intemal stoichiometry. A grazer that is phosphorus-rich compared to its food 

source will retain phosphorus, therefore releasing a higher proportion of nitrogen in its 

waste and causing algal populations that are dependent on recycled nutrients to 

become phosphorus-limited (Sterner 1 990; Rothhaupt 1 997). 

The effects on phytoplankton biomass and primary productivity are not clear, 

as grazing and nutrient recycling have counteracting d e c t s  on these processes. 

Selective grazing by zooplankton directly alters phytoplankton species composition 

and size structure, whereas nutrient recycling (through sloppy feeding and excretion) 

has an indirect influence. A change in phytoplankton size results in changes in structure 

(biomass) and function (primary productivity, nutrient limitation), but these metrics of 

algal growth do not necessarily respond in the same maniner. For example, increased 

algal cell size leads to decreased intracellular chlorophyll concentration, decreased 

maximum growth rate, decreased susceptibility to grazing, decreased cell quotas for 

N and P, increased sinking rate, and increased half saturation constants for nutrient 

uptake (Carpenter etal. 1985). Therefore, biomass and productivity of phytoplankton 

respond differently to changes in food webs, and although biomass is usually the focus 



of such studies. productivity data and other functional characteristics are often lacking 

(Carpenter etal. 1985; Hanson and Butler 1994; Baca and Drenner 1995; Kunnayer 

and Wanzenbock 1996; Seda and Kubecka 1 997). 

The theoiy of cascading trophic interactions is well established in the academic 

literature (Brett and Goldman 1996), as well as in the fisheries management literature. 

where the theoiy is referred to as biomanipulation. The use of top-down control was 

developed in an attempt to control nuisance algal blooms in lakes and reservoirs. 

Many papers published today refer to Shapiro and Wright (1 984). who document an 

example in Minnesota, USA, where the poison rotenone was used to eliminate the 

planktivorous and benthivorous fiçh stock in Round Lake. The lake was then restocked 

with piscivorous fish in an attempt to indirectly control phytoplankton growth. The 

biomanipulation was successful. as large bodied Daphnia became the dominant 

herbivore, resulting in a decrease in phytoplankton chlorophyll a and an increase in 

Secchi depth. Functional responses such as nutrient cycling rates and algal productivi 

were lacking from this study. 

Since these influential theories were developed, experimental manipulations 

have been performed on several scales (whole-ecosystem, rnesocosms, and 

microcosrns) to test top-down regulation of aquatic food webs. Most of these papers 

have deaR with the classical pelagic food web: the herbivorous zooplankton - 
phytoplankton link. Many European lakes and reservoirs have been studied (including 

both whole-lake biornanipulations and mesocosm studies), and have demonstrated 

support for the trophic cascade (Kamjunke etal. 1996; Kurmayer and Wanzenbock 

1996; Sandergaard etal. 1997; Sarvala etal. 1998). Wetland food webs have largely 

been excluded from the iiterature; however, Hanson and Butler (1 99O,l994} studied 

the effects of a complete fish kill in a large. shallow, eutrophic prairie lake. They found 

that the absence of fish led to a shifi in the cladoceran community from small-bodied 

Bosmina and Chydorus to large-bodied Daphnia species. In response, chlorophyll a 



and edible phytoplankton species were reduced during a spring clearwater phase, 

concomitant with an increase in transparency and macrophyte establishment. In an 

experiment that examined two trophic levels, Hann (1 991 ) used rotenone to manipulate 

the invertebrate comrnunity in marsh enclosures. Microcrustaceans dominated 

unrnanipulated enclosures; the periphyton assemblage in this treatment was dorninated 

by the genus Stigeoclonium. Rotenone-treated enclosures were characterized by low 

abundance and diversity of grazers, with chironomids and oligochaetes dorninating 

the invertebrate assemblage. Periphyton biomass (as chlorophyll a) and species 

diversity increased in these enclosures corn pared to unmanipulated enclosures. 

Researchers are beginning to examine the response of microbial food webs in 

lakes to biomanipulation. These communities are essentially linked to, and therefore 

will be impacted by changes to, the classical food web. Copepods, bacterivorous 

protists, and pelagic bacteria in subAntarctic lakes lacking vertebrate predators were 

demonstrated to have very strong trophic interactions (Tranvik and Hansson 1997). 

Increased copepod abundance in mesocosms was shown to increase grazing 

pressure on bacterivorous fiagellates and algae, causing a decrease in both chlorophyll 

a levets and densities of flagellates. Heterotrophic bacteria abundance increased in 

response to reduced grazing pressure by bacterivorous flagellates. Müller-Solger et 

al- (1997) also demonstrated this link between the classical and microbial food webs 

in a northem Californian lake. Mesocosms were used to examine the impact of golden 

shiners (planktivorous fish) on zooplankton, ciliates, and phytoplankton. l ncreased 

biomass of shiners led to reduced zooplankton abundance. Ciliates and phytoplankton 

showed weak positive responses to reduced zooplankton densities. 

The effects of cascading trophic interactions on freshwater benthic food webs 

had largely been ignored until the early 1990s, when authors began to question if 

upper trophic levels could exert a topdown influence on periphytic algae (Bronmark et 

al. 1992). Studies of molluscivorous fish or crayfish on snails and periphyton have 



demonstrated top-dom mntrol in North Amerka (Bronmark etal. 1992; Lodge etal. 

1994; McCollurn et al. 1998) and Europe (Bronmark 1994). In a survey of 44 Swedish 

ponds, Bronmark and Weisner (1996) found that in ponds with up to three trophic 

levels (Le. molluscivorous fish, snails, and periphyton), trophic cascade predictions 

were upheld. However, the presence of a fourth trophic level (piscivores) led to 

decoupling of the trophic cascade at the piscivore-molluscivore link. Some studies 

have not found evidence of benthic trophic cascades (Nystrom et al. 1996), even at 

the fish-benthic invertebrate link (Pierce and Hinrichs 1997). Benthic food webs are 

more cornplex in terms of physiognomy than are pelagic systems: the algal cornponent 

consists not only of grazeable diatoms and other small cells, but large filamentous 

macroalgal communities c m  develop. lnvertebrate grazing has a negative impact on 

diatorns and other smaller adnate forms. but grazing can benefit rnacroalgal growth 

by removing these epiphytes (Dudley 1992). 

Despite the abundance of studies supporting the theory of cascading trophic 

interactions, much of the recent literature shows equivocal results. Long-term 

biomanipulation of a Czech reservoir kept plankivore biomass relatively low, but the 

trophic cascade was not successfuf at the zooplankton-phytoplankton link (Seda and 

Kubecka 1997). In a review of the biomanipulation literature, De Melo et al. (1 992) 

found that, whereas piscivore-planktivore and planktivore-zooplankton interactions held 

up the predictions of the trophic cascade hypothesis. only 20% of the zooplankton- 

chlorophyll a interactions they reviewed were successful in terms of biornanipulation 

predictions. Systems where ornnivorous fish are dominant in the food web have not 

effectively demonstrated top-down control. Several whole-lake biomanipulations where 

piscivorous fish were introduced into American reservoirs dorninated by the 

omnivorous ginard shad (Baca and Drenner 1995; Dettmers ef al. 1996) did not 

show successful topdown control of phytoplankton abundance. This may be explained 

by the inability of predators and zooplankton prey to regulate shad populations: shad 



exhibit high fecundity and low vulnerability to predation, and switch food resources 

from zooplankton to detritus and phytoplankton later in the season (Stein etal. 1995). 

2.3.3 Top-do wn and bottom-up in teractions 

In the late eighties, the scientific community recognized that the producer- and 

consumer- controlled models could not operate independentiy of one another. Until 

that point, rnost papers had dealt with either theory on its own, without considering 

their interactions. McQueen et al. (1 986) first proposed the "BU:TDn model (bottom 

up: top down). hypothesizing that bottom-up processes determine maximum attainable 

biomass at each trophic level, whereas top-down processes are responsible for 

observed deviations from predicted relationships. Their model predicts that top-dom 

control weakens toward the bottom of the food web, and that bottom-up control weakens 

toward the top of the food web. They also predid that the interplay between boffom-up 

and topdown forces changes with trophic status. In eutrophic lakes. top-down effects 

are strong at the top of the food web, but are dampened at the zooplankton - 

phytoplankton link, whereas in oligotrophic lakes, top-down effects are not strongly 

buffered, so zooplankton will have a significant effecton phytoplankton abundance. A 

partial winterkill in Lake St. George, Ontario allowed McQueen et al. (1 989) to further 

test these predictions, and they found that the trophic cascade did in fact damp out in 

this meso-eutrophic food web: the final link between zooplankton and phytoplankton 

was decoupled. 

The combination of bottom-up and top-down effects on food webs has been 

examined in the more recent literature (Elser etal. 1987; Mazumder etal. l988,l989; 

Hansson and Carpenter 1993: Van Donk et al. 1995; Ramcharan et al. 1996). There 

has been support for the BU:TD theory, however, comparatively few studies actually 

examine bottom-up and topdown influences simultaneously. Mills and Fomey (1 988), 

in an atternpt to determine which force dominates in Oneida Lake, New York, produced 



a senes of empirical relationships between phytoplankton biomass, Daphnia pulex 

biomass, yellow perch young-of-the-year production, and walleye biomass. Both top- 

down and bottom-up relationships were significant, highlighting the importance of 

integrating both producer and consumer impacts. 

Bottom-up and top-down studies of benthic communities have also supported 

the 8U:TD hypothesis (Hill et al. 1 992; Rosemond 1 993; Kjeldsen 1 996). These studies 

were al1 conducted in streams, and found that periphytic algal biomass was 

simultaneously limited by both nutrients and gastropods. Hill et al. (1 992) found that 

nutrient-enriched channels (White Oak Creek, Tennessee) had 89% more snails than 

control channels. In the absence of grazers, periphyton chlorophyll a increased two to 

three times over than of control channels. They concluded that nutrients and grazing 

interact strongly on periphyton biomass, and that nutrient enrichment c m  efficiently be 

channeled into secondary production. Grazers and nutrients also interact on a much 

finer scale, since grazing can physically disrupt the periphytic mat and allow for greater 

nutrient availability (McCormick 1 994). 

Not al1 aquatic ecosystems will conform to McQueen et al.3 BU:TD theory. 

Spencer and Ellis (1998) propose a model for Flathead Lake, Montana, based on 

mesocosm experiments involving two trophic levels (phytoplankton and zooplankton). 

Top-down control of phytoplankton biomass was demonstrated only in treatments 

supplernented with nutrients; at ambient nutrient levels in this oligotrophic lake, 

increased zooplankton density had no impact on phytoplankton biomass. This directly 

contradicts the BU:TD hypothesis, since the effect of zooplankton on phytoplankton 

was not dampened in the presence of high nutrient levels. The authors formulated a 

conceptual model based on this study and published research on Lakes Michigan, 

Ontario, and Tahoe. When nutrient availability is low, changes to zooplankton density 

have litîle impact on phytoplankton abundance. Nutrient-limited phytoplankton may be 

at a minimum threshold level where zooplankton cannot effectively graze. In the 



presence of higher nutrient levels, phytoplankton has the potential to increase in 

biomass, but this is dependent on zooplankton density. If planktivorous fish or 

macrozooplankton predators are not present to maintain herbivorous zooplankton at 

low densities, phytoplankton biomass will remain low, despite additional nutrients. 

In a series of papers examining simultaneous top-down and bottom-up 

manipulations of indoor freshwater microcosms, Van Donk et al. (1 995); Brock etal. 

(1 995); and Cuppen etai. (1 995) used the insecticide chlorpyrifos to reduce arthropod 

densities and added inorganic N and P. They found that primary effects of chlorpyrifos 

were predictable: both cladocerans and copepods were elirninated by chlorpyrifos 

application. Copepods rebounded almost immediately, but cladocerans remained 

absent from the microcosrns for 10 weeks. Nutrient addition did not result in increased 

phytoplankton chlorophyll a, because of grazing by zooplankton and cornpetition for 

nutrients with macrophytes and epiphyton (both of which increased in response to 

nutrient addition). In treatments receMng both nutrients and chlorpyrifos, a slight increase 

in phytoplankton chlorophyll a resulted, and epiphytic chlorophyll a increased 

sig nificantly. They concluded that the application of chlorpyrifos to microcosms 

enhanced the stimulatory effed of nutrient loading on algal biornass due to secondary 

impacts of the insecticide (i.e. reduced consumer controls on algal biomass). 

2.4 Organophosphate Insecticides 

Agricultural pesticides are many and varied. Organochlorines such as DDT 

were designed to be persistent and inexpensive, and their widespread use following 

World War II led to bioaccumulation and long-range transport. Less persistent, but 

relatively active pesticides such as organophosphates and carbarnates have replaced 

organochlorines (Moore et  al. 1998). Organophosphate insecticides, including 

malathion, parathion, and chlorpyrifos, degrade rapidly in the environment, and elicit 

rapid negative responses in target organisms. They are susceptible to hydrolysis in 



water, especially at higher pH. The combination of moderate water solubility (range 

1-145 mgR), relaüvely low Iipophilicity (log K,, the octanol-water coefficient, generally 

ranges from 2.7- 3.8). and short half life in soi1 (up to 120 days) leads to low capacity 

for bioaccurnulation (Connell1997). 

Organophosphates are strongly toxic to a wide range of animais, including 

everything from insects to mammals, due to their action on nervous system function. 

They inhibit enzymes like acetylcholinesterase. thereby resulting in a build up of 

acetylcholine which interferes with nerve impulses. This prevents muscularfuncüon in 

vital organs and causes death (Connelt 1997). 

Chlorpyrifos is marketed under the trade names LorsbanTM 4E or DursbanTM 

(by DowElanco Canada Inc.) and Pyrinex (by United Agri Products). It is used in 

Manitoba to fight pest infestations, by insects like Colorado potato beetle (Lepfinofasa 

decemlineata) and bertha armyworm (Mamesfra configurafa), of crops such as 

potatoes, canola, and flax. It is very toxic to bees, fish, birds, aquatic organisms, and 

other wildlife (Manitoba Agriculture 1998). Specific environmental characteristics of 

chlorpyrifos include low water solubility (2 mg/L), high lipophilicity (log Kow = 4.8). 

and relatively short dissipation half-lives (0.5 to 4 days in water; 60 to 120 days in 

soil) (Moore etal. 1998). In experimental pond mesocosms 11,200 L in volume and 

conta'ining sediment, water, and fish collected from nearby ponds and reservoirs, 

Giddings et al. (1 997) found that chlorpyrifos disappeared rapidly h m  the water column 

(initial half-life -1 day) after spray application. Volatilization and hydrolysis were 

concluded to be important factors in the rapid dissipation of chlorpyrifos. In a simple - 

laboratory experiment examining the partitioning behaviour of chlorpyrifos between 

water and the aquatic macrophyte Elodea densa in a 38-L glass tank, Karen et al. 

(1 998) found that chlorpyrifos dissipated from the aqueous phase and accumulated in 

macrophyte tissue over a two-week period. They attributed the precipitous drop in 

aqueouç chlorpyrifos to rapid adsorption to macrophytes and glass aquarium walls, 



as well as volatilization. In an indoor microcosm experiment, Brock et al. (1992a) 

found that Elodea nuttallii adsorbed a large proportion of the chlorpyrifos dose; in 

similar but rnacrophyte-free microcosrns, the sediment played a more important role 

as a chlorpyrifos sink. 

Moore ef al. (1998) studied the effects of chlorpyrifos on four aquatic test 

organisms in laboratory microcosms. Single-species tests were conducted in 250- 

rnL glass beakers. They found that the invertebrates tested (  a al el la azfeca, Daphnia- 

magna, and C h i m m u s  tentans) were over 200 times more sensitive to chlorpyrifos 

than the fish Pimephales promelas, with 48-hour LC5O of 0.1,0.6,0.3, and 162.7 pgl 

L, respectively. These values are similar to others they reported from the literature. 

Single-species ecotoxicology tests such as these are limited in their usefulness, as 

many secondary ecological impacts of pesticides may occur in natural situations. The 

hig hly corn plex interactions between populations influence effects of pesticides on 

community structure and function (Simon et  al. 1998). In a study of the secondary 

effects of chlorpyrifos on artificial ponds inoculated with ieaf litter from woodland pools 

and 2700 L in volume, Butcher etal. (1 977) concluded that this insecticide positively 

impacted primary producers, either directly or indirectly. They found a qualitative 

increase in algal blooms, increase in dissolved oxygen levels (assumed to be 

associated with increased primary productivity), and a change in algal species 

composition (from Mougeoüa in control, 0.004 ppm chlorpyrifos, and 0.01 pprn 

chlorpyrifos treatments; to Chlorella in 1 .O ppm chlorpyrifos treatment). Although this 

study was not an example of scientifically sound research (i.e. un-replicated treatments, 

no quantitative measurement of "algal blooms", etc.), it demonstrates that secondary 

ecological impacts of insecticides are important and should be quantified. 

Brock e t  al. (1 992b) investigated the secondary impacts of chlorpyrifos 

application on indoorfreçhwater microcosms. They found that the presence or absence 

of macrophytes influenced the secondary ecological effects of the insecticide on pnmary 



producers, herbivores other than arthropods, detritivores, and camivorous macro- 

invertebrates. Microcosms devoid of submersed macrophytes were found to exhibit 

no change in phytoplankton chlorophyll a after chlorpyrifos application; however, species 

composition shif€ed from large Volvoxcolonies in the controls to small phytoplankters 

in response to chlorpyrifos. This was due to the reducüon in grazing pressure on small 

species, thus elirninating the competitive advantage of Volvox. Cladocerans 

disappeared rapidly in these microcosms afler chlorpyrifos application (Brock et al. 

I992a). 

2.5 Summary 

Wetlands in North America are threatened by rnany human activiües, including 

agriculture. Fertilizers and pesticides used on agricultural land enter wetland habitats 

through runoff or spray drift. Chlorpyrifos is an insecticide used in southern Manitoba 

that may be entering wetlands such as Delta Marsh. 

Several models of aquatic prirnary producers exist in the literature. 

Goldsborough and Robinson's (1 996) wetland mode1 is holistic, encompassing such 

factors as grazing, macrophytes, water mlumn stability, nutrient levels, and water levels. 

Scheffer et al. (1 993) propose alternate stable states in shallow lakes depending on 

interactions between submersed macrophytes and turbidity. 

The top-down, or biomanipulation, theory of food web regulation is well- 

established in the limnological literature, and has been used by resource managers to 

reduce nuisance algal blooms in many lakes. This method often is successful, but 

there are some instances where consumer control is not effective in reducing algal 

densities (for example, where omnivory is prevalent). Bottom-up, or producer, control 

of food webs is also widely accepted by the scientific comrnunity, despite the lack of 

literature on the response of upper trophic levels (fish, zooplankton) to increased 

nutrients and production. 



Literature on the topics of top-down or bottom-up control of aquatic ecosystems 

abounds, but there are relatively few studies that actually examine a combination of 

these two forces in food webs. Complex interactions between trophic levels are dificult 

to predict based solely on producer or consumer perspectives, therefore I believe that 

studies of pelagic or benthic food webs should take an integrative approach. McQueen 

et al. (1 986) and Spencer and Ellis (1 998) have formulated hypotheses that examine 

pelagic food webs in ternis of both bottom-up and top-down forces; however, further 

expen'mentation and validation of these theories is required. 

The existing literature on top-down and bottom-up effects focuses on pelagic 

systems in large lakes. Benthic food webs have been ignored for the most part; wetlands 

have only rarely been the subject of investigation into the regulation of theirfood webs. 

Research is required on the impact of consumer and producer effects on wetland 

community structure and function, especially in the context of agricultural inputs. which 

may be causing primary and secondary effects on these food webs. 



3 Introduction to the study 

3.1 Study Site 

Delta Marsh, Manitoba is a large freshwater coastal wetland, occupying 22,000 

ha at the southern end of Lake Manitoba. It is separated from the lake by a forested 

barrier beach ridge that formed from the redistribution of sediment deposited into 

Lake Manitoba by paleochannels of the Assiniboine River (Teller and Last 1981). 

There are currently four channels that connect the lake and the rnarsh (Wmbleski 1998; 

Shay 1999). Delta Marsh water levels fluctuate with lake levels, and experÏenced wide 

variations in water depth until 1961 when the Fairford Dam was constructed at the 

northern outlet of the lake. This stabilized lake level at 247.5 m above sea level; 

consequently, water levels in the manh also stabilized. Since that time, concems about 

the heakh of the marsh have been raised (L. G. Goldsborough, petsonal 

communication). 

Open water areas in Delta Marsh are bordered by Scirpus acutus, Typha x 

glauca, and Phragmites australis (S hay 1 999). T. x glauca and P. australis also 

grow in large stands in shallow water. Afler regulation of lake levels in 1961, T. x glauca 

began to dominate the marsh where P. austmlis and T. latifolia had dominated pnor 

to lake level siabilization. A hybtid between T. latifolia and T. angustifolia, T. x glauca 

is an aggressive cornpetitor with traits of both parent species (tolerance of a wide 

range of water levels, ability to germinate in water up to 15 cm deep) leading to its 

success at Delta Marsh (Shay i999). Submersed aquatic vegetation is dominated by 

Potamogeton pecfinatus, with additional widespread species such as Myriophyllum 

sibiricum, Ceratophyllum demersum, and Utriculana macrorhiza (S hay 1 999). 

The experiment was conducted in the Blind Channel of Delta Marsh, a 

paleochannel of the Assiniboine River. Beheen 6000 and 4500 years before present 



(b-p.), the Assiniboine River flowed north into Lake Manitoba following severai different 

courses including the Blind Channel. By about2000 years b.p., the Assiniboine River 

had abandoned its northem course, re-directing eastwards to the Red River near 

Winnipeg (Teller and Last 1981; Rannie etal. 1989). Delta Marsh consists of rnany 

channels, large bays, and isolated ponds. The Blind Channel is connected to the lake 

through Forster's Bay and Cram Creek (Fig. 2). 

Experimental manipulations were carried out in a large enclosüre cornplex in 

the Blind Channel during May to August of 1998 and 1999 (Fig. 3). The enclosures 

were located near the eastern end of the channel, within a short canoe trip of the 

University Field Station (Delta Marsh). Each of the twelve enclosures was open to the 

sediment, but remained isolated from surrounding water flow. 

3.2 Objectives and Hypotheses 

There is a lack of literature on interactions between top-down and bottorn-up 

controls on algae in North American wetlands. One series of experiments examined 

the effects of nutrient loading and chlorpyrifos application on indoor freshwater 

microcosrns (Brock et al. 1995; Cuppen et al. 1995; Van Donk et al. 1995). These 

experiments were used to mode1 drainage ditches found in the Netherlands; however, 

the results are probably applicable to other freshwater ecosystems within the constraints 

of the microcosm design. The authors found that phytoplankton biomass increased 

only in the combined treatments (i.e. insecticide and nutrient additions), while an 

increase in nutrients alone did not stimulate phytoplankton standing crop. Periphyton 

biomass appeared to respond more strongly to the treatments, as both nutrient addition 

and combined treatments stimulated increases in periphyton biomass. 

1 examined the impacts of nutrients (a bottom-up manipulation), insecticide (a 

top-down manipulation), and a combination of nutrients and insecticide on the 

phytoplankton, macrophytes, and benthic algae in wetland enclosures. Based on 



Figure 2. Schematic map of West Delta Marsh, including the stud y site in Blind Channel. 

The enclosure complex was located at the east end of Blind Channel in 1998 and 

1999. 



Figure 3. Aerial view of the enclosure cornplex, located in the east end of the 

Blind Channel. 



Goldsborough and Robinson's (1 996) conceptual rnodel of wetland prirnary producers, 

1 hypothesized that the addition of both nutrients and chiorpyrifos would lead to an 

increase in phytoplankton standing crop, resulting in a shift from the open marsh state 

to the lake marsh state (Fig. 1). lnsecticide addition would rernove the effects of gdng 

pressure on phytoplankton, and combined with abundant nutrients, would lead to 

p hyto plankton proliferation. Epip h Son biomass would also increase due to low 

herbivory, resulting in shading of macrophytes and early senescence, which would 

help to reduce nutri-ent cornpetition with phytoplankton. 

Some specific hypotheses that were evaluated were as follows: 

1. Nutrient addition alone would lead to an increase in algal production by boa  

epiphyton andphyfoplankton. Many researchers have found similar results with 

nutrient enrichment studies (Elser etal. 1990; Murkin et al. 1994; Axler and Reuter 

1996; McDougal e t  al. 1997). 1 predicted that a concomitant increase in algal 

biomass would not be observed due to high grazing pressure in the enclosures. 

Abundant herbivorous zooplankton in fishless enlcosures exert top-down control 

of algal biomass, and would prevent an increase in algal standing crop despite 

increased growth rates that would result from nutrient enrichment. 

2. The application of insecticide would result in increased algal biomass over contml 

enclosures. Insecticide application would cause herfAvorous zooplankton densities 

to decrease, thereby eliminating top-down control of algal biomass. If top-down 

control is important in regulating algal standing crop in this food web, an increase 

in atgae would increase be observed. 

3. The combinafion of insecticide and nutnen t addition would cause an increase in 

algal standing crop to a greater extent than either factor alone. This would 

theoretically release bottom-up and top-down controls on algal growth. I predict 

that the effects of grazing (top-down) and nutrients (bottom-up) are synergistic, in 

that the response by primary producers would be greater if both controls were 



released. In the mesocosm experiment described above, insecticide application 

slightly enhanced the stimulatory effect of nutrient loading on phytoplankton biomass, 

but signficantly enhanced the stimulafion of periphyton biornass (Brock et al. 1995; 

Van Donk etal. 1995). 

4. The dominant algal assemblage in the combined treatment would be 

phytoplankton (Le. the communiiy would shift to the Iake rnarsh state), while 

epiphyton would remain dominant in control, nutrient only, and insecticide oniy 

treaments. Low herbivoiy (caused by insecticide application) would allow epiphyton 

to accumulate to high levels; this would cause shading of rnacrophyte tissue, and 

lead to macrophyte senescence. Thus, reduced substrata for epiphytic algae 

cornbined with high nutrien levels would allow phytoplankton to becorne the dominant 

algal assemblage in the combined treatment (Fig. 1). 



4 Methods 

4.1 Enclosures 

Twelve enclosures were installed in the Blind Channel of Delta Marsh. The 

enclosure complex (a wooden frame supported by large Styrofoam blocks) was towed 

into place by motor boats, and anchored to large wooden or rnetal posts. Each enclosure 

was 5 rn x 5 m, and consisted of a translucent polyethylene airtain (6 mil) which extended 

from the floaüng wooden frarne. The wooden frame was approximately 30 cm wide to 

permit sampling access to each enclosure. The curtain was embedded firmly into the 

sedirnents using metal rebar; therefore, each enclosure was isolated from surrounding 

water. A system of catwalks was used to access the-interior of each enclosure during 

sampling. Water depth in each enclosure was approximately 85 cm throughout the 

1998 study period and 79 cm in 1999, resulting in total water volume per enclosure of 

approximately 20,000 L. Minnow traps were used to prevent unnaturally high densities 

of fish which could exert a top-down influence on wrnmunity dynamics. 

4.2 Experimental Design 

I used a systemized blockdesign to assign treatments to each of the enclosures. 

Four replicated treatments were studied in 1998 (Fig. 4): (1 ) three enclosures served 

as controls with no manipulation, (2) three enclosures received inorganic nitrogen and 

phosphorus addition (hereafter referred to as "nutrient treatment"), (3) three enclosures 

received insecticide addition (hereafter referred to as "insecticide treatment"), and 

(4) three enclosures received cornbined nutrient and chlorpyrifos addition (hereafter 

referred to as "cornbined treatmentn). Based on the results of the first experiment, l 

chose to study three treatrnents in 1999 (Fig. 5): (1) four enclosures served as 

unrnanipulated controls, (2) four enclosures received inorganic N and P, and (3) four 

enclosures received both nutrients and chlorpyrifos. 
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Figure 4. Schernatic diagram of the enclosure cornplex at Delta Marsh in 1998. Each 

enclosure is 5 m by 5 m. "Control" enclosures were not manipulated; "Nutrientsn 

enclosures received nitrogen and phosphorus three times weekly throughout the 

experiment; "Insecticiden enclosures received a single application of the insecticide 

LorsbanTM 4E; and "Combined" enclosures received both nutrients and insecticide. 

The nutrient diffusing assay was carried out in the middle of the enclosure complex. 
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Figure 5. Schernatic diagrarn of the enclosure complex at Delta Marsh in 1999. Each 

enclosure is 5 m by 5 m. "Control" enclosures were not manipulated; "Nutrientsn 

enclosures received nitrogen and phosphorus three times weekiy throughout the 

experiment; and "Combined" enclosures received both nutrients and a single 

application of the insecticide Lorsbanm 4E. The nutrient diffusing assay was carried 

out in the middle of the enclosure complex. 



4.3 Experimental Manipulation 

Afier enclosures were installed on 2 June 1998, the system was allowed to 

equilibrate for 7 days before initiating the experiment. Observations and sampling 

began on 9 June 1998 (week one) and continued until28 August (week twelve). 

Experimental nutrient addition began on 1 July (week four) and continued until25 

August for nine weeks of nutrient addition. Chlorpyrifos addition took place on 22 July 

(week seven). A similar timeline was followed in 1999, when enclosures equilibrated 

for 18 days, sampling began on 7 June, nutrient addition began on 21 June (for ten 

weeks of nutrient addition), and chlorpyrifos application occurred on 20 July. 

lnorganic nitrogen and phosphorus were added three times weekly in the fonn 

of NaNO, and NaH,PO,-2H,O, respectively. To each enclosure receiving nutrients a 

total cumulative load of 19.8 g N/m2 and 2.6 g P/m2 in 1998, and 23.9 g N/mZ and 3.2 

g P/m2 in 1999, was added over the course of the experiment, at a molar N:P ratio of 

1 6 :  For each addition, the dry chemical for each enclosure was dissolved in 

approximately 1 L of carbon-filtered well water in the laboratory and transported to the 

enclosure complex by canoe. The dissolved chemical was then mixed with about 10 L 

of enclosure water and sprinkfed evenly over the surface of each enclosure using a 

water.ing cm.  To prevent cross-contamination of chlorpyrifos, a different watering can 

was used for the combined treatment. 

The insecticide LorsbanTM 4E (active ingredient chlorpyrifos) was added to 

insecticide and combined treatrnents (six enclosures total) once at a nominal 

concentration of 1 0 pglL (known concentration of active ingred ient) on 22 July 1 998 

and 20 July 1999. Based on that day's water volume, a known amount of the insecticide 

was emulsified in 250 mL of distilled water in the laboratory, then mixed with 

approximately 20 L of enclosure water and sprinkled over the surface of each of the 

six enclosures. The dates chosen for application were windless to prevent spray driff 

of chlorpyrifos into surrounding enclosures. 



4.4 Sampling and Analyses 

Beginning on 9 June 7998, surface water samples were collected twice weeWy 

from each enclosure (at am's length from the edge ofthe enclosure) and analyzed for 

pH, ammonium-N, nitrate+nitrite-N, total reactive phosphorus (TRP), soluble reactive 

silicon (SRS), and alkalinity (Stainton et ai. 1977, APHA 1992). Ammonium-N, 

nitrate+nitrite-N, TRP, and SRS concentrations ( rng l l )  were determined using 

spectrophotometric analysis o f  colour change in response to reagents. Alkalinity 

determination was performed by firation using hydrochloric acid to a clear end point 

(brornocresol green-methy1 red indicator solution). Surface water samples were taken 

once weekly in 1999, beginning on 7 June, and in addition to the parameters measured 

in 1998, turbidity was measured using a Hach turbidimeter (mode1 21 00A). Minnow 

traps were monitored several times per week for fish numbers and species, after 

which fish were released outside of the enclosures (Appendix A). 

Three depth-integrated phytoplankton samples were taken randomly from each 

enclosure weekly beginning 9 June 1998 and 7 June 1999. 1 used a cylindricai 

integrated water column sampler to take the sampfes. Each 4 L sample was filtered 

through a 53 pm mesh net to remove planktonic invertebrates (Zrum and Hann 1998). 

One Iiter of the filtrate was retained and taken back to the laboratory, where 

phytoplankton chlorophyll content was measured. A subsarnple was filtered through 

glass microfibre filters (Whatman GFE) under vacuum, and neutralized using 2-3 drops 

of saturated magnesium carbonate solution. Filters were frozen for a minimum of 24 

hours to lyse algal cell membranes, then placed in 90% methanol and stored in the 

dark for 24 hours to extract chlorophyll pigments from the cells. Chlorophyll and 

pheophytin (pglL) concentration was measured spectrophotometrically at 665 and 

750 nm before and alter acidification with HCI, then calculated using the formulae of 

Marker et al. (1 980). Total chlorophyll was calculated as the sum of chlorophyll plus 



pheophytin. In some cases, the remaining filtrate from the depth-integrated water 

column sample was retained for algal identification. Unfortunately, samples for algal 

identification were collected with a lack of foresight, rendering these data inappropriate 

for statistical analysis. 

In 1999, 1 obtained an estimate of planktonic invertebrate abundance (after 

Zrum and Hann 1998). The planktonic invertebrates from the water column sample 

were collected in a 20 mL scintillation via1 after filtering through the 53 Pm net in the 

field. Samples were then filtered ont0 a pre-dried and pre-weighed Whatman GF/C 

filter in the laboratory. The filters were dried at 104 OC for 24 hours, weighed. and total 

zooplankton dry weight (mgIl) was calculated. 

Plastic acrylic rods (90 cm in length; 0.6 cm diarneter) were used as substrata 

to estimate periphytic algal biornass (Goldsborough etal. 1986) in 1999. A grid of 36 

rods (6 by 6) was in place by 3 June i 999, lefî for two weeks to permit algal colonization, 

and sampled weekly beginning on 17 June 1999 (week 2) for total chlorophyll (pg/ 

cm2). Two rods from each enclosure were randomly chosen before going out into the 

field. The selected rods were located, gently pulled from the sediment, and brought to 

the surface slowly to prevent Ioss of loosely attached algae. The rods had been pre- 

scored into 10 cm sections, and two consistent, pre-determined intervals were 

sampled from each rod, for a total of four 10 cm sections from each enclosure on each 

sarnpling date. The rod sections were placed into screw-top tubes, taken back to the 

laboratory, and frozen for 24 hours. Chlorophyll a analysis followed that used for 

phytoplan kton. 

Presence or absence of metaphyton was noted in 1998. Weekly observations 

of floating metaphyton cover were made in 1999, where 1 visually estimated the surface 

area (percentage) of the enclosure covered by metaphyton. I also obtained 1 3  samples 

of metaphyton (affer Gumey and Robinson 1988) for total chlorophyll analysis. I placed 

a small block of Styrofoam under the metaphyton mat as deep into the enclosure as 



possible, brought the foam block slowly to the surface to sample the entire water 

column, then used a sharpened piece of copper tubing to cut a known area of 

metaphyton from the foam block. The small sample was placed in a plastic tube, 

retumed to the laboratory, and frozen until chlorophyll analysis (as above). The 

chlorophyll value per cm2 was extrapolated to an aerial basis (mg/m2) using the 

known surface area of metaphyton per enclosure. Interference from phytoplankton in 

the water column was assumed to be negligible. 

Submersed macrophytes were sampled every three weeks during 1998 and 

1999. On each sampling date, samples were taken from a consistent, predetermined 

location in each enclosure, ensuring that the sample location had not been previously 

harvested. Using a cylinder (0.24 m2) to delineate the sampling area, al1 above-ground 

macrophyte biomass was harvested with long-handled garden clippers, gently rinsed 

to remove epiphytes and macroinvertebrates, dried at 105°C for 24 hours, and weighed 

(g/rn2)- 

Chlorpyrifos concentration ( ~ g l L )  was measured in the insecticide and 

combined treatment enclosures in 1998. Depth-integrated water colurnn samples were 

obtained immediately prior to addition, and then ai 1 hour, 24 hours, 48 hours, and 7 

days after addition. Samples were stored in clean amber glass bottles at 3°C until 

analyzed by L. Zrum (gas chrornatographic methods described by Zrum etaf. (2000)). 

Raw data was provided by L. Zrum for use in this thesis. Dissipation of chlorpyrifos 

was obsewed to follow a known mode1 of first-order dissipation kinetics; thus, the 

first-order half-Me of chlorpyrifos dissipation in each treated enclosure was detemined 

using Connell's (1 997) equation 

(Equation 1) T,, = In 2lk 

Non-[inear regression was used to find k, the slope of concentration versus 

time (Connell1997). Chlorpyrifos concentration in treated enclosures in 1999 was not 

sampled; however, I assumed a nominal concentration of 10 pglL and estimated first- 



order rates of dissipation based on those found in 1998. 

4.4.7 Nutrient Limitation Experiments 

Two ancillary experiments were undertaken to address the state of nutrient 

limitation for the algal assemblages at the study site. The growth of periphytic algae 

on nutrientdiffusing substrata was examined (af'ter Fairchild et al. 1985). and nitrogen 

debt experiments were carried out to determine the extent of phytoplankton nitrogen 

deficiency (Healey and Hendzell980). 

The nutrientdiffusing assay took place from 8 July to 31 August 1998 and was 

repeated in 1999. Clay fiowerpots (diameter = 8.8 cm, height = 8.0 cm) were used as 

nutrientdiffusing substrata. 1 added agarwith three amounts of both N and P (0,0.05, 

and 0.5 mol/L) to 36 clay pots sealed on the top with plastic Petri dishes. The smali 

hole in the bottom was then plugged with a rubber stopper and sealed with silicone. 

Nine combinations of N and P levels were used, allowing for four replicates per 

treatment. The pots were spaced approximately 40 cm apart on a grid made from 

rebar and thick plastic mesh. The apparatus was suspended at a depth of 60 cm from 

foam blocks in the center of the enclosure complex, where it was protected from 

wind and wave action (see Figs. 4 and 5). At the end of the experiment, the gnd was 

slowly brought to the surface, each pot was gently removed and scrubbed with a 

toothbrush to dislodge all periphytic growth. The volume of this algal sluny was made 

up to 500 mL with distilled, deionized water and returned to the laboratory. Three 

subsamples were filtered from each sample for chlorophyll analysis (both years), 25 

mL of filtrate was analyzed for SRP (soluble reactive phosphorous) in both years, 25 

mL of filtrate was analyzed for nitratetnitrite-N (1 999), and samples were analyzed 

for total phosphorus (TP) and total nitrogen (TN) (1999). 

Nitrogen debt experirnents were undertaken four times between 24 June and 

26 August 1998, and repeated in 1999. A water column sample was collected from 



each enclosure and taken back to the laboratory, where a subsample was analyzed 

for phytoplankton chlorophyll a concentration to estimate biomass. One hundred 

(1 00) mL of the sample was then poured into an Erlenmeyerflask, and 0.5 mL of 1 .O 

mM NH,CI stock was added to the flask (final concentration 5 pM NH,CI). Three 

aliquots were removed and analyzed for initial NH,CI concentration using a 

spectrophotometer. The flask was kept in the dark for 24 hours, then three subsamples 

were analyzed for final NH,CI concentration. The amount of NH,CI that was taken up 

by the phytoplankton (biomass normalized) over the course of 24 hours was related 

to degree of nitrogen deficiency: a larger amount of NH,CI taken up by the sample 

indicated that the phytoplankton were nitrogen deficient. A value greater than 0.15 

FM N/pg Ch1 a/24 hr indicates severe N deficiency (Healey 1975). 

4.5 Data Analysis 

AI1 data were log-transformed to stabilize variances prior to statistical 

analysis.Critica1 p-values of 0.05 were used in al1 analyses. One-way analysis of 

variance (ANOVA) was used for post-nutrient treatment water chernistry data and 

macrophyte abundance, which were expected to change primarily due to the influence 

of nutrients. To determine which treatments were significantly different ( ~ ~ 0 . 0 5 )  

from each other, Fisher's Least Significant Difference (LSD) post-hoc test was used. 

Treatment rneans over the duration of nutrient addition were used in the anaiysis, 

Re peated measures ANOVA was used to analyze biolog ical variables (p hyto plankton, 

metaphyton, and periphyton chIo rophyll, zooplankton dry weight) and chernicai 

parameters that were expected to change with biological production (pH, alkalinity, 

and turbidity). Data were classified into "pre-insecticide" and "post-insecticide" 

groupings. The pre-insecticide data consisted of treatment means of data from the 

onset of nutrient addition to the day prior to insecticide application. Likewise, the 

post-insecticide data consisted of treatment means from the day of insecticide 



application to the end of the experiment. Data from 1998 was subject to two-way 

repeated measures ANOVA. Data from 1999 was analyzed using one-way repeated 

measures ANOVA because one of the treatment combinations (insecticide only) was 

eliminated from the experimental design. Part way through the 1999 experiment, the 

integrity of the enclosed water column in one of the control enclosures was found to 

have been compromised. I continued to sample from this enclosure, but have not 

included any of the data from that enclosure in this thesis. Therefore, n=3 for the 

wntrol treatment, n=4 for the nutrient treâtment, and n=4 for the combined treatment 

in 1999. 

Data from nutrient-diffusing assays were subject to two-way ANOVA to test 

the influence of N, P, and the interaction between N and P on experirnental parameters 

(chlorophyll, nutrient concentrations). Statistical analysis was perfomed using SYSTAT 

8.0 for Windows (SPSS 1 998) and SAS 8.0 (SAS lnstitute 2000). 



5 Results 

5.1 Year One (1998) 

Water chemistry in control encIosures closely resembled that of the insecticide 

enclosures with respect to ammonium-N, nitrate+nitrite-N, TRP, and SRS 

concentrations; similarly, the chernical characteristics of the two treatments receiving 

nutrients (nutrient and combined treatments) were parallel (Fig. 6). 

Ammonium-N levels were significantly different between treatments (one-way 

ANOVA F3,8=8.443, p=0.007). Post-hoc tests revealed that controi and insecticide 

enclosures (post-nutrient addition means were less than the detection limit in both 

treatments) were significantly different from combined (post-nutrient addition mean 

0.054 mgL) and nutrient (0.060 rngIL) enclosures, but not from each other. Nutrient 

and combined enclosures exhibited high levels of ammonium toward the end of summer 

(ca. 0.1 to 0.5 rng/L), whereas ammonium levels in control and insecticide enclosures 

remained near or below detection throughout the experirnent (Fig. 6A). 

Levels of nitratemitrite-N in the combined treatment enclosures rose steadily 

throughout the summer to Ca. 2.5 mg/L by mid-August, as expected due to periodic 

nutrient additions throughout the months of JuIy and August (Fig. 6B). The nutrient 

enclosures did not exhibit this trend, despite receiving nutrient loading equivalent to 

that of the combined treatment (maximum concentration ~1.0 mglL). The four 

treatments were significantly different from each other (F,,8=6.71 7, p=0.014) with 

respect to nitrate+nitrite-N concentration. Post-hoc cornparisons confinned that the 

combined treatment (post-nutrient addition mean 1.5 mgll) was significantly different 

from al! other treatments, and that nutrient enclosures (0.3 mgL) were not significantly 

different from the control or insecticide treatments, which were below detection 

throughout the experiment. 
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Figure 6. Ammonium-N (A), nitrate+nitrite-N (B), total reactive phosphorus (C), and 

soluble reactive silicon (D) concentrations (mglL; ISE; n=3) in enclosures in 1998 

(see Fig. 4 for treatment description). Nutrient addition began on 1 July (dotted lines); 

insecticide application took place on 22 July (arrows). 



TRP concentrations in cornbined and nutrient enclosures increased throughout 

the summer to Ca. 1.0 mg/L (Fig. 6C). TRP was significantly di#ferent between 

treatments (F3,8=35.559, pc0.001), and post-hoc tests revealed that al1 treatments 

were statistically different except the nutrient (post-nutrient addition mean 0.5 mg/L) 

and cornbined (mean 0.6 mgR) treatments. Interestingly, control enclosures exhibiteci 

significantly greater P levels (mean 0.14 mg/L) than the insecticide treatment (below 

detectio n). 

SRS in control enclosures remained stable and high (maximum concentration 

2.5 mglL) throughout the experiment (Fig. 6D). lmmediately after the first nutrient 

addition, levels of SRS in the nutrient and combined treatrnents declined from 1.5 mg/ 

L to below detection. SRS differed significantly between treatments (F3,=8.743, 

p=0.007). Control enclosures (mean 1.9 mg/L) differed significantly from nutrient 

(1 .O mgIL), insecticide (0.9 mg/L), and combined (0.7 mglL) treatments. 

Although ratios of total N to total P are the norm in ecological studies for 

determination of theoretical nutrient limitation, ratios of dissolved inorganic N (DIN) to 

dissolved inorganic P (DIP) are valuable in nutrient enrichment studies (Barica 1990). 

1 calculated DIN (ammonium-N + nitrate+nitrite-N) to DIP (approximated by total 

reactive phosphorus) ratios (Fig. 7 )  in the nutrient and combined treatments to estimate 

the relative availability of N and P to prïrnary producers. Levels of ammonium-N, 

nitrate+nitrite-N, and TRP were often below detection in enclosures that did not 

receive nutrients, precluding the calculation of a ratio in control and insecticide 

enclosures. Both nutrient and combined treatments exhibited ratios in the range of N 

limitation ( 4  5:1, Redfield 1958). Although the ratio in cornbined enclosures increased 

(to 8:l) during August, the ratio remained extremely low in the nutrient treatment 

throughout the summer. One-way ANOVA suggested that seasonal averages of N to 

P ratios in the cornbined treatment were not significantly different from those in the 

nutrient treatment. 
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Figure 7. Dissolved inorganic N to P ratios (DINDIP) in Delta Marsh, 1998 (ratio, 

ISE; n=3). Nutrients (N and P) were added beginning on 1 July at a 16:l molar ratio. 



Chlorpyrifos dissipated rapidly after addition (Fig. 8); values atone hour post- 

addition were near the nominal concentration of 10 pg/L. Within 7 days of addition, 

chlorpyrifos concentration had dropped to approximately 2 pg/L in al1 enclosures. 

Chlorpyrifos diçsipated from the water column with a first-order half-life of 39 hours 

(SE=8.8 hours; n=6), (Table 1). 

Water column pH in the four treatments diverged immediately after nutrient 

addition began (Fig. 9A), and was significantly affected by nutrient addition (two-way 

ANOVA F1,8=46.83, pc0.001). Control enclosures wsre characterized by pH ca. 8-9 

(post-nutrient addition mean 8.3) throughout the experiment. Insecticide enclosures 

diverged from control enclosures shortfy after chlorpyrifos application, increasing to 

a peak pH of 9.75 near the end of August. Main effects of chlorpynfos were not found 

to be significant (p>0.05), but the interaction between time (pre vs. post insecticide) 

and chlorpyrifos was significant (F,,8=22.49, p=0.002). The least squares mean of 

enclosures that received insecticide application was 8.4 prior to insecticide application 

and 9.4 post-application. Combined and putrient treatments exhibited very similar pH 

throughout the season, with maximum values greater than 9.5 in late July. 

Alkalinity also diverged alter nutrient addition began (Fig. 9B), although main 

effects of nutrients and insecticide were not significant (p0.05). Alkalinity in controls 

rose throughout July to C a .  300 mglL, and then dropped to 280 mg/L by mid-August 

(post-nutrient treatment mean 277 mgR). Nutrient and insecticide treatrnents exhibited 

lower alkalinity than controls (mean values 254 and 231 mglL respectively) during the 

period of nutrient enrichment. Insecticide enclosures demonstrated a large drop in 

alkalinity after chlorpyrifos addition (to 220 mglL), although the combined treatment 

did not. Time was significant in the analysis (F1,8=32.07, p~0.001). Combined 

enclosures (post-treatment mean 278 mg1L) maintained relatively high alkalinity 

throughout the experiment. closely following trends in the control treatment. 
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Figure 8. Chlorpyrifos concentration (pgIL; &SE; n=3) measured in the water column 

of experirnental enclosures in Delta Marsh, 1998. Chlorpynfos was added to enclosures 

on 22 July at a nominal concentration of 10 pgR. Samples taken prior to addition did 

not contain detectable levels of chlorpyrifos. 



Table 1. Dissipation rate of chlorpyrifos added to enclosures in 1998. Chlorpyrifos 

was added at a nominal concentration of 10 pg/L; dissipation folIowed first-order 

(exponential) kinetics. 

Treatment Replicate Half-life (hours) R2 

Insecticide 

Cornbined 



1 Jun 1 Jul 1 Aug 
1998 

1 Sep 

Figure 9. Water column pH (A) and alkalinity (B; mglL; S E ;  n=3) in experimental 

enclosures ai Delta Marsh in 1998. Nutrient addition began on 1 July (dotted line); 

chlorpyrifos application occurred on 22 July (arrow). 



Nutrient addition exerted a statistically significant effect on phytoplankton 

chlorophyll a (F,,=26.45, p<O.OOl); however, neither insecticide application nor the 

interaction between nutrients and insecticide produced a significant effect (p>0.05). 

ARer nutrient addition began on 1 July, phytoplankton biomass in the nutrient treatment 

increased from approximately 1 O vg/L to 250 pglL by the first week of August (Fig. 

10). This level of biornass was sustained until the end of the experiment. Phytoplankton 

ch1 a increased in combined treatment enclosures with nutrient addition, although not 

to the degree seen in nutrient enclosures (peak biornass of 100 pgR reached in early 

July). Phytoplankton ch1 a in insecticide enclosures (post-riutrient addition mean 12 

pglL) was similar to controls (1 6 pg/L), with low levels throughout the experiment. 

Time was not significant in this analysis (p>0.05). 

Macrophyte biomass in the control and insecticide treatments followed a fairiy 

typical seasonal trend of low biomass in the spring, followed by increasing biomass 

throughout the summer (maximum ca. 80 g/rn2) until senescence, which I observed in 

mid-September after the conclusion of the experiment (Fig. 11). Biomass in the 

treatrnents receiving nutrients rernained near O glm2 throughout the experiment. 

Macrophyte dry weight was significantly different between treatrnents (F3,8=9.991. 

p=0.004). Post-hoc comparisons confirmed that biomass in nutrient (post-nutrient 

addition mean 1.6 glm2) and combined (14.7 glm2) enclosures differed significantly 

from control(60.9 glm2) and insecticide (63.5 glm2) treatments and from each other. 

Macrophyte biomass in control and insecticide treatments did not differ significantly - 

from each other. 

Metaphyton developed in two of three combined enclosures in 1998. Presencel 

absence data indicate that metaphyton developed by 29 July in one enclosure. 

persisting until26 August; the other enclosure did not develop metaphyton until 19 

Aug ust. 
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Figure 1 O. Phfloplankton chlorophyll a (pg/L; &SE; n=3) in marsh enclosures in 1998. 

Nutrient addition began on 1 July (dotted line); chlorpyrifos application occurred on 22 

July (arrow). 
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Figure 11. Macrophyte biomass (glm2; S E ;  n 3 )  in experimental enclosures in Delta 

Marsh in 1998. Nutrient addition began on 1 July (dotted line); chlorpyrifos application 

occurred 22 July (arrow). 



5.2 Year Two (1 999) 

Ammonium-N levels differed significantly between treatments (F3,=38.204, 

pe0.001 ), with post-hoc tests indicating that nutrient and combined enclosures (post- 

nutrient addition means 0.18 mglL and 0.07 mg/L) were significantly diffferent from 

the control (below detection). Ammonium-N in nutrient enclosures peaked once in 

mid July (0.4 mg/L), dropped to c0.1 mg/L, then increased throughout August to 0.5 

rngfL. The combined treatment exhibited one peak in rnid-July (0.35 mgHL). Control 

Ievels of ammonium remained below detection throughout the experiment (Fig. 12A). 

Nitrate+nitrite-N concentrations in cornbined and nutrient enclosures increased 

steadilywith nutrient addition (Fig. 128); they reached 1 mglL by 1 July, 2 mgL by 1 

August, and 3 mg/L by the end of August. Nitrate+nitrite-N was significanfily different 

between treatments (F3,,=41.634, ~~0.001) ;  post-hoc comparisons revealed that 

the nutrient (post-nutrient addition mean 1.8 mgL) and combined (mean 2.5 mgR) 

treatments were significantly different from controls (mean 0.1 mg/L), although not 

from each other. 

TRP in cornbined and nutrient enclosures increased with nutrient addition until 

approximately 20 July, peaked at just over 1 mgR, then dropped off to 0.75 mgfL until 

the iast week of August, when TRP peaked again in the nutrient treatment (Fig. 12C). 

TRP differed between treatments (F,,=23 1 -423, p4l.00 1 ), again, post-hoc tests 

indicated that the nutrient (post-nutrient addition mean 0.8 mg/L) and combüned (mean 

0.6 rnglL) treatments differed significantly from the controls (below detedon limit), 

but not from each other. 

SUS levels did not differ significantly between treatments (p>0..05). There 

appeared to be a deciine in SRS concentrations in nutrient and combined -treatments 

immediately after nutrient addition; however, within three weeks they became 

indistinguishable from controls (Fig. 12D). 
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Figure 12. Ammonium-N (A), nitrate+niirite-N (B), total reactive phosphorus (C), and 

soluble reactive silicon (D) concentrations (mg l i ;  ISE) in marsh enclosures in 1999 

(see Fig. 5 for treatment description). Nutrient addition began on 21 June (dotted 

line); chlorpyrifos application occurred on 20 July (arrow). 



Ratios of DIN:DIP (Fig. 13) in the two treatments receiving nutrientç did not 

differ statistically (pz0.05). Both treatments were N-limited early in the experiment 

(ratio4 5). The nutrient enclosures continued to be strongly N-lirnited during August, 

whereas the ratio in the combined treatment increased slightly, approaching the 

theoretical threshold befween N- and P-limitation (>15). 

Water column pH diverged afier nutrient addition began on 21 June (Fig. 14A). 

Control pH remained low (8-9) relative to cornbined and nutrient treatments (r9). 

80th treatment and time had significant effects on pH (F,,~7.55, p=0.014; F,.;16.58, 

p=0.004 respectively), but the interaction was not significant. Alkalinity in control 

enclosures dropped throughout the experiment, from a maximum ca. 300 mglL to 

~ 2 4 0  m g L  (Fig. 148). Alkalinity in nutrient and combined treatments was higher than 

that of controls by the end of July; however, Alkalinity was not significantly affected 

by treatment or time (p>0.05). 

Phytoplankton chlorophyll increased immediately affer nutrient addition began 

on 21 June, to peaks of 237 pg/L in the nutrient treatment and 117 pg/L in the 

combined treatment (Fig. 15). Phytoplankton blooms in these enclosures had crashed 

by the end of July, stabilizing at <25 pg/L. Treatment had a statistically significant 

effect on phytoplankton chlorophyll (F,,8=10.01. p=0.007), as did time (F,,8=87.22, 

pc0.001) and the interaction between treatment and time (F2,=26.76, p<0.001). Ali 

treatment differences occurred prior to insecticide addition, with the addition of 

nutrients. However, a contrast of the least squares means indicated that during the 

post-insecticide time period, the combined treatment (post-insecticide mean 20 pg/ 

L) had significantly greater chlorophyll levels than the control(4 pglL) and nutrient (6 

pgfL) treatments (p=0.004 and 0.006, respectively). 

Turbidity levels in enclosures closely paralleled phytoplankton biomass over 

tirne. peaking at ca. 14 nephelometric turbidity units (NTU) during the second week 

of July (Fig. 16). Turbidity and phytoplankton chlorophyll were strongly correlated 
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Figure 13. Dissolved inorganic N to P ratios (D1N:DIP) in enclosures in Delta Manh, 

1999 (SE; n=4). Nutrients (N and P) were added beginning on 21 June at a 16:1 

molar ratio. 
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Figure 14. M'ater column pH (A) and alkalinw (B; mglL; ISE) in experimental enclo- 

sures at Delta Marsh in 1999. Nutrient addition began on 21 June (dotted line); 

chlorpyrifos application occurred on 20 July (arrow). 
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Figure 15. Phytoplankton chlorophyll a (pg/L; ISE) in experimental enclosures in Delta 

Marsh. 1999. Nutrient addition began on 21 June (dotted line); chlorpyrifos applica- 

tion occurred on 20 July (arrow). 
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Figure 16. Turbidity (NTU; +SE) in experimental enclosures in Delta Marsh, 1999. 

Nutrient addition began on 21 June (dotted line); chlorpyrifos application occurred on 

20 July (arrow). 



(r2=0.846, Appendix B). Observationai evidence also supports a strong relationship 

behnreen phytoplankton blooms and high turbidity levels, as enclosures characterized 

by algal blooms were noticeably turbid and appeared brown-green in colour. The 

dense algal growth lirnited light penetration during phytoplamkton blooms in nutrient 

and cornbined treatrnents; control enclosures remained clear, with visibility extended 

to the bottom sediments. Turbidity was significantly affected by treatrnent (F,,=7.24, 

p=0.016), with post-nutrient addition rneans of 3.9 NTU for the combined treatment, 

4.9 NTU for the nutrient treatment, and 2.5 NTU for the corntrol. 

The effect of treatrnent on periphyton chlorophyll was not significant (p>0.05). 

Post-nutrient addition means of periphyton chlorophyll a were 4.8 pg/cm2 in control, 

7.8 pg/cm2 in nutrient, and 10.1 pg/crn2 in combined treatments. There was a lag 

period between onset of nutrient addition and increased periphyton biomass in the 

cornbined and nutrient treatments (Fig. 17). Control enclosures exhibited sornewhat 

lower periphytic algal biomass than the nutrient or combined treatments during late 

surnmer. Time had a significant effect on periphyton (F,,=d3.32, p=0.020), as post- 

insecticide periphyton chlorophyll concentration was greater than pre-insecticide 

chlorophyll in al1 treatments. This was due to continual accrual of periphyton biornass, 

rather than application of the insecticide itself. Perip hyton and lp hyîoplankton chlorop hyll 

data were strongly correlated in control enclosures (r2=0.49), but the relationship 

was weaker in nutrient supplemented treatments (r2 values of cO.1 O in nutrient and 

combined treatments) (Fig. 18). 

Metaphyton was not present in the enclosures until the end of July, when 

floating mats of filamentous algae developed in the cornbined enclosures, and to a 

small degree, in controls (Fig. 19). Metaphyton chlorophyll a in combined enclosures 

reached a peak of 8 mglm2 in August, whereas controls developed less than 2 mg/ 

rn2. Percent cover of metaphyton followed a similar trend (Appendix C). Treatment, 

time, and their interaction had significant effeds on metaphyton chlorophyll (F,=I 0.53, 
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Figure 17. Periphyîon chlorophyll a (pgkm2; S E )  in experimental enclosures in Delta 

Marsh, 1999. Nutrient addition began on 21 June (dotted line); chlorpyrifos applica- 

tion took place on 20 July. 
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Figure 18. Regression of phytoplankion chlorophyll against periphyton chlorophyll in 

enclosures in Delta Marsh, 1999. Nutrients were added to the "nutrients" and "com- 

bined" treatments over 1 O weeks. 
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Figure 19. Metaphyton biomass (mglm2; ISE) in enclosures in Delta Marsh, 1999. 

Nutrient addition began on 21 June; chlorpyrifos application occurred on 20 July. 



p=0.006; F,,8=23.34, p=0.001; and f-,,=10.53, p=0.006 respectively). 

Macrophyte biomass in ail treatrnents followed a fairlytypical seasonal trend. 

Low biomass in the spring was followed by growth during July and August, to a 

maximum of Ca. 100 glm2 in controls during mid-August (Fig. 20). Macrophyte dry 

weight did not differ significantly between treatments (p10.05). Post-nutrient addition 

means were 40.3 mglm2 in control, 16.5 mg/m2 in nutrient, and 21.2 mg/m2 in combined 

treatments. 

Neither treatment nor time had significant effects on zooplankton dry weight 

(p0.05). The treatments followed similar patterns throughout the season (Appendix 

D). For example, al[ three treatments had approximately 0.5 mg/L dry weight in June; 

increased in July to near 1.3 mg/L; and remained at e l  .O mg1L for the rest of the 

season. Application of chlorpyrifos an 20 July did not produce a concomitant drop in 

zooplankton dry weig ht. Post-nutrient treatment means were 0.7 mg/L in control, 0.9 

mg/L in nutrient, and 0.7 mg/L in combined treatments. 

5.3 Nutrient Limitation Experiments 

Nitrogen debt expenments carried out in 4 998 indicate that enclosures that 

did not receive nutrient addition were N deficient (Table 2). Prier to onset of nutrient 

addition on 1 July, al1 four treatments exhibited N limitation, with values greater than 

0.15 pM Nlpg Chl a/24 hour. On ail sampling dates after 1 July, N did not limit the 

phytoplankton in nutrient and combined treatments, whereas control and insecticide 

enclosures for the most part were N deficient. These data contradict trends found in 

DI N to TRP ratios (Fig .7), which indicated that the combined and nutrient treatments 

were N limited. This discrepancy is due to methodological differences. The ratio of 

DIN:DIP is based on rneasurements of water column concentrations of N and P; or 

what is still available to be taken up by phytoplankton (after much had already been 

used for algal growth). Nitrogen debt determines the nutrient status of the 
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Figure 20. Macrophyte biomass (g/m2; ISE) in enclosures in Delta Marsh, 1999. 

Nutrient addition began on 21 June (dotted line); chlorpyrifos application occurred on 

20 July (arrow). 



Table 2. Nitrogen debt (PM NIpg Chl al24 hr; S E ;  n=3 except *n=2) in enclosures 

during 3 rnonths in 1998. A number greater than 0.15 VM N/pg Ch1 a/24 hr 

indicates severe N deficiency, shown in bold (Healey 1975). ANOVAs were 

perfomed separately for each date. Letters in superscript indicate significance: A 

is significantly different from B at pc0.05 (Fisher's LSD post-hoc test). Nutrients 

were added to "nutrients" and "cornbined" beginning on 1 July. 

Date 

Treatment 24 June 16 July 6 August 26 August 

Controi O- 5 9  0.204 

(0.14) (O. 12) 

Nutrients 0 . 3 f  0 . 0 1 ~  

(0.07) (0.0 1 ) 

Insecticide 0- 4 8  0 .07~  

(0 .05) (0.05) 

Combined O. 7& O.OO*~  

(0 -26) (0.00) 

0. 79*A 

(0.06) 

o.0oB 

(0.00) 

0.59'~ 

(O. 1 1) 

0 .12~  

(0.09) 



phytoplankton in each sample; therefore, samples taken during the period of nutrient 

addition would contain phytoplankton that were already N-satiated, and would be 

less likely to show deficiency in the nitrogen debt bioassay. 

Nitrogen debt expenments were repeated in 1999, and for the most part, al1 

treatments were N limited, even after nutrient addition began on 21 June (Table 3). 

Periphyton chlorophyll a on nutrient-diffusing substrata in 1998 was limited 

strongly by N (Table 4). At al1 levels of P, the mass of ch1 a that accumulated on the 

clay pots increased with N concentration (e.g., from 9.4 to 12.7 to 15.5 pg/cm2 in 

pots without P). Two-factor ANOVA indicated that chlorophyll a was strongly limited 

by N (F2,=3I .339, p<0.001), but not by P or the interaction between N and P 

(p>0.05). SRP concentrations in the algal sluny corresponded well with levels of P 

added to the clay pots (Table 5). Phosphorus was shown to have a statistically 

significant effect on SRP concentration (F2.,=7Z. 153, p<0.001), verifying that the 

clay pots were diffusing P throughout the expenment. 

Periphyton chlorophyll a in 1999 was CO-limited by N and P. The effects of 

nitrogen (F,=14.285. pc0.001). phosphorus (F2n10.973, pc0.001). and their 

interaction (F427=7.200, pc0.001) were significant (Table 6). At O moVL P, chlorophyll 

a increased with N concentration. However, ch1 a on pots with O N was greater than 

on pots with 0.05 N in both 0.05 and 0.5 rnol/L P treatments. Mean chlorophyll a on 

clay pots with O N and 0.05 mol P/L was anomously high at 30.9 pg/cm2 (Table 6). 

When I excluded the entire 0.05 mol P/L treatment from statistical analysis, results 

indicated that N remained significant (F2,,,=12.857, pc0.001), but that P did not in 

fact have a statistically significant effect on ch1 a (p>0.05). 

Nitrate+nitrite-N concentration in algal slurries was strongly infiuenced by N 

content of the clay pots (F,,=29.202, pc0.001). However, N levels frorn the 0.05 

moVL treatment are low compared to the O mol/L treatment (Table 7). The same 

trend was seen in TN (Table 8), with lower values in the 0.05 N treatment than the O 



Table 3. Nitrogen debt (PM N/pg Chl a124 hr; *SE; n=4 except *n=3) in enclosures 

during 3 months in 1999. A number greater than 0.1 5 pM N/pg Chl a/24 hr indicates 

severe N deficiency, shown in bold (Healey 1975). ANOVAs were perforrned sepa- 

rately for each date. Letters in superscript indicate significance: A is significantly 

different from B at pc0.05 (Fisher's LSD post-hoc test). Nutrients were added to 

"nutrients" and "combinedm beginning on 21 June. . 

Treatment Date 

Control 

N utrients O. 23A 0.01'~ 2.3p 

Combined O. 7@ 2- 53A O. 28A 



Table 4. Periphyton chlorophyll a (pg/cm2; f SE; n=4) that accumulated on nutrient- 

diffusing substrata with three concentrations of N and P in Delta Marsh, 1998. 

P (mol/L) Nitrogen (molll) 



Table 5. Soluble reactive phosphorus concentration (pglcm 2; SE; n=4) algal slumes 

from nutrient-diffusing substrats with three concentrations of N and P in Delta Marsh, 

Nitrogen (moVL) 

O 0.05 0.5 



Table 6. Periphyton chlorophyll a (pg/cm2; S E ;  n=4) that accumulated on nutrient- 

diffusing substrata with three concentrations of N and P in Delta Marsh, 1999. 

P (mol/L) Nitrogen (mol/L) 

O 0.05 0.5 



N treatment. Nitrogen did not have a significant effect on TN concentrations in slurries 

(p>0.05). Levels of SRP and TP were strongly influenced by P treatment (F,=46.69, 

p<0.001), p=0.000 and F,,=7.519. p=0.003, respectively), and again indicate good 

diffusion of P from clay pots (Table 9 and 10). TN:TP ratios (Table 13) ranged from 
- - *  

seven to twelve, indicative of N limitation (Redfield 1958). 



Table 7. Nitrate+nitnte nitrogen concentration (pg/cm2; S E ;  n=4) in algal slurries from 

nutrienidiffushg substrats with three concentrations of N and P in Delta Marsh, 1999. 

P (mol/L) Nitrogen (mol1L) 

O O .O5 0.5 

O 2.75 2.51 7.22 

(1 -72) (0.76) (3.38) 

0.05 2.68 0.10 3.48 

(0.73) (O. 1 O) (1 .OO) 

0.5 1.27 0.68 18.44 



Table 8. Total nitrogen concentration (pg/cm2; &SE; n=4) in algal slumes Rom nutrient- 

diffusing substrata with three concentrations of N and P in Delta Marsh, 1999. 

Nit rogen (molf L) 

O O .O5 0.5 



Table 9. Soluble reactive phosphorus concentration (pg/cm2; B E ;  n=4) in algal slumes 

from nutrient-diffusing substrata with three concentrations of N and P in Delta Marsh, 

1999. 

P (mol/L) Nitrogen (mol/L) 

1.82 3 .O8 2.47 

(0.44) (O. 93) (1.36) 

4.42 3.20 2.96 

(1 -35) (0.43) (0.20) 

1 1.64 10.19 1 O. 13 

(0.93) (0.33) (O .GO) 



Table 10. Total phosphorus concentration (pglcm2; ISE; n=4) in algal slurrïes from 

nutrientdiffusing substraia with three concentrations of N and P in Delta Marsh, 1999. 

Nitrogen (mol/L) 

O 0.05 0.5 



Table 1 1. Ratio of TN to TP (&SE; n=4) in algal slurries from nutrientdiffusing substrata 

with three concentrations of N and P in Delta Marsh, 1999. 

P (mol/L) Nitrogen (mollL) 

O 0.05 0.5 



6 Discussion 

6.1 Enclosures 

6.1. i Year One (1998) 

The addition of nitrogen and phosphorus to enclosures in Delta Marsh elicited 

a positive growth response by phytoplankton; chlorophyll levels in both nutrient and 

combined treatments were greater than levels in control and insecticide treatrnents 

(Fig. 10). 1 had hypothesized that nutrient addition alone would not necessarily result 

in an increase in algal biomass (measured here as chlorophyll a concentration) if top- 

down control by grazers kept biornass low. Top-down control in these enclosures 

may be important. but the high loading rate of nitrogen and phosphorus (19.8 glm N 

and 2.6 g/m2 P) pro ba bly caused p hytoplankton productivity to outstrip grazing 

pressure. 

Phytoplankton did not respond to insecticide alone, contradicting rny second 

hypothesis that chlorpyrifos application would remove grazing pressure, thus relieving 

top-down controls on algal biomass sufficiently to cause an increase in biornass- A 

similar result was found in a previous experiment in this system in 1997 (North and 

Goldsborough 1998). Zrum and Hann (1998) showed that calanoid copepods 

rebounded quickly following chlorpyiifos application in that experiment They postulated 

that, since calanoid copepods have the ability to filter-feed srnall phytoplankton, 

grazing pressure was not completely eliminated by chlorpyrifos in q997. It is reasonable 

to assume that a similar restructuring of the herbivorous zooplankton comrnunity 

occurred in 1998, although forthcoming results (Zrum and Hann unpublehed data) 

may show otherwise. The presence of fish in the enclosures may also have mitigated 

a response by phytoplankton to chlorpyrifos application. Minnows were caught in 

both years in al1 enclosures (Appendix A); I also observed young-of-the-year (YOY) 



fish that were large enough to be visible, but too srnall to be caught in the minnow 

traps. This indicates that fish were likely exerüng topdown control on zoopiankton in 

al1 treatments; therefore, the addition of chlorpyrifos rnay not have had an impact 

simply because herbivorous zooplankton were already maintained at low densities. 

Two-way repeated measures ANOVA suggests that the interaction between nutrients 

and insecticide was not significant (p~0.05); thus. my hypothesis that the combination 

of nutrients and reduced grazing pressure (via insecticide application) would lead to 

greater algal biomass than nutrients or insecticide alone was not supported. 

Macrophyte dry weight in control and insecticide treatrnents was significantly 

greater than that of either the nutrient or combined enclosures (Fig. I I ) .  There are 

two possible explanations for this phenornenon. Phytoplankton probably out-cornpeted 

rnacrophytes for nutrients in the first weeks of experirnental nutrient loading, as their 

presence in the upper water column allowed them access to dissolved nutrients 

(Balls et al. 1989; Sand-Jensen and Borum 1991 ). This rnay not have caused nutrient- 

limiting conditions for rooted rnacrophytes because they have access to a large pool 

of nutrients in the sediments. Alternatively, the mechanisms influencing alternative 

stables states rnay have been a factor (cf. Scheffer et al. 1993). 1 observed high 

turbidity in the enclosures that developed phytoplankton blooms. P hytoplankton reduced 

light penetration (obseivational evidence) in those enclosures to such a degree that 

macrophyte germination rnay have been lig ht-limited. 

Peaks of ammonium-N occurred in the nutrient and combined treatments in 

August 1998 (Fig. 6A). Those peaks rnay have been related to rapid turnover of 

phytoplankton. Ammonium-N is an end product of the decomposition of organic matter 

by bacteria (Wetzel 1983); therefore. as phytoplankton death accelerated toward 

the end of the growing season, more ammonium in the water column rnay have 

resulted. An alternate explanation for peaks of ammonium-N seen in these two 

treatrnents is that the continual addition of nitrogen (as nitrate-N) could have been 



reduced to ammonium-N under low oxygen conditions. If algal decomposition was 

occurrhg, the use of oxygen in the decomposition of organic matter would result in 

low net oxygen levels during night, when photosynthesis (and hence, production of 

oxygen) would be inactive. Ammonium levels would therefore stiII be high in the 

morning, prior to maximum photosynthesis, when al1 water chernistry samples were 

collected. These are possible explanations for peaks of ammonium-N obsewed in 

enclosures receiving nutrients; however, 1 is difficult to establish a cause and effect 

relationship. 

High levels of ammonium-N in combined and nutrient treatrnents may have had 

negative effects on prirnary and secondary consumers in the enclosures. Ammonium 

exists in aquatic systerns as dissociated NH,+ and un-dissociated NH,OH. The un- 

dissociated form is highly toxic to animals, especially fish (Wetzel1983). At pH > 9.5, 

the ratio of NH; to NH,OH increases from 303 to 1 :1. Average pH in both treatrnents 

during the month of August was between 9.4 and 9.5; therefore, the toxic form of 

ammonia could have been readily available. 

Levels of nitrate+nitrite-N in the nutrient treatrnent were much lower than 

levels in the combined treatment, despite equivalent nutrient loading (Fig. 66). This 

may have been due to rapid uptake of added nitrate-N by large numbers of 

phytoplankters in the nutrient treatment. Phytoplankton blooms persisted throughout 

the experiment, in response to continual nutrient input (Fig. IO), to a greater degree 

in nutrient than combined treatments. The input molar N P  ratio (16:1) was in the 

range of nitrogen limitation (Redfield 1958). In fact, the low ratios of D1N:DIP that 

were measured in the water column (Le. c10:I) indicate nitrogen limitation in the 

enclosures receiving nutrients; hence, phytoplankton would have been taking up 

nitrogen as it became available (Fig. 7). This may also have been the case in the 

combined treatment. but to a lesser degree due to fewer phytoplankton. 

TRP in both treatments receiving nutrients increased throughout the season 



as expected (Fig. 6C). Phosphorus was not likely limiting iin this system; hence, it 

accumulated in the water column. Interestingly, levels of TRP in the control treatment 

were significantly higher (peO.05) than levels in the insecticide treatment, diverging 

aRer insecticide application. This may be due to increased density of a species of 

herbivore that sequesters P, or due to the elimination o f  a species of herbivore 

efficient at recycling phosphorus. The role of zooplankton in pelagic nutrient cycling 

via excretion, egestion, and sloppy feeding is well estabfished (Lehman 1 984; Stemer 

1990; Rothhaupt 1997). Zooplankton recycle nutrients at di-fferent ratios depending 

on their internai stoichiornetries (Stemer 1990); in fact, research has shown that 

rates of P recycling in particular are species-specific. Cladoccerans such as Daphnia 

spp. rnaintain relatively high phosphorus content; thus, their high requirements for P 

cause them to recycle more N than P. Species-specific nutrient recycling would 

therefore influence nutrient concentrations measured in the enclosures. 

SRS concentration in nutrient and combined treatmernts declined immediately 

after nutrient addition began (Fig. 6D). This was due to rapid uptake of available 

silicon by diatoms, which constituted a large component (between 30 and 60 percent) 

of the phytoplankton blooms that developed with the onset O-f nutrient addition (Table 

12). Observational evidence also indicated that diatorns were a major component of 

the phytoplankton bblooms. as water in enclosures with high ~hlorophyll a values was 

brown-green in colour. 

Water colurnn pH increased throughout the period OF nutrient addition in both 

nutrient and combined treatments. This is an off-cited result of uptake of CO, for 

primary production, and the resulting shift in carbonate equilibria (Wetzel1983). The 

increase in pH in the insecticide treatment immediately after insecticide application 

suggests high algal production, which may be a secondary impact of chlorpyrifos 

(through reduced grazing pressure). Since chlorophyll a levels do not support this 

argument, it is possible that a herbivore resistant to chlorpyrifos rebounded quickly 



Table 12. Phytoplankton species composition ofwater colurnn sarnples collected one 

week after the initiation of nutrient enrichment in 1998. 

Treatment %Diatoms %Greens %Bluegreens 
-- 

Nutrients Replicate a 59 

Replicate b 31 

Combined Replicate a 61 

Replicate b 44 



from the impacts of the insecticide, and grazed the phytoplankton before it had a 

chance to accurnulate as biomass. The rapid recovery of calanoid copepods after 

chlorpyrifos application in this same experirnental system in 1997 (Zrum and Hann 

1998; Zrurn etal. 2000) and in other experiments (Van Donk et a/. 1995) indicates the 

potential for calanoid copepods to have recovered in 1998 as well. 

6.4.2 YearTwo(i999) 

Phytoplankton chlorophyll a in nutrient and combined treatments exhibited a 

rapid response to the onset of nutrient addition (Fig. 15), peaking at levels similar to 

those of the 1998 experiment. Chlorophyll quickly dropped off in both treatments and 

by the end of July was near that of the control(e25 pglL). This may have occurred 

due to increased cornpetition for nutrients by periphytic algae. Periphyton chlorophyll 

a levels in the nutrient and combined treatrnents rernained low during the phytoplankton 

bloorns, but peaked after the phytoplankton bloom crashed (Fig. 17). Periphyton 

likely began to out-compete phytoplankton for nutrients, leading to its decline in 

abundance. Regression analysis showed that periphyton and phytoplankton chlorophyll 

were negatively correlated (r2=0.49). A cause-effect relationship cannot be 

dernonstrated by this data. As an alternative explanation, the increased Iight penetration 

that would have resulted from phytoplankton die-back rnay have lead to increased 

periphyton abundance if they were Iirnited by light availability. This may be the more 

plausible explanation, as phytoplankton are thought to be successful wmpetitors due 

to their small size and optimal surface area to volume ratios (G. G. C. Robinson, 

personal communication). 

My hypothesis that the combined effects of nutrients and insecticide on algal 

abundance would be greater than the effects in either treatrnent alone was not 

strongly supported in 1999. Time was significant (p<0.001) in the analysis: mean 

pre-insecticide chIorophyll concentration across al1 treatments was greater than mean 



post-insecticide chlorophyll concentration. It is difficult to say what caused this decline, 

as stated in the previous paragraph. Although post-insecticide levels of phytoplankton 

chlorophyll a in the combined treatment were shown to be significantly greater than 

those of the nutrient and control treatments by contrasts of least squares means, I 

cannot conclude that the combination of nutrients and insecticide had a greater impact 

on algal abundance than nutrients alone, since the phytoplankton bloom that had 

resulted from early nutrient addition crashed before insecticide addition occurred. 

The increase in combined chlorophyll concentration may be a residual effect of nutrient' 

addition, or could be due to the application of chlorpyrifos. Periphyton chlorophyll did 

not differ significantly between treatments; thus, no effect of nutrients, or the 

combination of nutrients and chlorpyrifos, could be demonstrated. 

Macrophyte dry weight did not differ significantly between treatments in 1999 

(Fig. 20). There was a trend toward greater dry weight in the controls by the end of 

August; additionally, post-treatrnent mean dry weight was twice as great in controls 

versus other treatments. The short-lived phytoplankton blooms, and corresponding 

turbidity maxima (Fig. 16) may therefore have had a small impact on macrophyte 

germination in the nutrient and combined treatments. 

Zooplankton dry weight did not show differences in grazer densities between 

treatments, despite its use in other studies to demonstrate treatment effects 

(Blumenshine et al. 1997; Budy et al. 1998). This may be due to the short terni and 

selective effects of chlorpyrifos on arthropod grazers (Zrum and Hann 1998); if 

calanoid copepods rebounded soon atter chlorpyrifos application, a change in total 

community biornass may not have been demonstrated. 

Levels of ammonium-N in nutrient and combined treatments peaked in mid- 

July (Fig. 124. This occurred around the same time as the peak of phfloplankton 

blooms (Fig. 15); therefore, rapid turnover followed by decomposition of algal cells 

likely lead to high ammonium-N concentrations as in 7998. The increase in ammonium- 



N and nitrate+nitrite-N in the nutrient treatment throughout August may have 

corresponded to macrophyte senescence. Landers (1 982) noted that peaks of nitrate- 

N and ammonium-N occurred with decomposition of Myriophyllum spkatum in an 

Indiana reservoir; ammonium-N was the first species to be released, followed by 

nitrate4 after denitrification. Alfhough senescence of macrophytes was not quanüfied 

in this experiment, I observed changes in rnacrophytes in nuuient-enriched enclosures, 

which led me to believe that senescence was occurring: dieback and wllapse of the 

dense rnacrophyte stands, and changes in colouration from green to brown. 

Both nitrate+nitrite-N and TRP concentrations increased in the combined and 

nutrient treatments throughout the period of nutrient addition (Fig. 12B, 12C). The 

decline in TRP during late July (Fig. 12C) may be due to increased uptake of 

phosphorus by periphyton during that time, as periphyton chlorophyll peaked in eariy 

August, indicating that growth (and therefore nutrient uptake) would have been 

occurring rapidly during this time (Fig. 17). 

Levels of SRS declined with the onset of nutrient addition (Fig. 12D) in nutrient 

and combined treatments. Rapid uptake of silica in these treatments would have 

occurred if diatoms were a major component of the phytoplankton assemblage that 

ocurred after nutrient addition. There were no samples preserved in 1 999 to confirm 

this assertion; however, it is possible that phytoplankton species composition affer 

nutrient addition was similar to that of 1998 (Table 12). SRS levels rebounded by the 

second week of July, prior to the crash in phytoplankton chlorophyll a. This could 

have been due to interna1 recycling of silica from sediment interstitial waters (Wetzel 

1983), which occurs continuously due to slow exchange between the sediment and 

overlying water. Alternativeiy, the rapid disappearance of silica from the water column 

would have caused diatoms to become silica-deficient, and hence, resulted in a shift 

in species composition to types of algae that do not require silica for growth (e.g. 

green algae or cyanobacteria). Wetzel (1983) states that diatoms may be out- 



competed by other foms of algae below silica levels of 5.0 mglL; maximum SRS 

concentration in the enclosures was 3.0 mg/L throughout the experiment. 

As in 1998, pH in nutrient and combined treatments was greater than in mntrols 

(Fig. 14A). This waç again due to the shift in carbonate equilibria resulting from 

primary productivity (Wetzel 1983). Water column pH in al1 treatments increased 

throughout the season due to enclosure effects (Goldsborough and Hann 1996). 

Water fiow between the Blind Channel and the enclosures was prevented; hence, a 

finite arnount of dissolved carbon was available to the primary producers in the 

enclosures. Carbon would only be replenished slowly through atmospheric dissolution 

(Wetzel 1983). leading to a gradua1 decrease in alkaliniiy and an increase in pH 

throughout the season (Fig. 14A). 

6.1.3 Summary of Enclosure Resulfs 

Phyioplankton abundance (measured as chlorophyll a) increased in response 

to nutrient addition in both 1998 and 1999. The magnitude of response was similar in 

both years; however, the duration of phytoplankton blooms differed. Chlorophylt 

levels were sustained at 250 pg/L in the nutrient treatment throughout the experirnent 

in 1998; levels in 1999 peaked at 225 pglL in early July, but declined rapidly to low 

Ievels (~25 pg/L) for the remainder of the experiment. I had hypothesized that nutrient 

addition might not cause phytoplankton biomass to increase, if top-down control by 

zooplankton was effective in grazing algae. However, at the levels of nutrients added 

in this experiment (20 g Nlm2 and 3 g P/m2), phytoplankton production was able to 

outstrip grazing pressure, and biornass increased in response to nutrient addition. 

My second hypothesis was not supported. 1 thought that in response to 

chlorpyrifos application grazer density would be reduced sufficiently to relieve grazing 

pressure on algae, thus resulüng in increased algal biomass. I did not detect a 

response to chlorpyrifos by phytoplankton in 1998. Coupled with a similar response 



found by North and Goldsborough (1998), 1 conclude that the topdown control of 

phytoplankon by zooplankton in Delta Marsh was either a) ineffective or b) not 

influenced by the insecticide chlorpyrifos. There is some evidence of greater 

phytoplankton chlorophyll a in the combined treatment after insecticide application in 

1999, but it is difficult to conclude that this was due solely to insecticide, and not a 

residua! effect of nutrient addition. 

I had hypothesized that the combination of both nutrients and insecticide would 

result in greater algai biomass than either perturbation alone. Results from 1998 

contradict this hypothesis, as the interaction between nutrients and insecticide was 

not significant. The trends in -99 were ambiguous; although "treatment" was a 

significant factor, an incompfete experimental design prevented me from truly 

determining ifthe interaction between nutrients and insecticide had a significant impact 

on phytoplankton abundance. This indicates to me that algal growth in these enclosures 

was strongly regulated by bottom-up factors, but not by top-down effects of 

zooplankton. 

The development of floating mats of metaphyton in the combined treatment 

during both 1998 and 1999 is interesting. Since the addition of N and P in the absence 

of chlorpyrifos did not lead to metaphyton developrnent, chlorpyrifos application may 

be indirectly infiuencing the growth of this communtty. Laboratory tests by Van Donk 

etal. (1 992) showed that the carrier substances in DursbanTM 4E positively influenced 

the growth of green algae. 1 used LorsbanTM 4E in this study; however, since DowElanco 

manufactures both products. it is likely that their carrier substances are similar. If this 

is the case, the application of LorsbanTM 4E to the experimental enclosures may have 

indirectly enhanced the growth of green algae that developed into profuse mats of 

rnetaphyton. Addiüonally, I observed dead macroinvertebrates fioating on the water 

surface after insecticide application. If these animals belonged to functional feeding 

groups such as gatherers or shredders. they rnay have been grazing on filamentous 



epiphyton, which form the physiognomic overstory layer in periphyton communities 

(Steinman 1996). Once relieved from grau'ng, the filamentous epiphytes could becorne 

profuse, eventually detaching ta forrn metaphyton. No data were collected on 

macroinvertebrate responses to chlorpyrifos application, so 1 cannot evaluate these 

hy potheses. 

6.2 Nutrient Limitation Expeïhents 

Results from nitrogen debt experiments indicate that phytoplankton in enclosures 

not supplemented with nutrients were nitrogen-limited throughout the experiment 

(Tables 2 and 3). Additionally, nutrient-supplemented enclosures in 1999 were also 

N-limited (Table 3). These results are reinforced by ratios of DIN:DIP in the enclosures 

in 1999 (Fig. 13). which also indicated that nitrogen levels in the enclosures were in 

the range of limitation (415). Although N and P were added at high loading rates. 

nitrogen was rapidly taken up for algal growth. 

Nutrient-diffusing assays were conducted in 1998 and 1999 to determine the 

degree of nutrient-limitation of periphytic algae at the study site (Blind Channel). 

Periphyton chlorophyll a on nutrient-diffusing clay pots wasstrongly limited by N in 

the 1998 experiment (Table 4), and in the 1999 experiment when outliers were excluded 

from analysis. 1 conclude, therefo re, that N was strongly limiting of periphyton Chl a 

in both years, and that P did not have a strong effect on periphyton in Blind Channel. 

Nitrate+nitrite-nitrogen concentration in the algal slurries from clay pots also 

support this conclusion, as nitrate concentrations in the 0.05 mol NIL treatment were 

not significantly greater than concentrations in the O N treatment (p>0.05). I suspect 

that because N was Iimiting to perüphyton in the algal slurries, it was taken up rapidly 

as it diffused out of the clay pots. Hence, nitrate levels in the 0.05 mol NIL slurries 

were not elevated over those in the O N slurries. The significantly larger (pc0.001 for 

cornparisons with both O N and 0.i05 mol NIL) nitrate concentrations in slurries from 



the 0.5 mol M clay pots occurred because N was available well in excess of periphyton 

needs. Based on this reasoning, I also conclude that P was nota limiting nutrient to 

periphyton on the clay pots. Levels of SRP in the algal slurries from these pots 

increased significantly (pcO.001) with P added (Table 9). If periphyton were P-limited, 

it is Iikely that they would have taken up the P as it diffused from the clay-pot, leaving 

little SRP to be measured in the slurry. As P was released from the pot, it diffused 

through the algal matrix to the surrounding water. Any SRP in the algal slurries was 

due to either lysing of algal cells during sarnpling and analysis or P adsorbed to the 

outside surfaces of algal cells. 

I conclude that nitrogen is the limiting nutrient for periphytic algai growth in the 

Blind Channel of Deita Marsh. Nitrogen also appears to limit phytoplankton growth in 

enclosures in Delta Marsh. Hooper-Reid and Robinson (1 978) found that benthic 

algae in a srnall pond in Delta Marsh were lirnited by N periodicalfy throughout the 

growing season. 

6.3 Application of Food Web Models 

6.3.4 Four Stable State Modelof WetlandAlgae 

My hypotheses were based on Goldsborough and Robinson's (1996) mode1 

of four wetland stable states. Based on the premise that the northern end of Blind 

Channel in Delta Marsh is characterized by epiphyton dominance, I had thought that 

the elimination of herbivory via chlorpyrifos application combined with nutrient 

enrichment would lead to the development of the lake marsh state dominated by 

phytoplankton in experimental enclosures. Instead, it seerns that the sheltered marsh, 

characterized by rn&phyton, developed in responçe to nvtrients and insecticide. In 

retrospect, this seems the more plausible result, as the enclosure complex maintained 

a stable water column (Fig. l ) ,  thus providing ideal conditions for metaphyton 



development. 

The switch from epiphyton to phytoplankton dominance (Fig. 1 ) was facilitated 

in this experiment by nutrient enrichment. Attempts to eliminate herbivory did not 

influence phytoplankton standing crop. This implies that algal production in the 

enclosures, and possibly in Delta Marsh as a whole, may not be consumer-controlled; 

in other words, top-down impacts of zooplankton grazing do not influence phytoplankton 

standing crop. 

6.3. 5 Two Alternative Equiiibria in Shallo w Lakes 

Many researchers have accepted the existence of two alternative stable states 

in shallow lakes (Scheffer et al. 1993). In fact, the effect of phytoplankton-induced 

turbidity on light levels, and hence, macrophyte germination and growth, was seen in 

this experirnent. Although it is difficuft to esiablish a cause-effect relationship between 

high phytoplankton biomass and Iow macrophyte abundance in the enclosures, it is 

reasonable to assume that the theory of alternative stable states is applicable here. 

However, I betieve that the mode1 is too simple for complex ecosystems such as 

freshwater wetlands. Benthic algae are not even mentioned by Scheffer et al. (1 993), 

nor do many other researchers (e.g., Balls e t  al. 1989; Romo et al. 1996) consider 

them. Wetlands are characterized by diverse algal assemblages; thus. ignoring the 

contributions of metaphyton, epiphyton. and sediment-associated algae to primary 

production results in misleading conclusions. 

6.3.6 BU:TD Theory 

The BU:TD theory (McQueen et al. 1986) of the abundance of organisms in 

pelagic food webs predicts that, in eutrophic lakes. top-down effects are strong at 

the top of the food web, but dampen at the zooplankton-phytoplankton link. In 

oligotrophic lakes, however, topdown effects are not strongly buffered, so zooplankton 



will have a significant effed on phytoplankton standing crop. I found that manipulation 

of zooplanidon in nment-rich endosures in Delta Marsh did not infiuenœ phytoplankton 

biomass. Nutrient-enriched treatments showed increased phytoplankton standing 

crop regardless of top-down manipulations. This irnplies that Delta Marsh is typical 

of eutrophic systerns, with a strong producer-controlléd food web. 

6.4 Management Implications for Delta Manh 

The impacts of short-term, intense nutrient enrichment on primary producers 

(algae and macrophytes) were demonstrated in these mesocosm experiments. It is 

possible that changes to the base of the food web in Delta Marsh may also occur in 

response to long-term, diffuse nutrient enrichment via agricultural runoff. My results 

support the mode1 proposed by Goldsborough and Robinson (1996), in that areas of 

Delta Marsh that are currently in the open marsh, epiphyton-dominant state rnay 

evolve towards the phytoplanktondominant, lake marsh state wÏth nutrient enrichment 

(Fig. 1). This would have a damaging effect on ecosystern support in Delta Marsh. 

Macrophytes provide habitat and shelter for fish fry and small invertebrates that fish 

and waterfowl eat (Tirnms and Moss 1984; Swanson and Duebbert 1989; Stansfield 

et al. 1997). With the disappearance of macrophytes, fish and waterfowl will indirectly 

be impacted as their habitat and their food source deteriorates. Delta Marsh is 

important as a spawning and feeding ground for many species of fish because it is 

connected to Lake Manitoba (Kiers and Ham 1995; Goodyear 1996; Wrubleski 

1998); therefore, any changes to ecosystern structure in Delta Marsh may negatively 

influence the Lake Manitoba fishery, as well as waterfowl production. 

Both periphyton and phytoplankton at the study site were nitrogen-limited 

(Tables 2,3,4, and 6). Although it is widely accepted that many North American lakes 

are P-limited, support for P-limitation in wetlands has not been demonstrated 



conclusively (Goldsboroug h and Robinson 1 996). N:P ratios in many North American 

wetlands are in the range of N-limitation (Table 13). and my findings support these 

data. Hence, the Blind Channel, and perhaps Delta Manh as a whole, may be 

susceptible to nutrient input in the f o m  of nitrogen fertilizers from adjacent agricultural 

land. 



Table 13. Nitrogen : phosphorus ratios of temperate freshwater wetlands. Adopted 

frorn Goldsboroug h and Robinson (1 996). 

N:P Location Reference (in Goldsborough and 
Robinson 1996) 

1-23 Michigan (bogs, fens, rnarshes, Henebry and Cairns (1 984) 
and swamps) 

7 Minnesota (prairie pothole) Haertel(1976) 

9-27 Manitoba (Erickson potholes) Barica (1 990) 

11 Manitoba (Delta Marsh) L. G. Goldsborough (unpubl.) 

11 Manitoba (Delta Marsh) Kadlec (1 986) 

13 Iowa (prairie pothoie) Carper and Bachmann (1984) 

18-34 Minnesota (prairie pothole) Hanson and Butler (1 994) 



Conclusions 

I examined the impacts of nutrient addition and chlorpyrifos application on 

algal assemblages in enclosures in the Blind Channel of Delta Marsh, Manitoba. 

The addition of nutrients caused increased phytoplankton abundance, indirectly 

caused decreased macrophyte abundance, and did not affect periphyton biomass. 

Chlorpyrifos did not elicit any measurable, indirect effects on phytoplankton or pe- 

riphyton. Metaphyton developed in enclosures that received both nutrients and 

insecticide. 

Based on these findings, I conclude that algal assemblages within enclo- 

sures were not affected by consumer controls (i.e., grazing). Algal biomass was 

strongly limited by bottom-up forces. If these results can be generalized to marshes 

as a whole, they irnply that the Delta Marsh food web is an example of a system in 

which producers regulate ecosystem structure. 

Further experimentation is necessary to validate these conclusions. My hy- 

pothesis that algal abundance would increase in response to the indirect effects of 

chlorpyrifos was not supported. Although I concluded that top-down control rnust 

therefore not be important in regulating algal biomass in Delta Marsh, there are 

other possible explanations for this result. Chlorpyrifos rnay not have actually re- 

duced densities of herbivorous zooplankton due to its selective and short-term 

characteristics. Zrum (in prep.) may help to resolve this question, although prelirni- 

nary evidence of the ability of calanoid copepods to rebound quickly from chlorpyrifos 

application does support this explanation. Additionally, fish were present in al[ en- 

closures, despite our attempts to remove them. They would have been exerting 

strong top-down pressure on herbivorous zooplankton (Timms and Moss W84; 

Sandilands and Hann 1998). so the addition of chlorpyrifos would not have re- 

duced zooplankton densities any further. 



In conclusion, 1 predict that Delta Marsh. Manitoba is susceptible to nutrient 

inputs from the surrounding agricultural land. Although many people are under the 

impression that wetlands are inexhaustible filters for pollutants, I believe that con- 

tinual nutrient enrichment of this wetland will evoke irreparable changes to the 

base of the food web. A shift away from macrophytes and epiphyton to phytoplank- 

ton dominance will negatively impact the ability of Delta Marsh to sustain i t ç  upper 

trophic levels (fish and waterfowl). 
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9 Appendices 
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Appendix A. Total number of fish (SE) sarnpled without replacernent (using rninnow 

traps) over each week of the experiment at Delta Marsh in 1998 and 1999. 
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Appendix B. Chlorophyll a versus turbidity in Delta Marsh enclosures in 1999. 
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Appendix C. Percent cover of metaphyton in enclosures in Delta Marsh 1999 (ISE). 
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Appendix D. Zooplankton dry weight (mglL; S E )  in control, nutrient addition (NP), 

and combined (NP + chlorpyrifos) treatment enclosures in Delta Marsh, 1999. 

Nutrient addition began on 21 June (dotted line); chlorpyrifos application occurred 

on 20 July (arrow). 




