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ABSTRACT 

Carbon, climate, and water are intertwined with global environmental changes attributable to hu

man activities. Expanding our understanding of the biogeochemical pathways of carbon will help 

determine how these changes are propagated among ecosystems. Meanwhile, long-term records 

provide a reference point for the impacts of climate change on ecosystems. This dissertation fo

cuses on two related topics: the movement of carbon among ecosystems and the influence of 

climatic variability on aquatic organisms. 

Aquatic ecosystems present a potential pathway for carbon to the atmosphere. Many lakes respire 

more carbon than they produce. This suggests they are subsidized by external carbon inputs, 

thereby coupling the biogeochemical cycle in lakes to both local and remote ecosystems. Chapter 

1 describes the drivers of inputs of particulate organic carbon to a remote, forested lake. The flux 

of these inputs was significantly influenced by episodic storm events, conditions that are expected 

to increase as a consequence of global warming. 

Chapter 2 expands the study of carbon subsidies to lakes to the landscape level. Small lakes 

were expected to receive proportionately more carbon than larger lakes, due to the proximity of 

the lake surface to shoreline sources of carbon. While smaller lakes did receive higher inputs 

of carbon, nearshore deposition was higher in larger lakes. This was attributed to differences in 

shoreline vegetation. Particulate carbon deposition was constant across the entire lake surface, 

which suggests a link between the carbon pool in lakes and atmospheric carbon sources. 

The long-term reduction in ice cover on lakes is a readily observable change attributable to climate. 

Ice-off is occurring sooner and advancing the onset of spring. High inter-annual variability in 

ice-off can be used to explore historic responses to climate by aquatic organisms. Zooplankton 
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density increased significantly during years with early ice-off in five northern temperate lakes. The 

correlation was most pronounced for large-bodied herbivorous zooplankton that can capitalize on 

favorable vernal conditions for growth. This pattern could not be generalized to other sites in the 

Laurentian Great Lakes region. 



1 

0.1 Introduction 

Carbon, climate, and water are featured prominently in the global discussion of human impacts 

on the environment. Unequivocal changes to climate are attributable to human activities, with very 

high confidence (IPCC 2007). Carbon and climate are strongly intertwined: anthropogenic green

house gas emissions, including atmospheric carbon, are primarily responsible for global increases 

in temperature. Climate change is compounded by knowledge gaps in our observations and the 

difficulty in modeling systems in transition (Bates 2008). In a world sculpted by human enterprise, 

it is increasingly difficult to identify baseline conditions against which to measure change. The 

research presented in this thesis was conducted in remote forested watersheds, in the hopes of gen

erating insight into baseline conditions. This dissertation is a modest contribution to the body of 

research on carbon cycling and the responses of aquatic organisms to climatic variability. 

Carbon is the backbone of organic life. The origins of the word—derived from the word for 

coal—evoke the value and perception of the element. Hydrocarbons fuel our civilization. This 

dependence has resulted in accumulations of anthropogenic carbon in the atmosphere, which are 

trapping thermal energy and driving increases in global temperature. It is critical to understand the 

movement of carbon in order to devise strategies for reducing or reversing the build-up of these 

greenhouse gases. Sequestration of carbon in forests has been heralded as part of the solution; how

ever, it is increasingly apparent that the direction of carbon pathways are dependent on ecosystem 

processes and bear the legacy of human activity. Lakes respire carbon to the atmosphere, in some 

cases respiring more carbon than is produced internally. This implies that lakes are subsidized by 

external sources of carbon. Indeed, carbon of terrestrial origin, can be found in aquatic organisms. 

In this dissertation I describe pathways for carbon into lakes. In Chapter 1,1 collected airborne par

ticulate deposition on a lake surface to identify the drivers of externally-produced (allochthonous) 

carbon inputs. For Chapter 2,1 extended the study to sixteen lakes, along a size gradient, to char

acterize pathways for carbon deposition at the landscape scale. Together, these chapters provide a 

perspective on the role of lakes in the carbon cycle. In coupling lakes to external carbon sources, 
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these results may be relevant to understanding how land-use decisions may influence the biogeo-

chemistry of lakes in the watershed, or beyond. Ultimately, these findings provide a perspective 

on the movement of carbon, with the aim of contributing to our understanding of carbon cycling 

among ecosystems. 

Freshwater ecosystems are vulnerable to climate change. It is predicted that climate will result 

in large-scale changes to the hydrological changes in the variability and intensity of precipitation 

and extreme weather events, as well as gradual warming of water bodies (IPCC 2008). One highly 

visible change has been a shift in the amplitude and timing of ice cover (IPCC 2008, Magnuson 

et al. 2000). The long-term consequences for aquatic organisms are difficult to predict, although 

changes in the timing of the onset of spring have lengthened the growing season and decoupled 

food web dynamics (Winder and Schindler 2004). In Chapter 3, I examine zooplankton dynam

ics in relation to inter-annual variability in ice-cover. Evidence that zooplankton are affected by 

external forces portends the potential impacts of climate change on freshwater ecosystems. 

The three chapters are interconnected by carbon, climate, and water. Human activities have 

altered carbon pathways and climate with possible consequences for the productivity and diversity 

of aquatic organisms such as zooplankton. Throughout this thesis there is an emphasis on scale in 

ecological processes. Insights into the drivers of carbon inputs to lakes were found to vary in an 

unexpected manner when surveyed at the landscape level. Similarly, the increase in zooplankton 

diversity that accompanied inter-annual variability in ice cover in Northern Wisconsin, did not hold 

generality when the statistical models where extended to multiple sites in the Great Lakes region. 

There is also a focus on external influences on lakes. In the first two chapters, I describe the 

flux of external carbon subsidies to lakes; in the last chapter I demonstrate that zooplankton density 

is correlated to an external factor, variability in climate. Both examples illustrate how ecosystem 

processes in lakes, relatively closed-systems from an organismal perspective, are influenced by 

their surroundings. The motivation for studying allochthony can be summed up with the catch-

phrase, Are fish made of Maple leaves. This possibility captures the imagination, and illustrates 

the complex connections between seemingly separate ecosystems. This in an important lesson, 

particularly in consideration of land-use decisions in proximity to lakes. 
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During the course of my dissertation, I had the opportunity to approach scientific inquiry from a 

variety of angles. In the first two chapters, I conducted field surveys of carbon deposition on lakes. 

This included a high-resolution study on one lake for Chapter 1 and a gradient study across lake 

sizes for Chapter 2. The carbon surveys eventually contributed to the design of an undergraduate 

project based on observed patterns in shoreline vegetation around lakes. In chapters 2 and 3, I 

used multilevel modeling techniques to extend classical linear modeling to hierarchical and non

nested analyses. In Chapter 2, the hierarchical statistical approach was guided by the survey design 

for the gradient study. In Chapter 3, I explore long-term ecological data sets and build statistical 

models of zooplankton dynamics and climate. This analysis includes multivariate approaches for 

reducing the dimensionality of large multi-species data sets. Finally, as a member of the Cascade 

research group, I had the opportunity to participate in a whole-lake manipulation, the experimental 

enrichment of a 26 ha lake, and various laboratory-based investigations. 

Preview of Chapters 

Chapter 1 

In the first chapter I quantify the flux and identify the drivers of terrestrial particulate carbon 

inputs to a forested, headwater lake. The research was motivated by observations of variability in 

productivity among lakes. A portion of this variability has been explained in terms of bottom-up 

mechanisms, such as nutrient concentrations, and top-down mechanisms, such as fish community 

composition. However, unexplained variability persist. An additional explanation emerged from 

the observation that lakes respire more carbon than they produce. Stable isotope studies revealed 

that a fraction of the carbon in aquatic organisms, sometimes as high as 50 %, appeared to originate 

from terrestrial sources. By measuring deposition on the lake surface, I hoped to determine whether 

direct inputs of particulate forms of carbon were contributing to this subsidy. Potential sources 

for the airborne deposition include: atmospheric transport, shoreline vegetation, wind action, and 

precipitation. To survey these inputs, I deployed collectors on the lake surface, in each cardinal 

direction, and at various distances from shore. Much of the deposition was collected in a nearshore 

band (0-12 m from shore); however, collectors in the middle of the lake (100 m from shore) 
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captured important quantities of fine particulates. Variability in deposition was best explained 

in terms of wind and precipitation. During precipitation events deposition rates saturated beyond 

a certain quantity of rainfall, as though washed-out. From these observations, I built a statistical 

model for deposition with parameters for distance, rain, and wind. Deposition was highest in 

this model when both wind and rain were elevated. These episodic pulses, over 3 storm events, 

contributed 60 % of the material collected that summer. Overall, my results differed somewhat 

from previous studies in that 40 % of the material was fine, a fraction infrequently collected by 

others, and 55 % of the deposition occurred off-shore. Both represent additional considerations for 

budgeting carbon inputs to lakes. Finally, the material collected appeared to be more labile than 

previously reported. This was determined by C:N ratios, a coarse metric; however, these ratios 

were within the range of algae and could potentially be metabolized by zooplankton. Overall, the 

amount of material deposited was small relative to net primary production. 

Chapter 2 

In the second chapter on carbon deposition, I extended the findings from Chapter 1 to a suite 

of 16 lakes in the Northwoods. The goal was to determine how inputs vary with lake area. It was 

expected that deposition would be highest in small lakes, as deposition is highest nearshore and a 

higher proportion of these lakes is within the band of high deposition. Furthermore, contrary to our 

findings in Chapter 1, it had been assumed that offshore deposition was negligible. Collectors were 

set weekly across a gradient of lake area. The lakes we selected encompass the global median for 

lake size of approximately 1.4 ha (Downing 2006). Additionally, we surveyed shoreline vegetation 

at each collector location. Vegetation showed a strong relationship with lake size. Deposition was 

highest on small lakes; however, we found that nearshore deposition increased with lake size. This 

significance of this increase for daily lake-wide deposition was diluted by the small proportion 

of large lakes that are within the nearshore band of high deposition. However, the influence was 

evident as higher deposition estimates for large lakes than mid-sized lakes. Orientation was also 

an important determinant of deposition. Deposition was highest in the SW quadrant of the lake, 

corresponding with the prevailing summer wind. As in chapter 1, our results were comparable with 
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fall-based estimates of deposition. This was due, in part, to the inclusion of mid-lake deposition, 

and small particulates. Our results were directly comparable with estimates that used similar meth

ods (Psenner 1984). Overall, the most significant finding was that nearshore deposition increased 

with lake size, such that deposition increased from medium- to large-sized lakes. This is of interest 

in thinking about differences in allochthony between lakes. The increase in nearshore deposition 

with lake-size may present a greater supply of allochthonous material for food webs oriented to 

the littoral zone. 

Chapter 3 

In chapter 3, I explored relationships between zooplankton dynamics and ice cover among 

northern temperate lakes. Hutchinson (1958) stated that diversity and productivity in northern 

lakes was regulated by the external influence of climate. The influence of global warming could 

potentially alter this relationship. Long-term reductions in ice cover in northern lakes provide 

visible evidence of the influence of climate on lakes (Magnuson et al. 2000). This trend is less 

evident on shorter time scales, yet there is considerable variability among years. If zooplankton 

dynamics are affected by climate, I expected to see differences in zooplankton populations and 

communities between years with early or late ice off. I analyzed the 23-year record for the Northern 

Temperate Lake (NTL) LTER site to test the hypothesis that ice-off would result in increased 

zooplankton abundance and diversity, accompanied by a shift in community composition. The 

premise was that short-lived zooplankton would respond to conditions in a given year. I found 

evidence that zooplankton density was higher in years with early ice-off; however, there was no 

change in a variety of diversity metrics. While Daphnia and herbivores exhibited the strongest 

correlations with ice-off, the trend was broadly significant for most zooplankton. I conclude that 

early ice-off extends the productive vernal season, while wanner conditions increase productivity 

and support higher densities of zooplankton. The response in diversity may be dampened by 

strong competitors such as Daphnia that may out-compete other species. Lastly, I extended the 

models to two other sites in the Great Lakes to test the generality of the correlation. I found 

strong coherence in ice-off dates among lakes and sites, which would suggest that zooplankton 
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among-sites are subjected to similar climatic conditions. It is noteworthy, that the observations 

were not supported in these other sites. There were some incompatibilities in the data sets for 

answering testing the role of ice cover at the other sites, yet these may warrant further investigation. 

Alternative explanations for the differences between sites include site-specific among zooplankton 

communities, and differences in fish communities and invertebrate predators. Overall, there was a 

consistent correlation between zooplankton and ice cover at the NTL site, across a range of lake 

characteristics. 
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1.1 Abstract 

Airborne inputs of terrestrial particulate organic carbon (TPOC) were measured during sum

mer stratification for an oligotrophic north temperate lake located in a forested watershed. These 

inputs were episodic and associated with wind and rain events. The rate of deposition decreased 

exponentially with distance from shore. Yet, about 55% of the total airborne TPOC input occurred 

more than 12 m from shore on this 25.8 ha lake. Of total deposition, 39% was less than 153 /um 

in diameter—a size fraction not commonly measured in prior studies. Average airborne deposition 

was 5 mg C m~2 d~\ which is consistent with measurements from other lakes and equivalent to 

about 1.1% of daily net primary production in our study lake. C:N ratios of TPOC were between 

6:1 and 22:1 (molar), much lower than the values for terrestrial leaves which were between 39:1 
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and 48:1 (molar). These low C:N ratios suggest that TPOC may be a useful substrate for aquatic 

consumers and may supplement in-lake primary production as a food source, especially after wind 

and rain events when airborne TPOC inputs are high. 

Key words. Allochthony; organic carbon; airborne deposition; subsidies; empneuston. 

1.2 Introduction 

In 1927, Birge and Juday observed that Lakelet Mary appeared to be receiving much of its car

bon from an outside source (Birge and Juday 1927). This observation was among the first that rec

ognized the coupling of dynamic lake processes with the biogeochemical cycles of the surrounding 

landscape (Leopold 1941, Goldman 1961, Likens and Bormann 1974, Hasler 1975). For exam

ple, elemental budgets derived from small watershed manipulations in the Hubbard Brook Valley 

conclusively demonstrated that aquatic processes were intimately coupled to the biogeochemical 

cycles of their watersheds, airsheds, and beyond (Bormann and Likens 1967). Furthermore, these 

manipulations exposed imbalances and uncertainties in then-current models of aquatic ecosystems. 

One imbalance receiving recent attention is the excess of respiration over primary production 

that occurs in many lakes (del Giorgio and Peters 1993, Cole et al. 2000). In these net heterotrophic 

ecosystems, inputs of allochthonous carbon—produced outside the lake—are necessary to balance 

the carbon budget (Carpenter et al. 2005). These findings have renewed interest in the impor

tance of terrestrial organic carbon as an external subsidy of aquatic food webs (Cole et al. 2007). 

Specifically, the contribution of airborne organic matter to the carbon budget of lakes has attracted 

attention from food web modelers, biogeochemists, and microbial ecologists. 

Dissolved organic carbon is a major source of terrestrial carbon to aquatic ecosystems (Hessen 

and Tranvik 1998, Bade et al. 2007). Yet, recent analyses of whole-lake stable isotope manipu

lations suggest that terrestrial particulate organic carbon (TPOC) also provides a key connection 

between allochthonous carbon sources and food webs (Cole et al. 2006). There are numerous 

pathways for terrestrial particulate inputs to lakes, including surface run-off, shore erosion, atmo

spheric deposition, shoreline vegetation, fluvial inputs as well as other anthropogenic and zoolog

ical sources. Indeed, many of these sources have been shown to be important to river productivity 
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(Vannote et al. 1980, Naimen and Decamps 1997, Nakano and Murakami 2001). Historically, 

few studies have addressed these inputs to lakes and even fewer have isolated the contribution of 

deposition from vegetation and the atmosphere (discussed below). 

Studies on the pathways of particulate inputs have focused on the autumn, the period of peak 

litterfall in northern forests (referred to as empneuston by Szczepanski 1965, Mathews and Kowal-

czewski 1969, Gasith and Hasler 1976, Hanlon 1981, France and Peters 1995, Sebetich and 

Horner-Neufeld 2000). However, summer deposition, coinciding with peak lake metabolism, has 

largely been overlooked as a carbon source. Furthermore, few studies address the deposition of 

airborne particles in size ranges that are available for ingestion by aquatic invertebrates, despite in

dications that aquatic invertebrates receive up to 40% of their biomass from allochthonous sources 

(Meili et al. 1996, Grey et al. 2001, Karlsson et al. 2003, Pace et al. 2007). In this study we 

focus exclusively on airborne TPOC deposition during summer to determine if it could explain 

allochthony in aquatic invertebrates. 

We studied airborne particulate deposition to a 25.8 ha rain-fed clear-water lake with high land

scape position and minor groundwater input. Surface inflows of terrestrial matter were negligible 

due to the porous sandy soils in the region (Cardille et al. 2007). In the absence of fluvial inputs, 

airborne deposition appears to be one of the unique pathways for the input of particulate terrestrial 

matter. Herein, we quantify and characterize airborne inputs to assess the significance of this path

way to the lake carbon budget. Further, we identify key features driving this flux and evaluate this 

flux in the context of a whole-lake <513C isotope addition designed to measure the allochthonous 

carbon support of consumers. 

1.3 Methods 

1.3.1 Site description 

Crampton Lake is a remote oligotrophic lake (25.8 ha), located at the University of Notre Dame 

Environmental Research Center (UNDERC) near Land O' Lakes, Wisconsin (89 ° 32' W, 46 ° 13' 

N). The shoreline is entirely forested and consists of conifers with small pockets of deciduous trees 

on the north and northeast shores. The lake is primarily rain-fed with no visible inlet; however, 
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some water enters the lake as groundwater seepage. During this study, Crampton Lake was the 

subject of a whole-lake S13C isotope addition described in Pace et al. (2007). 

1.3.2 Airborne deposition measurements 

Deposition was measured biweekly for 56 days from 13 June to 7 August 2005. We deployed 

plastic collectors (area 0.05 m2, height 20 cm), containing 1 L of filtered water (reverse-osmosis), 

and floated in inner tubes. The wetted surface was 15 cm below the upper rim of the collector 

and 5 cm above the surface of the lake. A wet surface was chosen to simulate deposition on the 

lake surface (Lewis 1983). Collectors with low sides were chosen to avoid turbulence that might 

enhance particulate deposition (Cole et al. 1990). 

The collectors were deployed in 5-member transects at distances of 2, 6, 12, 25, and 50 m from 

shore, perpendicular from the midpoints of the N, S, E, and W shores. This design resulted in four 

spatially replicated transects of distance from shore. Additionally, paired (replicate) collectors 

were anchored in the middle of the lake (Fig. 1.1). Short, 72 h, deployments were intended to 

minimize the influence of leaching and microbial activity. The initial and final water volumes of 

the containers were recorded to monitor for possible flooding by lake water. At the two sites with 

rock bars (i.e. shallow areas of the lake), floating collectors were paired with replicate collectors 

set on stakes (20 cm above the lake surface), as an additional test for contamination from wave 

action (see BAR in Fig. 1.1). 

1.3.3 Size fractionation of deposition 

We separated the terrestrially derived particulate organic carbon (TPOC) into three size frac

tions within 24 h of collection. The samples were serially filtered through 153 /im and 35 ^m 

Nitex nets. The particulates retained on each filter, and the filtrate of the 35 /j,m pre-filter, were 

then passed through separate pre-combusted Whatman glass-fiber filters (GF/F; nominal pore size 

0.7 fxm). The filtration scheme yielded two major size fractions: large particulates (LPOC) cap

tured by the 153 /jm net and a small particulate (SPOC) filtrate collected on GF/F filters. We 

further subdivided the SPOC into coarse (35 to 153 /xm) and fine (0.7 to 35 /im) size fractions. 
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All filters were dried for 72 h at 40°C and stored in desiccators. Total organic carbon (TOC) 

and total organic nitrogen (TON) for size fractions <153 jiva were measured by combustion in a 

Carlo-Erba elemental auto-analyzer (NC2500). Additionally, a subset of filters was analyzed for 

513C on a Finnigan MAT 251 Isotope Ratio Mass Spectrometer at the University of California 

Davis Stable Isotope Laboratory. TOC for LPOC (>153 /urn) was determined as 50% of ash-free 

dry mass (5 h at 450 °C). Inputs of insects to lakes are a minor contribution to the overall carbon 

budget (Cole et al. 2006) and were removed from all samples. 

Wind speed and direction were measured at 5-min intervals with a Young anemometer (Camp

bell Scientific) deployed at a height of 1 m on a floating raft placed on the lake 100 m from shore. 

Precipitation was measured with a Tru-Check rain gauge located near Crampton Lake. 

1.3.4 Statistical analyses 

Atmospheric deposition was log-transformed and fit to a multiple regression model using 

the linear modeling function in R (R-Cran Foundation for Statistical Computing, http://www.r-

project.org/). Model selection, from amongst the candidate models, was made on the basis of 

Akaike's Information Criterion (Akaike 1974). Two models were developed, one with SPOC as 

the response variate and another with LPOC as the response variate, and both were fitted to daily 

wind and rain. The model outputs daily deposition estimates at 2 m intervals from shore to the 

center of the lake. These values were weighted by the total surface area of the lake within each 2 

m interval to generate an estimate of daily lake-wide deposition. 

1.3.5 Net primary production 

Gross primary production (GPP) of the surface mixed layer was calculated from continuous 

measurements of dissolved oxygen concentration taken at 5-min intervals from YSI-Endeco sondes 

deployed at four depths in the lake (Coloso et al. 2008). Net Primary Production (NPP) was 

estimated to be 75% of GPP (Cole et al. 2000). 

http://www.r-
http://project.org/
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1.4 Results 

1.4.1 Total deposition 

The mean deposition of TPOC, across all collectors and size fractions, was 14.4 ± 0.96 mg 

C m - 2 d_1 (n = 319). Deposition was non-zero in every collector we deployed. Spatially paired 

replicates were not significantly different (p = 0.95, n = 34, t-test) and there was no significant 

difference between the masses of TPOC deposited in replicate staked-tall collectors versus floating-

short collectors, even during heavy rain events (p = 0.76, n = 54, t-test). Similarly, the S13C values 

of the TPOC were not significantly different between paired staked versus floating collectors (p = 

0.83, n = 8, t-test). 

TPOC deposition decreased exponentially toward a non-zero asymptote between 12 and 25 

m from shore (Fig. 1.2). The size distribution of the deposition also varied as a function of dis

tance from shore (see black versus white bars in Fig. 1.2). While the gradient of deposition from 

shore was continuous to an offshore asymptote, in our analysis we distinguished between a nar

row nearshore zone (0-12 m from shore) and a wider offshore zone (>12 m from shore). This 

distinction was made on the basis of the discrete locations of our deposition collectors. TPOC 

deposition in the buckets at 2, 6, 12 m from shore was consistently greater than deposition in those 

buckets at 25, 50, and 100 m from shore; deposition amongst these offshore buckets was not sig

nificantly different. We employed this nearshore boundary to account for the spatial heterogeneity 

and render the descriptive statistics more meaningful. The nearshore had high SPOC deposition 

rates that ranged from 1 to 52 mg C m~2 d - 1 and LPOC from 1.5 to 105 mg C mr2 d -1. Towards 

the offshore zone, the deposition rate reached an asymptotic value with no significant differences 

in deposition among offshore collectors greater than 12 m from shore (p > 0.9). Offshore SPOC 

varied from 0.8 to 12.8 mg C m"2 d_1 and offshore LPOC varied from 0.5 to 19.9 mg C m"2 d -1 . 

On Crampton Lake, 45% of TPOC was deposited nearshore while 55% was deposited offshore. 

LPOC contributed 59% of total nearshore deposition but only 12% of total offshore deposition. 

Across the lake surface, the proportional size distribution was 39% SPOC and 61% LPOC. 
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1.4.2 Drivers of deposition 

Deposition was enhanced during the three major storm events of the summer (Fig. 1.3). Our 

study period encompassed 16% of annual precipitation in 2005 (USWS Lakeland Airport). In the 

absence of strong wind or rain, the nearshore collectors received mean deposition of 3.1 mg C m~2 

d_1 (SPOC) and 8.2 mg C m - 2 d - 1 (LPOC), while the mean deposition in offshore collectors was 

2.1 mg C n r 2 d"1 (SPOC) and 3.2 mg C m"2 d"1 (LPOC). During heavy rain events (41 to 106 

mm), mean deposition increased approximately fivefold. Nearshore deposition increased to 17 mg 

C m"2 d"1 (SPOC) and 33 mg C m~2 d"1 (LPOC) and offshore deposition to 11 mg C m"2 d"1 

(SPOC) and 7 mg C m~2 d_1 (LPOC). The decay curve for deposition from shore was steepest 

during storm events (Fig. 1.4), while asymptotic offshore deposition was consistently high across 

the lake; the lake-wide increase was most pronounced for SPOC (Fig. 1.4b). Beyond 41 mm of 

precipitation, the increase in deposition due to rain appeared to saturate; storm deposition was 

influenced more by wind than by the increase in the quantity of precipitation. Deposition was 

greatest when both wind and precipitation were high. 

1.4.3 Stoichiometry 

Coarse SPOC had molar C:N ratios of 22.4:1 (±11.3 SD, n=69) while fine SPOC had ratios 

of 6:1 (±0.9 SD, n=71). LPOC material consisted mostly of recognizable vegetation (e.g., leaves 

and buds), hence it was deemed to have values similar to that of the surrounding vegetation (39:1 

to 48:1 in Pastor et al. 1984). The carbon isotope (513C) values of SPOC varied by size fraction: -

25.2 ± 0.3 per mil (0.7-35 /mi, n = 26) and -26.1 ± 0.24 per mil (35-153 fj,m, n = 24). The Sl3C of 

LPOC had a similar value to shoreline vegetation (-28 per mil), which has been reported elsewhere 

(France 1997, Carpenter et al. 2005, Bade et al. 2006). There was a significant difference between 

the 513C value of dry SPOC dry deposition at -26.8 per mil and the 513C value of wet SPOC 

deposition at -24.8 per mil (p<0.001, d.f. = 34, t-test). 



14 

1.4.4 Deposition mode 

We compared alternative regression models for predicting particulate deposition for Crampton 

Lake from environmental conditions. The best models for SPOC and LPOC—determined as hav

ing lowest AIC amongst the candidate models—combined maximum wind (m/s), total precipita

tion per deployment (mm), and distance from shore (m). A plot of predictions versus observations 

indicates that the two models adequately fit the data [LPOC (R2 = 0.43, Fig. 1.5a) and SPOC (R2 

= 0.77, Fig. 1.5b)]. Overall, these models explained much of the total variance in deposition, al

though LPOC deposition was more variable. TPOC deposition from the six days that experienced 

more than 5 mm of precipitation, accounts for 20% of total deposition from our 56-day summer 

sampling period. 

Our most comprehensive lake-wide seasonal estimate for TPOC deposition was generated from 

the means of the model outputs (Fig. 1.6); these values are half to a third of those based uniquely 

on the collector means or spatially weighted means. The model estimates are 2.08 ± 0.21 mg C 

m"2 d-1 (SPOC, n = 65) and 3.09 ± 0.19 mg C m"2 d"1 (LPOC, n = 65), which yields a mean 

TPOC deposition estimate of 5.16 ± 0.4 mg C m - 2 d_1 (n = 65). 

Primary production. During the 56-day TPOC collection period, mean NPP in Crampton Lake 

was 485 ± 48.5 mg C m"2 d_1. Our TPOC estimate (5.16 mg C m"2 d"1) represents 1.1% of 

NPP. During the most intense storm event of the summer (day 178), TPOC deposition amounted 

to 17.4% of daily NPP. However, NPP was comparatively low on this day (137.3 mg C m - 2 d_1), 

as is likely during storms due to cloud cover and reduced light penetration. 

1.5 Discussion 

In this study, we quantified the deposition of terrestrial particulate organic carbon (TPOC) 

on an oligotrophic lake. Previous studies have focused on LPOC inputs (i.e., leaves) during the 

fallthe period of highest terrestrial deposition on lakes. We build upon these studies by describing 

weather-related temporal variability and within-lake spatial patterns of summer inputs of SPOC 
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and LPOC. While our observation period was short and confined to summer, our deposition esti

mates are comparable to other autumn-based studies. Furthermore, allochthonous subsidies during 

the summer period may have a disproportionate impact on aquatic food webs due to elevated lake 

metabolism and competition for resources. Our collections coincided with a whole-lake 513C iso

tope addition (Pace et al. 2007), which provides an ecosystem context for the TPOC estimates, 

in that many other carbon fluxes (e.g., primary production) as well as allochthonous resource use 

were measured (see below). 

1.5.1 Study evaluation 

We used collectors with a wet surface and a low height-to-width ratio to mimic lake surface 

properties (Lewis 1983, Cole et al. 1990). The similarities in deposition mass and <513C signa

ture between collectors on stakes versus floating replicates suggest minimal contamination by lake 

water. Some early nearshore samples were excluded due to contamination with lake water from 

wave action. Subsequently, all nearshore collectors (2 m from shore) were set on stakes to limit 

contamination. We cannot exclude the possibility that the sides of our collectors may have blocked 

or accelerated deposition by disrupting airflow. Crampton Lake did not have a significant pop

ulation of waterfowl, which may present a serious challenge for a similar study in some lakes. 

Additionally, there was no evidence of contamination by other abiotic or biotic phenomena, other 

than the possibility that the collectors provided a perch for flying or emergent insects. Although 

we removed insects from our samples, remnants or byproducts of decomposition may have influ

enced our estimates (see Anderson and Downing 2006). Regardless, the measured fluxes were 

comparable with other studies (see below). 

1.5.2 Nearshore deposition (< 12 m) 

As wind velocity increased, a broad size-range of particles were deposited nearshore. The de

position of large identifiable tissues from shoreline vegetation (LPOC) was limited to this zone. 

However, the nearshore zone also received a considerable input of SPOC, likely a combination of 

carbon from both the atmosphere and shoreline vegetation. Leaf canopies accumulate atmospheric 
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deposition, particularly at forest edges (Weathers et al. 2001), which then becomes available as lake 

deposition via throughfall and wind. Additional edge effects, such as wind eddies from offshore 

winds interacting with shoreline vegetation, may further enhance nearshore deposition. These 

nearshore inputs have been the focus of previous studies (Gasith and Hasler 1976, Jones and Mo-

mot 1981, Hanlon 1981), leading to speculation that allochthonous subsidies are constrained to 

the nearshore. However, in our study, this material contributed only about half of total lake-wide 

deposition. 

1.5.3 Offshore deposition (> 12 m) 

Dry deposition did not vary significantly among offshore collectors with distance from shore. 

This spatial consistency represents a constant non-zero flux of dry deposition to the lake. As 

precipitation increased, we observed a significant increase in deposition across the entire lake 

surface. Wet deposition contains particles which contribute to rain formation and are scavenged 

from the atmosphere, including aerosols, particulate organic debris, and fine particulates (Pomeroy 

and Brun 2001). The relative contributions of wet versus dry deposition to the carbon balance of 

lakes varied with storm events. 

1.5.4 Episodic inputs 

Deposition variability was best explained by wind and rain. By chance, our sampling schedule 

coincided with the major rain events of summer 2005; indeed, three storm events accounted for 

60% of the total deposition that we collected (n = 314). Estimates based uniquely on these samples 

would overestimate actual rates due to the disproportionate sampling of storm events. Hence, 

we generated our best estimate of TPOC deposition with a multiple linear regression model into 

which we input daily maximum wind and precipitation. On the basis of the model output, six days 

of precipitation contributed 20% of total summer deposition. This model presents both a means 

for weighting deposition to the entire lake surface, and a tool for estimating deposition in previous 

years or on lakes of similar size with similar shoreline vegetation. The model estimates were lower 

than our estimates that did not account for temporal and spatial variability. 



17 

1.5.5 Characterization of airborne deposition 

The ratio of carbon-to-nitrogen (C:N) is recognized as an indicator of lability or the availability 

of organic matter for metabolism. Typical molar C:N ratios for leaf litter from tree species found 

on the Crampton Lake shoreline range from 39:1 to 48:1 (Pastor et al. 1984). If TPOC deposition 

originated exclusively from shoreline vegetation, we would expect the C:N ratios to reflect similar 

recalcitrance and be of limited availability to aquatic consumers. However, the SPOC we collected 

in this study—which contributed 39% of total deposition—did not exhibit high C:N ratios. Coarse 

SPOC (35-153 /an) had lower C:N ratios (22.4 ± 11.3, n = 69) and fine SPOC (0.7-35 /mi) had 

even lower C:N ratios (6 ± 0.9, n = 71) than terrestrial leaves. The ratios for fine SPOC were 

similar to the Redfield ratio for algae (6.7:1 mol in Redfield 1934) and below those of algae from 

Crampton Lake using a separation technique (10.4:1, n = 19) (see Pace et al. 2007). 

The similarity between SPOC and algal C:N ratios suggests that SPOC is labile and could rep

resent an alternate food source for aquatic grazers, such as zooplankton. SPOC inputs consisted of 

both identifiable fragments of shoreline vegetation and more complex aggregates, perhaps formed 

in the atmosphere. These atmospheric influences, specifically nitrogen deposition (Andraski and 

Bundy 1990), may have contributed to the low C:N ratios. Overall, low C:N ratios for airborne 

TPOC probably reveal an alternate, and little studied, pathway for the flow of labile allochthonous 

material to aquatic primary consumers. 

1.5.6 Atmospheric influences 

It is difficult to distinguish between contributions from long-distance atmospheric deposition 

and those from nearby vegetation. For instance, detritus blown from vegetation during intense 

wind events is a significant source of fine atmospheric organic litter. One case in point is that 

epicuticular waxes from leaf surfaces can become airborne when leaves rub against each other 

in the wind (Mason, 1970, Nolte et al. 2002). Stable isotope end-members may be useful for 

distinguishing between these sources. Atmospheric carbon has more positive nominal 513C value 

than is typically reported for material from terrestrial photosynthesis. The enriched 513C values 

for fine SPOC (-25 per mil) may indicate an atmospheric origin while coarser SPOC (-26 per mil) 
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and LPOC (-28 per mil) have values more representative of nearby vegetation. Similarly, the more 

positive 513C values for deposition collected during rain events suggest transport via atmospheric 

pathways. 

Atmospheric deposition includes particles from anthropogenic and biogenic sources. These in

clude primary compounds that are emitted directly into the atmosphere via combustion, chemical, 

geologic, or biogenic processes as well as secondary compounds that are formed from the oxida

tion of organic gases in the atmosphere. Particles transported long-distances by the atmosphere 

rarely exceed 100 /j,m in diameter, and most are less than 35 ^m (Seinfeld and Pandis 1998). The 

particulate deposition we collected was bimodal with a peak mass between 0.7-35 //m, and another 

>153 jum. Interestingly, there was little deposition between 35 /j,m and 153 /im. Similar patterns 

of modality in atmospheric dry deposition are described in Seinfeld and Pandis (1998). Our study 

site is in a remote region with correspondingly low levels of atmospheric particulates. Atmospheric 

particulate deposition is likely to be more important on lakes closer to population centers. 

1.5.7 TPOC fluxes from prior studies 

There is considerable variability among prior estimates of TPOC deposition on lakes. Current 

estimates vary from 1.1 mg C m~2 d_1 (Szczepanski 1965) to 781 mg C m~2 d - 1 (Gosz et al. 

1972, Jordan and Likens 1975). Our best empirical estimate for Crampton Lake is 10 mg C m~2 

d_1 and our modeled estimate is 5 mg C m~2 d_1. Variability among studies is likely related to the 

following factors: delineation of the deposition surface, collector design, methods for determining 

organic carbon, seasonal averaging, and collection frequency. 

Prior studies differed in deposition surface delineation primarily between nearshore collections 

(1-5 m in Gasith and Hasler 1976, 0.6 m in Jones and Momot 1981, 1-10 m in Hanlon 1981) and 

lake-wide transects (Psenner 1984, Cole 1990, France and Peters 1995). In all studies, nearshore 

deposition was elevated, and many showed a similar exponential decay with distance from shore 

(Szczepanski 1965, Rau 1976, Francis et al. 2007). Thus extending the nearshore rate to the 

entire lake surface would overestimate lake-wide deposition. Studies that integrated across the 
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lake surface generated estimates comparable to ours (4.7 mg Cm 2 d 1 in Rau 1976, 43.6 mg C 

m"2 d_1 in Cole et al. 1990). 

Offshore deposition has been reported as low and trivial. However, 74% of Crampton Lake lies 

beyond 12 m from shore. Given the magnitude of the offshore area, the cumulative effect of low 

deposition across the water surface amounts to 55% of total airborne TPOC inputs to Crampton 

Lake. Hence, these offshore inputs are a significant component of particulate carbon fluxes to 

lakes. 

Collector design influences the size range and quantity of material collected. We used non-

porous deposition collectors that retained all size fractions. Amongst the examples of the collectors 

used elsewhere are the following: muslin cloth (Gosz et al. 1972), mesh bags (Hanlon 1981), 

and wire mesh (Gasith and Hasler 1976). The widespread use of coarse mesh collectors misses 

the SPOC fraction, which in this study contributed 39% of total depositionnearly doubling our 

estimates. Those studies that collected SPOC present similar deposition estimates as ours (e.g., 

Psenner 1984, Cole et al. 1990). 

In our study, 60% of the material we collected was deposited during the 70 h that spanned three 

major storm events. Interestingly, the increase in deposition due to rain appeared to saturate, such 

that differences between storms were related to wind speed. This suggests that the atmosphere is 

not a limitless source of particles and may washout during storm events (Anderson and Downing 

2006). Omitting storm events during sampling reduces the overall estimate for summer deposition, 

which may account for some disagreement among studies. For example, in Crampton Lake in 

2005, a sampling campaign that excluded the storm events would result in spatially weighted, non-

model based, estimates of 1.5 mg C m - 2 d_1 (SPOC) and 3 mg C m - 2 d_1 (LPOC), in contrast to 

our estimates of 4 mg C m - 2 d_1 (SPOC) and 6 mg C m - 2 d_1 (LPOC)—a difference of nearly 

50%. Our estimates, which are derived exclusively from summer deposition, are comparable to the 

most of the other annual and autumnal deposition studies mentioned previously (Table 1.1). While 

it is difficult to compare studies due to the differences identified above, our estimates converge due 

in part to the inclusion of both SPOC and offshore deposition (Table 1.1). 
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1.5.8 Ecological significance 

The time and location of the study coincided with a 56-day whole-lake 513C isotope manipula

tion. Consequently, it is possible to compare our estimates of TPOC inputs to those predicted by 

the 513C-driven model. Total modeled TPOC deposition on Crampton Lake was 5 mg C m~2 d_1. 

This represents a modest input of approximately 1-3% of daily NPP to the oligotrophic system. 

Accordingly, summer airborne deposition alone is unlikely to explain the 12% of the pelagic POC 

pool that is of terrestrial origin (Pace et al. 2007). 

Some studies describe litterfall as an insignificant pathway of POC flux to lakes (Szczepanski 

1965, Hanlon 1981), while others identify it as an important source of carbon and nutrients for 

animal production (Wissmar et al. 1977, Richey and Wissmar 1979, Wetzel 2001). Our results 

from summer deposition suggest that, while TPOC is more labile than previously believed, and a 

large portion of the deposition is in a size range (<153/xm) that would be theoretically available to 

aquatic grazers, the total amount of deposition is small relative to NPP in Crampton Lake. Accord

ingly, summer deposition on Crampton Lake (25.8 ha) is not the dominant pathway for terrestrial 

particles to aquatic grazers. There must be alternative explanations for the finding that 12% of 

POC and 8% of zooplankton carbon in Crampton Lake is of terrestrial origin (Pace et al. 2007). 

Such explanations include the long residence time of particulates, DOC flocculation, resuspension, 

turbulent mixing, hydrologic inputs, and particle generation from bacterial and invertebrate pro

cessing of autumn litterfall. Amongst these, DOC flocculation is receiving renewed interest as a 

potential source of TPOC (Hayakawa et al. 2003, von Wachenfeldt et al. 2008). 

While deposition is low relative to NPP, the similarities between our deposition estimates and 

those from autumnal studies suggest that the magnitude of these inputs may yet be important (Table 

1). This would be especially true if a higher proportion of TPOC inputs are metabolized in summer 

than in autumn due to favorable temperatures and increased biological activity. Or similarly, if 

summer deposition is of higher quality, given that a lesser proportion of the materials are derived 

from senescence as suggested by the C:N ratios. Additionally, when comparing our inputs to NPP, 

it should be noted that NPP is highest during the summer, while TPOC is deposited year-round, 

such that summer inputs of labile TPOC may be more significant in terms of annual productivity. 
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These seasonal asynchronies between forest and lake productivity (Nakano and Murakami 2001) 

are an important consideration in the interpretation of the overall significance of TPOC as a source 

of energy for aquatic ecosystems. 

A continuous year-round input of labile allochthonous material may indicate an important role 

for the atmosphere and shoreline vegetation in regulating the carbon budget of low-productivity 

aquatic ecosystems especially if TPOC provides critical sustenance for zooplankton or other inver

tebrates during times of low productivity. Saunders (1969) describes a buffering effect, whereby 

organisms in low productivity lakes rely on detritus during the terminal phases of major phyto-

plankton pulses or during periods of phytoplankton collapse. Atmospheric deposition is highest 

during summer (Seinfeld and Pandis 1998), which may coincide with the period of food scarcity 

during the mid-summer decline in algae due to intense zooplankton grazing. This could explain 

how Crampton Lake zooplankton came to be 8% allochthonous even though deposition is low rel

ative to NPP It may even suggest, although seemingly unlikely, that zooplankton selectively feed 

on the relatively nutritious SPOC. Evidence that zooplankton graze on TPOC would represent a 

direct mechanism for linking terrestrial inputs to aquatic secondary production via predation on 

aquatic primary consumers. 

Few studies have conducted chemical analysis of those components of airborne deposition that 

may be of biological significance (Hicks et al. 2000, Sheesley et al. 2005). As a result, the eco

logical significance of atmospheric particles for lake organisms remains unknown. Similarly, the 

value of atmospheric TPOC as a food resource to remote lakes also remains unknown; however, 

Sheesley et al. (2005) reported that trace metals, and possibly secondary organic carbon, in atmo

spheric deposition are toxic to zooplankton, at least in some systems. 

Evidence of a direct subsidy to aquatic consumers from atmospheric particles would argue 

for greater exploration of the interconnectivity of lakes and the atmosphere; especially given that 

particulate composition and concentration in the atmosphere have been greatly influenced by an

thropogenic activity. While this study shows that the quantity of summer TPOC deposition in 

relation to autochthonous production is low, direct ingestion of airborne particulates by aquatic 

consumers could signify a relatively unknown pathway for both nutrients and contaminants. 
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Figure 1.1 Map of Crampton Lake, Wisconsin, showing the locations of the TPOC collector 
transects, deployed at the mid-point of each shoreline by cardinal orientation (N, E, S, W), 

mid-lake (MID), and rock bar (BAR). The inset shows the position of Crampton Lake in relation 
to the Laurentian Great Lakes, North America. 
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Figure 1.2 Deposition of airborne organic carbon as it declines with distance from shore. Mean 
LPOC deposition (black) and SPOC deposition (white) for all collectors deployed on Crampton 

Lake from 13 June to 7 August 2005 (n = 319). 
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Figure 1.3 Summer time-series of airborne organic carbon deposition on Crampton Lake. A) 
LPOC deposition, and B) SPOC deposition. The solid dots show nearshore deposition (within 12 

m of shore) and the hollow dots show offshore deposition (beyond 12 m from shore). C) Total 
precipitation during each 3-day collector deployment. 
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Figure 1.4 The influence of distance from shore (x-axis) and maximum wind velocity (z-axis) on: 
A) LPOC and B) SPOC deposition (y-axis). High winds were invariably associated with rain 

events. The 3-dimensional surface was interpolated from field data (n = 319) by inverse-distance 
smoothing (Sigma Plot 8.0). Note the 3-fold difference in scale between the y-axes. 
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Figure 1.5 Predictions from a linear model of daily deposition and the deposition observed on 
Crampton Lake in 2005: A) LPOC and B) SPOC. The predictions were generated from daily 

precipitation (bl), maximum wind speed (b2), and distance from shore (b3). The model equations 
are LPOC = 0.43 + 0.0034 bx + 0.11 b2 - 0.018 b3 + 0.00014 (63)

2 + e with R2 = 0.43 and SPOC 
= 0.0082 + 0.0068 bx + 0.12 b2 - 0.010 b3 + 0.000077 (b3)

2 + e with R2 = 0.77. Deposition is in 
logw units and the dashed line represents 1:1. 
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Figure 1.6 A) Daily precipitation (bars—left axis) and daily maximum wind speed (dashed 
line—right axis), B) A model-based estimate of daily particulate deposition on Crampton Lake: 
SPOC (shaded area) and total TPOC (white area). The daily deposition model estimates were 
generated from a linear model including wind speed, distance from shore, and precipitation. 

Deposition was highest during storm events with both strong wind and heavy rain. 
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Airborne organic carbon input to lakes: The role of lake area 

Nicholas D. Preston1, Stephen R. Carpenter1, Jonathan J. Cole2, and Michael L. Pace3 

1 Center for Limnology, University of Wisconsin, Madison, Wisconsin 53706, USA. 

2 Cary Institute of Ecosystem Studies, P.O. BoxAB, Millbrook, New York 12545, USA. 

3 Department of Environmental Sciences, University of Virginia, Charlottesville, Virginia 22904, 

USA. 

Target Journal: Ecology Letters 

2.1 Abstract 

Airborne particulate carbon deposition during summer, supports consumers and contributes to 

the carbon budgets of lakes. We deployed wet collectors across 16 lakes in the Northern Highlands 

of Wisconsin and Upper Michigan to determine how deposition varies with lake area. During the 

summer of 2006, we observed mean deposition rates of 44.4 mg C m~2 d_1 at 2 m from shore, 

10.4 mg C m~2 d_1 at 12 m from shore, and 5.2 mg C m - 2 d_1 in the center of the lakes. Mean 

lake-wide deposition, estimated from a spatially-weighted multilevel model, was 6.5 mg C m - 2 

d~\ with 11.32 mg C m"2 d - 1 to the nearshore zone (0-20 m) and 6.27 mg C m - 2 d_1 to the 

offshore zone (> 20 m). We found that 1) wind and shoreline orientation were the principal de

terminants of deposition, 2) lake area did not have a significant influence on lake-wide deposition, 

but 3) shoreline deposition increased significantly with increasing lake area, and 4) our deposition 
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estimates were comparable to other studies, including those based on autumn litterfall. Overall, 

lake area was not a good predictor of summer lake deposition; however, deposition did not de

crease with lake size as we expected. Moreover, as lake size increased, nearshore deposition also 

increased, thereby enhancing the nearshore contribution to lake-wide estimates, perhaps influenced 

by shoreline vegetation and wind. The increase in deposition 2 m from shore with increasing lake 

area, may have ecological implications for the littoral zone—a hotspot for lake productivity. 

Keywords: landscape, terrestrial particulate organic carbon, multilevel model, lake area, air

borne deposition 

2.2 Introduction 

Lakes are coupled to the landscape via airborne, land-surface, and subsurface biogeochemical 

pathways (Leopold 1941, Goldman 1961, Fisher and Likens 1973, Hasler 1975). Quantifying these 

cross-boundary exchanges is important to understanding the carbon cycle. Indeed, assessing the 

impact and fate of post-industrial increases of atmospheric carbon requires understanding carbon 

sinks and sources on land (Valentini et al. 2004, Canadell et al. 2000), and in freshwater (Dillon 

and Molot 1997, Cole 2000, Kortelainen et al. 2004, Duarte and Prairie 2005, Pace and Prairie 

2005, Rantakari and Kortelainen 2005, Williamson et al. 2008), as well as the fluxes among these 

carbon pools. This study focuses on the airborne flux of carbon from land through the atmosphere 

to lakes and identifies covariates of this deposition across a gradient of lake sizes. 

Many lakes respire more carbon than they produce internally (del Giorgio and Peters 1993, 

Cole 2000), which suggests that their respiration is partially supported by terrestrial carbon. Car

bon that has been produced externally is often required to balance the carbon budgets of lakes 

(Pace et al. 2004). This subsidy has been identified in various aquatic organisms such as zooplank-

ton (Jones and Momot 1981, Meili et al. 1996, Grey et al. 2001, Karlsson et al. 2003, Rubbo and 

Kiesecker 2004, Pace et al. 2004), fish (Mehner et al. 2007, Weidel et al. 2008), and benthic inver

tebrates (Peterson 1999, Kelly et al. 2004, Hershey et al. 2006, Solomon et al. 2008). However, 

few studies have examined the magnitude and timing of this carbon flux to freshwater systems. 

Some potential pathways for carbon to lakes include airborne deposition, groundwater, run-off, 
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precipitation, and the movement of organisms. In the Northern Highlands of Wisconsin and Upper 

Michigan, where lakes cover 13% of the landscape (Cardille et al. 2007), lakes may constitute an 

important element of regional carbon cycles, as both sources, via respiration, and sinks, via sedi

mentation. Lakes in this region range in surface area more than a thousandfold. If carbon enters 

mainly across the shoreline boundary from local sources, it follows that lake-wide terrestrial inputs 

should be relatively more important for smaller lakes with larger perimeter-to-area ratios. Yet, the 

effect of lake area on the magnitude and variability of deposition is largely unknown. Herein, we 

test the hypothesis that airborne deposition is higher in small lakes due to a higher ratio of shore

line perimeter to surface area. To this end, we quantify total particulate inputs from both shoreline 

vegetation and atmospheric sources. 

Particulate organic carbon (POC) is functionally defined as having a diameter larger than 0.7 

/j,m, while carbon particles less than 0.7 ^m are termed dissolved organic carbon (DOC). We 

define terrestrial particulate organic carbon (TPOC), as POC of terrestrial origin, i.e., produced 

outside the lake. Stable isotope studies have shown that a considerable proportion of the tissue 

in zooplankton and fish is derived from TPOC (Carpenter et al. 2005, Weidel et al. 2008). The 

timing and mechanisms for the flow of TPOC to these organisms are debated: the pathways may 

be direct, i.e., terrestrial particles are ingested, or indirect via chemical modification of dissolved 

carbon, i.e., flocculation (von Wachenfeldt and Tranvik 2008), ultra-violet activation (Hessen and 

Tranvik 1998), or microbial processing. Regardless of the mechanism, up to half of the carbon in 

the tissue of aquatic organisms has been attributed to terrestrial sources (Carpenter et al. 2005). 

We conducted this study during the summer—the period of peak annual metabolism in lakes— 

to measure TPOC deposition across a gradient of lake sizes and determine among-lake variability 

in airborne deposition. Airborne deposition is one of few potential pathways for terrestrial parti

cles to enter the remote, forested, headwater lakes in our study system (Preston et al. 2008). Lakes 

essentially interrupt the continuity of forests. This ecotone is a hotspot for biological processes 

and organisms; with unique vegetation resulting from light, moisture, and disturbance. Addition

ally, forest edges enhance deposition through wind-vegetation interactions (Weathers et al. 2001). 

Ecological studies of deforestation have revealed an important influence of forests on both rivers 
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(Bormann and Likens 1967) and lakes (France and Peters 1995). In France and Peters (1995), 

riparian vegetation supplied up to 15% of the total carbon to an oligotrophic lake, such that de

forestation shifted the lake's metabolism to a more autotrophic production regime. Zooplankton 

and amphibian community composition can similarly be altered by changes in vegetation and litter 

input (Rubbo and Kiesecker 2004). 

Atmospheric inputs to Lake Michigan are equivalent to those from all fluvial inputs (Biddanda 

and Cotner 2002). The smaller lakes of the Northern Highlands receive relatively lower levels of 

atmospheric deposition, yet our previous work found that these inputs may be relevant to the annual 

carbon budget of lakes (Preston et al. 2008). Atmospheric inputs include carbonaceous particles 

of terrestrial origin, such as secondary organic carbon, that are transported and transformed in the 

atmosphere, then may become available to aquatic organisms when deposited on the lakes. Wet 

deposition from precipitation contains high levels of particles washed from the atmosphere, while 

dry deposition contain dust-like particles that have been suspended by combustion and wind. 

Airborne TPOC deposition decays with distance from shore, with most material deposited 

within 20 m of shore (Szczepanski 1965, Gasith and Hasler 1976, Rau 1976, Francis et al. 2007, 

Preston et al. 2008). By extension, smaller lakes, or lakes with higher perimeter: area ratios, should 

receive more TPOC deposition per unit area than larger, more circular lakes. However, the impact 

of lake area and morphometry on terrestrial inputs is unclear. For example, headwater streams 

have high levels of terrestrial inputs and a low perimeter: area ratio (Hutchens and Wallace 2002), 

while large circular lakes have a low ratio and variable terrestrial inputs. We empirically test the 

hypothesis that these particulate inputs decrease with increasing lake surface area and perimeter. 

As well, we explore environmental covariates, such as wind, light, and shoreline vegetation, a 

source of local carbon subsidies. Vegetation was a potentially confounding factor in our deposition 

study; shoreline vegetation can influence the quality and quantity of TPOC inputs, and may co-vary 

with lake area due to the influence of area and shoreline orientation on plant community structure. 

In this survey of carbon deposition on lakes we found that 1) wind and orientation were the 

principal determinants of deposition, 2) lake area did not have a significant influence on lake-

wide deposition, but 3) deposition within the shoreline increased significantly with increasing lake 
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area, and 4) our deposition estimates were comparable to other studies, including those based on 

autumnal inputs. Overall, lake area was not a good predictor of summer lake deposition, although 

area, wind, and orientation captured much of the variability. The increase in shoreline deposition, 

due to the influence of both wind and vegetation, may have ecological implications for the littoral 

zone—a hotspot for lake productivity. 

2.3 Methods 

We collected particulate carbon deposition on the surface of 16 lakes during summer 2006 

(June to September). From these observations we developed a multilevel model to characterize 

deposition across a gradient of lake areas and identify covariates—distance from shore, wind, 

vegetation, and orientation. A multilevel model allowed us to fit both individual-level (within-lake) 

and group-level (among-lake) variation simultaneously. Finally, we calculated spatially-weighted 

lake-wide estimates from the multilevel model, to determine the influence of lake area on airborne 

TPOC deposition. 

2.3.1 Site Description 

Our study lakes are located at University of Notre Dame Environmental Research Center (UN-

DERC), near Land O' Lakes, Wisconsin (89° 32' W, 46° 13' N). Characteristics for the 16 lakes 

are listed in table 1. The shorelines are entirely forested, of largely uniform age; the last fires on 

the property were in 1924 and the last logging was in the 1950's. Some of the smaller lakes have 

portions of the shoreline dominated by bog mats (e.g., Northgate, Tender Bog, Tuesday, Ward). 

Four of the lakes—Peter, Paul, Tuesday, Long, and Crampton—have been intensively studied (see 

Carpenter and Kitchell 1993, Pace et al. 2004). All of the lakes are isolated from human distur

bance, other than research activity, with the exception of Tenderfoot Lake, which has public fishing 

access. 
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2.3.2 Deposition 

The collectors (area 0.05 m2, height 12 cm) contained 1 L of filtered water (reverse osmosis) 

and were floated in inner tubes. The wet surface was 12 cm below the upper rim of the collector and 

2 cm above the surface of the lake. Similar collectors were used by Psenner (1984) and Cole et al. 

(1990). These collectors were deployed for one-week intervals to minimize microbial activity and 

decomposition. The lakes were randomly assigned to four sampling groups of four lakes, stratified 

within each group by log size distribution. One group of four lakes was sampled each week. This 

resulted in eight one-week sampling events with unique wind conditions; weeks seven and eight 

were excluded from this analysis due to collector damage and sampling interruption from storm 

events. We deployed two, paired, 'offshore' collectors (at mid-lake) on each lake, and four sets of 

two 'nearshore' collectors (at 2 m and 12 m) perpendicular to the mid-point of the north, south, 

east, and west shorelines (Fig. 2.1). The two nearshore collectors captured the decay in airborne 

deposition with distance from shore. The collector 2 m from shore, was set on a stake 15 cm 

above the lake surface to eliminate contamination from wave action or lake level fluctuation. This 

survey design resulted in four spatially replicated transects, by cardinal direction, along gradients 

of distance from shore. Pre- and post-deployment volumes were monitored among collectors to 

screen against flooding by lake water. 

We filtered particulate organic carbon (POC) deposition into two fractions, large POC (LPOC) 

and small POC (SPOC), within 24 h of collection. LPOC was defined as material collected on 

a 153 /xm net and SPOC as the fraction of LPOC filtrate captured by a pre-combusted Whatman 

glass fiber filter (GF/F with nominal pore size < 0.7 /xm). The dissolved organic carbon (DOC) 

in the filtrate was excluded, therefore our deposition estimates of organic carbon deposition are 

conservative. The filters were dried for 72 h at 40°C and stored in desiccators. LPOC (> 153 /xm) 

was calculated as 50% of the ash-free dry mass, i.e., the proportion remaining after combustion 

for 5 h at 450°C. SPOC was too light for accurate weighing, therefore a subset (n = 68) was 

analyzed for total organic carbon on a Finnigan MAT 251 Isotope Ratio Mass Spectrometer at 

the University of California Davis Stable Isotope Laboratory. SPOC and LPOC were combined 

as TPOC for analysis, according to ratios generated from a subsample of SPOC measurements 
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(n = 68). The LPOC:SPOC ratios were calculated for each distance from shore as 4.9:1 (2-m), 

4.4:1 (12-m), and 1.2:1 (mid-lake). Insects were visually removed from all samples and excluded 

from these results. Precipitation was measured at a central location with a Tru-Check rain gauge. 

Wind speed and direction were measured at 5-min intervals with a Young anemometer (Campbell 

Scientific) 2 m above lake level, on a floating raft approximately 100 m from shore on Crampton 

Lake. 

2.3.3 Vegetation 

We identified shoreline vegetation at eight transects on each lake (N, NE, E, SE, S, SW, W, 

and NW). The transects were delineated as the length of shoreline that fell within a 36° angle from 

the lake center; a lesser angle of 18° was used on the three largest lakes (Tenderfoot, Crampton, 

and Roach). The N, E, S, and W vegetation transects corresponded with the TPOC deposition 

transects. We defined shoreline vegetation as trees within 10 m of shore, those most likely to 

contribute to airborne deposition (Gasith and Hasler 1976, Preston et al. 2008). We excluded 

low-lying vegetation from the survey, including grasses, shrubs, and forest floor vegetation. 

For each lake and transect we calculated a weighted average of the Curtis Adaptation Number 

(CAN) (Curtis 1959). CAN is an index (from l-to-10) that reflects the influence of environmental 

variables and habitat type on community composition. Low values are associated with tree com

munities structured by abiotic factors, such as pH or disturbance, while higher values are associated 

with biotic control, such as competition. The trees included in our analysis (CAN in parenthesis), 

include: tamarack (Larix laricina: 1), Black spruce (Picea mariana: 2), Red pine (Pinus resinosa: 

3.5), Northern White cedar (Thuja occidentalis: 4), White pine (Pinus strobus: 4), Balsam fir 

(Abies balsamea: 4.5), Paper birch (Betula papyrifera: 4.5), Red maple (Acer rubrum: 6), Eastern 

hemlock (Tsuga canadensis: 8.5), and Sugar maple (Acer saccharum: 10). 

2.3.4 Multilevel modeling 

Previously, we measured deposition at a higher spatial and temporal resolution on Crampton 

Lake (Preston et al. 2008). This experience led us to select a multilevel modeling approach (Kreft 
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and D Leeuw 1998, Gelman and Hill 2007) over ordinary least squares for the following reasons: 

1) Deposition varied among the individual collectors, by both distance from shore and orientation, 

as well as at group level among lakes. 2) We were primarily interested in determining how lake 

deposition varies with lake area, rather than quantifying deposition on a lake. 3) Multilevel mod

eling provides a compromise between an oversimplified regression in which data from individual 

collectors is modeled without grouping by lake, and a noisy group-level linear model of mean lake 

deposition by lake area. 4) Our survey design has a nested multilevel structure, with individual 

collectors grouped within lakes. A multilevel approach combines model fitting of both individual 

collectors and group lake levels; accounting for variability and interactions between individual- and 

group-level predictors while avoiding collinearity. The individual model yields unacceptably vari

able inferences, while grouping with indicators suppresses important variability (Gelman and Hill 

2007)—this variability is of interest for comparing lakes of different sizes and shoreline morphom

etry. Additionally, 5) This modeling approach avoids assumptions about balanced data (Pinheiro 

and Bates 2000), allowing us to include groups with different sample sizes, while accounting for 

uncertainty in our predictions. 

We used multilevel modeling to account for systematic unexplained variation amongst the 16 

lakes, while simultaneously fitting a regression model to the collector measurements (Gelman and 

Hill 2007). The model was fit to centered predictors and covariates to determine the influence 

of lake area on airborne deposition and to identify the key biotic and abiotic drivers. Predictors 

were In-transformed and fit to a multilevel regression model using 'Winbugs' (Lunn et al. 2000) 

via the R package 'R2WinBugs' (R-Cran Foundation for Statistical Computing, http://www.r-

project.org/). Un-modeled parameters were provided with non-informative priors, while group 

level parameters were modeled from hyperparameters estimated from the data. On the basis of 

the Deviance Information Criterion (DIC) (Spiegelhalter et al. 2002) and Akaike's Information 

Criterion (AIC) (Akaike 1974), we selected the following model: 

Vi ~ N(aj[q + Xi/3, aj), for i = 1,..., 209 collectors (2.1a) 

aj ~ N(70.+ l\aj,a2
a), forj = 1,..., 16lakes (2.1b) 

http://www.r-
http://project.org/
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Deposition (y) was estimated from a matrix of predictors (X) including an ordered factor for 

distance from shore (m), maximum wind speed (m/s) and an indicator for windward shore (0 

or 1) (Eqn. 2.1a). The model was nested within lakes (j = 16), whereby the intercept (otj in 

equation 2.1a) was allowed to vary for each lake (Eqn. 2.1b). Lake area (a.,- in m2) was included as 

a group-level predictor for which the mean was centered at 0 (Eqn. 2.1b). Residual (<r2) and lake 

(cr2) error terms were calculated from non-informative priors. The BUGS code for the model is 

provided in Appendix A. 

Mean lake-wide deposition (mg C m - 2 d_1) for each lake was estimated from the multilevel 

model, with covariates held constant for mean conditions, via the following steps: 1) Daily deposi

tion was calculated at 2-m, 12-m, and mid-lake. 2) 'Nearshore' deposition was interpolated at 1-m 

intervals from shore on the basis of a linear model fit to the 2-m and 12-m estimates. 'Offshore' 

deposition (> 20 m) was conservatively assigned the mid-lake estimate. Note, the intersection 

between shore deposition and the offshore deposition asymptote was constant (20 m) as we only 

allowed the multilevel intercept, not the slope, to vary among lakes. 3) The multilevel estimates 

were weighted by the proportion of the lake surface area within each 1-m interval. These predic

tions were averaged over the total surface area to generate daily lake-wide deposition estimates for 

each lake. 

2.4 Results 

2.4.1 Deposition 

Summer airborne carbon deposition among all 16 lakes, distances, and transects was highly 

variable. 2-m deposition ranged from 0.4-341 (mean 44.4) mg C m~2 d_1, 12-m deposition 

from 0.2-132.1 (mean 10.4) mg C m~2 d_1, and mid-lake deposition from 0.6-23.2 (mean 5.2) 

mg C m~2 d_1. Unexpectedly, 2-m deposition increased significantly with lake area (p < 0.01) 

(Fig. 2.2a); however, 12-m (Fig. 2.2b) and mid-lake (Fig. 2.2c) deposition did not show a sig

nificant trend with lake area. 12-m deposition was highly variable for intermediate sized lakes 

(Fig. 2.2b). 
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An ordinary linear least squares regression of lake size and deposition by distance from shore 

was inadequate for capturing the variance in our survey design (regression lines in Fig. 2.2). The 

multilevel model we selected outperformed simple and multiple ordinary least squares regression. 

The predictors we included were significant (confidence intervals ^ 0), except for the indicator-

level predictor for lake area (Table 2). An ordered factor for distance from shore was selected over 

alternative models with continuous distance and separate shoreline and nearshore models. Maxi

mum wind speed was selected as the best predictor from among numerous wind metrics, including: 

standard deviation of speed and direction at 5-min intervals, daily mean, upper quartile (90%), and 

difference in standard deviation of speed (lag 1). The windward shore received significantly more 

deposition than the leeward shore (p < 0.001, t-test). Alternate strategies for accounting for tran

sect orientation (windward shore) included cardinal factors (N, S, E, W, mid), and integers for wind 

frequency by direction. We experimented with a variety of indicator levels (non-nested and varying 

intercept with varying slope), which yielded slightly different lake-wide estimates. A non-nested 

factor for the week of the sampling event did not improve the fit of the model and was not included 

in the final model. Ultimately, a nested structure with one indicator group (lake) minimized DIC. 

The model adequately fit a 1:1 line for predictions versus observations and there were no trends in 

the residuals and diagnostics (QQ, leverage, and outliers). 

The predictions generated by weighting predictions at 1-m increments from the shoreline to 

mid-lake yielded a range of nearshore (0-20 m) estimates from 5.63-20.91 (mean 11.32) mg C 

m~2 d_1 and a range in the lake-wide mean from 2.68-11.61 (mean 6.27) mg C m - 2 d_1, across 

all 16 lakes. Deposition estimates were highest for small lakes, lowest for mid-sized lakes, and 

intermediate for large lakes. This u-shaped pattern was illustrated with a quadratic regression fit to 

the model with 95% point-wise confidence bands (Fig. 2.3). The increase in nearshore deposition 

with increasing lake size (Fig. 2.2a) contributed to the quadratic shape of the relationship between 

lake-wide deposition and area. This pattern was evident among the main lake effects in the model, 

i.e., the extent to which each individual lake influenced the intercept in the multilevel model. 

In figure 2.4 we show the magnitude of these effects, with lakes ranked by size. Of note, an 

intermediate sized lake (Peter) exhibited the lowest deposition levels. 
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There was a tradeoff between increased integrated shore deposition on large lakes and the 

proportion of littoral surface area. The increase in 2-m deposition with lake area (Fig. 2.2a) led 

to significantly more carbon being deposited nearshore (< 20 m) on large lakes (> 10 ha) (15-22 

mg C m~2 d"1), than on smaller lakes (< 10 ha) (5-13 mg C m~2 d"1) (Fig. 2.5). In contrast, 

the proportion of the lake defined as nearshore (0-20 m) relative to offshore declines from 100% 

on small lakes to 5% on large lakes (Fig. 2.5). Regardless, the nearshore increase with lake size, 

resulted in higher lake-wide deposition estimates for larger lakes than mid-sized lakes. 

2.4.2 Vegetation 

CAN increased significantly with lake area (range 1.8-6.3 with slope 95% CI 0.78-2.04) 

(Fig. 2.6). Large lakes had vegetation that consisted primarily of maples, hemlocks, and birch, 

while smaller lakes had vegetation consisting of tamarack and black spruce. 

The influence of transect orientation on deposition was best explained by wind (Fig. 2.7). Dur

ing the summer of 2006, the wind was consistently out of the S and W, coinciding with enhanced 

deposition in these quadrants. While vegetation also showed a slight increase in CAN in the south, 

the effect was subtle and confounded by the large variation across lake sizes. When lakes were 

grouped into arbitrary size categories (small, medium, and large), the south shore had a consis

tently different community composition (lower CAN) than the north, east, and west shores (data 

not shown). 

2.5 Discussion 

Airborne particulate deposition in summer may constitute an important source of carbon for 

lake metabolism (Psenner 1984, Preston et al. 2008); however, the influence of lake area on de

position has not previously been reported. We deployed non-porous collectors across the surfaces 

of 16 lakes during the summer of 2006 and captured a broad size spectrum of particulate inputs, 

including smaller size fractions theoretically available to aquatic grazers. We hypothesized that 

small lakes would receive more carbon given that a higher proportion of the lake surface is close 

to shore. 
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The survey included a range of lakes areas that are representative of the global distribution 

and encompassed the global mean of approximately 1.4 ha (Downing et al. 2006). The gradient 

of shoreline vegetation was representative of undisturbed northern temperate lake shores, and the 

lakes had similar natural histories. Furthermore, deposition was not confounded by the influence 

of roads, local emissions, or housing. 

As in Preston et al. 2008, we used wet collectors with low sides to mimic the lake surface and 

reduce wind turbulence. The collectors were not contaminated by lake water as was evident from 

comparable deposition between mid-lake replicates and among nearshore transects; deposition in 

the SW collectors, however, was consistently higher due to prevailing winds from the SW. Shore

line (2-m) collectors on stakes were effective at eliminating contamination from wave action or 

variability in lake levels. All samples were examined by microscope to remove insects; during this 

process we did not observe any visual evidence of lake contamination, e.g., algae or zooplankton. 

Additionally, in Preston et al. 2008, we found consistent P0513C del values among collectors with 

identical designs to those used in this study. This provides further evidence against lake-water 

contamination, as the PO£13C del values in the epilimnion had been enriched during that study. 

The outcome from the multilevel model was an estimate of deposition at the collector level, at 

a specific distance from shore, generated from predictors at both collector and lake levels. These 

estimates were used to calculate spatially-weighted, lake-wide, deposition with a linear-asymptote 

approach applied to log-transformed units. The pattern in decay from shore (linear from 0-20 m 

and asymptotic > 20 m) is supported by other studies (Gasith and Hasler, Psenner 1984, Cole et al. 

1990, Preston et al. 2008). The lake-wide estimates revealed a pattern contrary to our hypothesis 

that lake-wide deposition would decrease with increasing lake area. Indeed, shoreline deposition 

was found to increase with lake area, contributing importantly to the overall estimate (Fig. 2.3), 

even while the relative proportion of the shoreline zone decreased (Fig. 2.5). We attribute this 

pattern to differences in shoreline vegetation with lake area and the influence of wind; however, it 

would be necessary to continuously measure wind at multiple locations on all lakes to isolate the 

relative influences. Offshore deposition was higher than has been previously reported, suggesting 

a continuous non-zero input of carbon to these lakes throughout the summer. 
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2.5.1 Role of vegetation 

Riparian deforestation decreases airborne deposition and strongly impacts the carbon budget of 

lakes (France and Peters 1995). In this study, we sought to decipher the influence of vegetation on 

airborne deposition, by surveying a natural gradient in vegetation among lakes. Previous studies, 

even at intermediate levels of land use, did not reveal contrasts in shoreline vegetation, although 

they focused on a contrast with upland vegetation (Marburg 2006, Macdonald et al. 2006). Among 

our lakes, we observed a strong gradient in shoreline vegetation with lake area, i.e., CAN was 

positively related to lake area (Fig. 2.6). These differences could be attributable to local soil char

acteristics, successional stage, landscape position, light, moisture, disturbance, or the influence 

of the lakes. These differences appeared to influence deposition among lakes rather than within 

lakes. Specifically, both nearshore deposition and CAN increased with lake area; however, the 

only systematic differences among transects appeared to result from the prevailing wind. 

In 2005 we observed a difference in forest community composition between the north and south 

shores of Crampton Lake (Preston et al. 2008). Accordingly, we tested for differences in vegetation 

between the north and south shores on individual lakes. We expected a pattern due perhaps to 

increased direct and reflected light on the north shore, relative to shading from the adjacent canopy 

on the south shore; such a contrast is pronounced between N and S slopes in alpine ecosystems 

(Garnett 1935). Although we noted distinctions in vegetation between the north and south shores, 

illustrated in figure 2.6, the differences were subtle and only evident when considering the lakes 

in arbitrary size categories, such as small, medium, and large (data not shown). Consequently, the 

strong contrasts in deposition between the SW and NW shores was likely due to the influence of the 

prevailing wind rather than systematic differences in vegetation between shorelines resulting from 

orientation. In our survey of undisturbed vegetation, with known ecological histories, differences 

were regional (lake size) rather than local (lake shore orientation). 

We expected the vegetation gradient to influence airborne deposition in terms of timing, quan

tity, and quality: 1) Deciduous forests lose their leaves episodically while conifers shed needles 

year round. 2) Coniferous trees produce less litter than deciduous trees (Conners and Naiman 

1984). 3) Needles are transported less far than leaves (Jones and Momot 1981). 4) Deciduous 
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deposition typically occurs after nutrient resorption, while coniferous deposition is generally re

calcitrant. While we could not address timing from our summer study, we anticipated substantial 

differences in the quantity of litterfall and lability of the litter. However, we did not find sup

port for this hypothesis. CAN captured the trend in vegetation with lake size better than simpler 

potential covariates such as community composition (% coniferous,% deciduous, or ratio of decid-

uousxoniferous), dominant species, density, or canopy structure (multilayer versus monolayer). 

Yet, none of these covariates were selected by AIC for the multilevel deposition model. Addition

ally, we were unable discern a consistent trend in the distribution of coniferous and deciduous trees 

along the shoreline of a particular lake. 

On possible explanation, as seen in the strong positive relationship between CAN and lake area 

(Fig. 2.6) is that vegetation and area co-vary as predictors of deposition. Accordingly, the lake 

area predictor incorporates variance due to vegetation. Ecologically, this pattern may result from 

shoreline characteristics: smaller lakes had sparsely forested bogs, with expansive bog mats, while 

larger lakes had dense shoreline vegetation. Indeed, qualitatively, the lakes with least bog mat had 

positive effects on the deposition intercept (Fig. 2.4). We defined shoreline, as the edge of open 

water. In lakes lakes with expansive bog mats, airborne deposition may collect in the bog mat. 

Another determinant may be shoreline slope. We only had one shoreline with a strong slope, the 

W shore of Paul Lake. This may explain the high estimate for Paul Lake (Fig. 2.6). A similar 

pattern of enhanced deposition with increasing shoreline slope was observed by Dillon and Molot 

(1997). With only one sloped shoreline it is difficult to statistically substantiate this observation in 

our study. 

Study evaluation 

We excluded precipitation, DOC, and insects, yielding a conservative estimate of dry deposition 

to northern lakes. Precipitation can be a substantial source of airborne carbon to lakes (Biddanda 

and Cotner 2002, Preston et al. 2008). In 2005, six days of precipitation contributed 60% of the 

deposition that was collected and 20% of the modeled summer input to Crampton lake. In contrast, 

this study does not include precipitation events, partly because the region was in drought during 
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summer of 2006. Additionally, we collected but did not analyze DOC in our samples. It is difficult 

to distinguish the POC leachate from DOC deposition during a one-week deployment. Although 

insect subsidies to lakes are currently a subject of interest, our collectors were not designed to 

quantify insect inputs. To do so would require a surfactant to reduce water tension and a design 

that reduced bias from insects aggregating on the collectors. Insects from fish diets are a better 

indicator of the significance of this subsidy to food webs (see Mehner et al. 2007, Weidel et al. 

2008). 

Studies of deposition on lakes focus on the autumn—the period of highest deposition on lakes. 

In figure 2.8 we compare our studies to the fall estimates. Our mean deposition from all samples 

and lakes was comparable to means reported in five fall studies of comparable systems (Fig. 2.8a). 

The methods and results in Psenner (1984) are comparable to our study in that he also included 

small size fractions (< 153 /̂ m) and offshore deposition (Fig. 2.8b). These small size fractions 

is of interest because they are in a size range accessible to grazers. We corroborate other stud

ies in finding that deposition rates are highest within 20 m of shore. Our offshore values were 

consistent between replicates and similar between lakes. This suggests that there is constant non

zero deposition on the lake surface throughout the region. The inclusion of both small particulates 

and offshore deposition results in estimates within a range comparable to autumn-based estimates 

(Fig. 2.8c). 

Our results suggest that summer airborne deposition alone cannot account for elevated rates of 

terrestrial subsidies in lakes. On the bases of high resolution summer deposition measurements, 

we conclude that the majority of terrestrial material must enter the lake via alternative pathways 

or during other seasons. Leading candidates for the integration of terrestrial material into aquatic 

food webs include erosion, fall deposition, spring re-suspension, or flocculation from DOC (von 

Wachenfeldt and Tranvik 2008). 

Significance 

Forests sequester carbon and mineralize C02 to organic forms. This function has been identi

fied as a means for managing increasing C02 emissions, via incentives for re-forestation and forest 
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management. While lakes can sequester organic material, they can also function as net sources of 

CO2 to the atmosphere. Our study focuses on the intermediary pathway between these processes. 

Our lake-wide estimate (6.5 mg C m - 2 d_1) may provide a useful guideline for developing a more 

complete model for the movement of carbon to lakes. Differences in deposition due to lake area 

were modest, spanning 3 to 12 mg C m - 2 d_1; however, our estimates were generated from undis

turbed, forested, lakes in a remote region. Elsewhere, the influence of deposition on the carbon 

budget of lakes may be enhanced by higher atmospheric particulate concentrations and greater 

disturbance of the landscape. 

Most of our lakes were rain-fed seepage lakes surrounded by porous soils. Accordingly, carbon 

cycling is thought to be largely internal. There is little surface connectivity with the landscape and 

subsurface flows are low in carbon content. Hence, in these systems, TPOC inputs are limited to 

autumn litterfall, low-levels of deposition year-round (possibly similar in magnitude to our summer 

rates), and the transformation of DOC, from precipitation and groundwater, into particulates. 

The increase we observed in shoreline deposition with increasing lake area may have implica

tions for aquatic food webs and the carbon cycle. Food webs orient to the littoral region of lakes 

which may enhance contact between these organisms and TPOC inputs. Additionally, the littoral 

zone is warmer and receives more light than profundal zone. Consequently, deposition that col

lects in the littoral may be metabolized more quickly and become integrated into the food web. 

In contrast, autumnal litterfall is also a littoral subsidy, however, this material enters lakes when 

low temperatures reduce metabolism. As such, a higher proportion of the fall input may be buried, 

whereas summer littoral subsidies may be immediately metabolized and subsidize an active food 

web. But, it is possible that a portion of fall inputs are resuspended during spring mixing and sub

sidize early-season production. The increase in shoreline deposition we observed with increasing 

lake area suggests that littoral metabolism of terrestrial material may be even more important in 

larger lakes. Further, less of this material may be buried, and more metabolized on a more rapid 

timescale. Overall, the timing and location of the input may influence the burial rate of terres

trial material, thereby influencing whether carbon is respired back to the atmosphere or travels 

downslope to be sequestered in deep lake sediment. 
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Our results may be relevant to shoreline land-use. On the basis of our finding that deposi

tion was greatest within 10 m of shore, we made the assumption that vegetation within a similar 

distance inland from shore likely contributes a significant portion of airborne TPOC. This veg

etation is frequently removed in modern housing development. Shoreline vegetation also made 

the greatest contribution to deposition on larger lakes, a preferred location for housing. Lastly the 

southwest shore receives disproportionately more deposition, suggesting that summer subsidies are 

most likely to be affected by the removal of vegetation on the SW shore of the lake. Alternatively, 

deposition on developed shorelines may be enhanced by the addition of fertilizers and regular wa

tering. Further studies are necessary to determine how the land-lake airborne linkages we describe 

in this study are altered in more urbanized watersheds. 

In conclusion, we found that 1) wind and orientation were the principal determinants of depo

sition, 2) lake area did not have a significant influence on lake-wide deposition, but 3) shoreline 

deposition increased significantly with increasing lake area. And, 4) our deposition estimates were 

comparable to other studies, including those based on autumnal inputs. These results may be rel

evant to understanding how human activities that affect forests and the atmosphere may, in turn, 

affect lakes. 
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Table 2.1 Lakes in Northern Wisconsin and the Michigan Upper Peninsula used this study. 

Lake Name 

Tenderbog 

Northgate 

Hummingbird 

Tuesday 

Paul 

Bogpot 

Ward 

Peter 

ELong 

WLong 

Raspberry 

Morris 

Crampton 

Roach 

Bay 

Tenderfoot 

Area (Ha) 

0.1 

0.2 

0.9 

1.1 

1.4 

1.4 

1.8 

2.7 

4.2 

4.2 

4.4 

5.9 

27.0 

34.4 

71.9 

184.1 

Mid 

9 

23 

28 

58 

40 

26 

69 

76 

73 

73 

78 

109 

160 

193 

165 

470 
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Table 2.2 Parameters from multilevel model fit to airborne deposition collectors (n = 209), 
deployed on the surface of 16 lakes. 

Parameter Value Standard Error 

Collector-level 

Distance -1.1 0.1 

Direction 0.6 0.1 

Wind speed 0.3 0.1 

Intercepts 

Tenderbog 

Northgate 

Hummingbird 

Tuesday 

Paul 

Bogpot 

Ward 

Peter 

WLong 

ELong 

Raspberry 

Morris 

Crampton 

Roach 

Bay 

Tenderfoot 

7o 

7i 

3 

3.5 

3.4 

3.6 

4 

3.8 

3.5 

2.5 

3.6 

3.6 

3.4 

4.1 

4.6 

3.9 

4.6 

4.2 

4 

-0.3 

0.4 

0.3 

0.3 

0.4 

0.4 

0.4 

0.3 

0.3 

0.3 

0.3 

0.3 

0.3 

0.4 

0.3 

0.3 

0.3 

0.3 

0.1 

Error 

1 0.1 

0.6 0.2 
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Figure 2.1 Subset of four lakes from our 16-lake survey (drawn to scale). Survey design (inset 
grey diagram): two paired mid-lake collectors in the center of each lake; four collectors at 12 m 
from shore; and four collectors, set on stakes 15 cm above the lake surface, at 2 m from shore. 

The transects of shore collectors (2 and 12 m) were perpendicular to shore in each cardinal 
direction (N, S, E, and W). The lake was further divided into a nearshore zone (0-20 m) and an 

offshore zone (> 20 m). 
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Figure 2.2 Influence of lake area on airborne deposition sampled across 16 lakes. Each point 
represents a mean from replicated transects (A and B) or paired mid-lake collectors (C). 2-m 
deposition (A) increased significantly with lake size (p < 0.01); 12-m (B) and mid-lake (C) 

deposition was not influenced by lake size. Least squares regression (black lines) and simulated 
regressions from the variance of the linear regression coefficients (grey lines). Among-lake 

variance was not well captured by the least squares regression of deposition versus area. 
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Figure 2.3 Carbon deposition estimates from a non-nested multilevel model were higher on large 
and small lakes. The model was fit to 2-m, 12-m, and mid-lake deposition across 16 lakes. The 

predictors were maximum weekly wind speed, wind direction, distance from shore, and lake area. 
Intercept varied with non-nested lake and sampling event levels. Quadratic relationship between 

deposition and lake area (black line) with 95% point-wise confidence bands (hashed lines). 
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Figure 2.4 Estimated lake size main effects from a multilevel model show an increase in 
deposition as lake area increases. Estimated posterior means (circles), 50% posterior credible 

intervals (short black lines), and 95% posterior credible intervals (long grey lines). 



64 

CO 

o 
CD o sz 
to 
05 CO 
c O 
c g 

'•c 
o 

° 3 

CM 

O 

•ST 
C\J 

CM £ 
O 

CD & 
•7— C o 

3.0 3.5 
i 1 r 

4.0 4.5 5.0 
log(Lake area) 

5.5 6.0 

I CVJ 

h oo 

H CD 

H -* 

o 
Q. 

•o 
CD 

CD 

Figure 2.5 Model-based deposition estimates for the lake-wide surface within 20 m from shore 
was highest on large lakes. The proportion of the shoreline region (black dots, left axis) declined 
with increasing lake area. The amount of shoreline deposition (hollow dots, right axis) increased 

with lake size. Shoreline deposition was calculated by linear integration between 0 and 20 m from 
shore from multilevel estimates. 



65 

~ <o H 

.Q 

E 

§ ^ 

co H 

CM H 

i 1 r 
3.0 3.5 4.0 4.5 5.0 

log(Lake area) 

5.5 6.0 

Figure 2.6 Shoreline vegetation (Curtis Adaptation Number) increased with lake area (95% CI 
0.78, 2.04). Low Curtis numbers describe abiotic determinants of community structure. High 

Curtis numbers are associate with biotic influences. 
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Figure 2.7 Wind frequency, by direction, during sampling events, corresponded with increased 
mean deposition on South and West shoreline (2 m) and nearshore (12 m). Vegetation community 
structure (Curtis Adaptation Number) was also consistently higher in the southern quadrant. The 
abiotic driver (wind) appears to have a greater influence on directional deposition than the biotic 

driver (vegetation). 
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Figure 2.8 Mean deposition as a function of distance from shore in our study was comparable 
with other studies. A) Five fall studies of shoreline deposition, with porous gear targeting large 

particulate deposition. B) Three summer studies, including offshore deposition, with closed 
collectors targeting large and small particulate deposition. Summer deposition is comparable to 

fall deposition when including nearshore (non-zero) inputs and small particulates. C) Conceptual 
overview shows how adding offshore deposition and small particulates to summer estimates 

yields comparable results to fall estimates. 
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Chapter 3 

Homage to Hutchinson: Does inter-annual climate variability af
fect zooplankton density and diversity? 

Nicholas D. Preston1 and James J. Rusak 2 

1 Center for Limnology, University of Wisconsin, Madison, Wisconsin 53706, USA. 

2 Dorset Environmental Science Centre, Dorset, Ontario, POA 1E0, Canada. 

Target Journal: Hydrobiologia 

3.1 Abstract 

G. Evelyn Hutchinson proposed that external control by climate limits the fundamental pro

ductivity and the possible diversity of ecological communities. These climatic drivers are cur

rently changing as a result of human activity, which may herald a shift in the influence of climate 

on global ecosystems. Historic records for ice phenology reveal a steady reduction in ice cover 

on northern lakes over the past 550 years, presenting a compelling indicator for climate change. 

Herein, we explore whether inter-annual climatic variability, represented by ice cover, influences 

the productivity and diversity of zooplankton communities among long-term datasets for five lakes 

in Northern Wisconsin. Specifically, we tested three predictions regarding the influence of reduced 

ice cover on zooplankton: 1) density will increase, 2) diversity will increase, and 3) community 

composition will be altered. We used multilevel modeling techniques to test the significance of 

these relationships while accounting for variance among sites and lakes. A variety of metrics 

were used to describe diversity: Species Richness, Simpson's Index, Shannon-Wiener Index, and 
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Pielou's Evenness Index. Additionally, we used ordination methods (PCA and CA) to reduce 

the dimensionality of multivariate species data, and calculate a univariate response via multilevel 

modeling. We found a strong inverse relationship between early ice-off and increased annual zoo-

plankton density. Daphnia density, for example, was inversely related to ice-off date, with tenfold 

variability across the gradient of ice-off dates in Northern Wisconsin. In contrast, we did not ob

serve a consistent shift in diversity or community structure. We conclude that climate warming 

may ease external climatic controls on productivity, evident as an increase in density; however, we 

did not find evidence that warming could lead to increased zooplankton diversity. 

Keywords: zooplankton, climate, ice, multilevel model, zooplankton, LTER 
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3.2 Introduction 

Hutchinson (1958) proposed that external forces, such as climate, limit the fundamental pro

ductivity and the possible diversity of ecological communities. This is relevant in northern lakes, 

where productivity is limited by the short growing season and where limited thermal niche avail

ability prevents aquatic communities from achieving maximum diversity (Hutchinson 1958). Cli

matic drivers are currently changing as a result of human activity. One consequence for lakes in 

the Northern Hemisphere, has been a steady reduction in the duration of ice cover over the past 400 

years (Magnuson et al. 2000). This transition could herald the release of Northern aquatic com

munities from external control by climate. Further, Odum (1953) and Mac Arthur (1955) proposed 

that cyclical oscillations in Northern fauna are a consequence of simple community compositions 

that are unable to dampen the influence of climate relative to more diverse communities. Accord

ingly, warming conditions in lakes may lead to states with higher diversity (Gerten and Adrian 

2002) and productivity (Regier and Meisner 1990). Alternatively, warming could lead to increased 

instability, variability, and, ultimately, ecosystem collapse. 

As climate forcing truncates winter and lengthens the growing season, aquatic conditions are 

improving for metabolism, growth, and recruitment. As such, there is compelling evidence that 

global warming will drive increases in primary productivity (Regier and Meisner 1990, Gerten and 

Adrian 2002). Among consumers, zooplankton are especially responsive to change due to their 

short life cycles. Hence, climate-driven changes in thermal niches could catalyze a transition in 

zooplankton communities: previously rare species may become increasingly common, while those 

that depend on a cooler regime, e.g., cold-water stenotherms, may diminish, or even disappear. 

Lastly, changing conditions could potentially favor colonization by invasive species. 

Ice cover is readily observed and therefore provides a pragmatic surrogate for the historic in

fluence of climate on lakes; there are extensive long-term records, some going back to the 15th 

Century (Arai 2000). On shorter time scales, coinciding with our access to high-resolution zoo

plankton time series, it is difficult to decipher a consistent temporal trend in ice cover (Wynne 
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2001). There is, however, considerable variability among years—a pattern that has been increas

ing since the the 1970s (Kratz et al. 2000). This variability presents an opportunity for gleaning 

insight into climatic influences on aquatic life. In Europe, increases in phytoplantkton density, 

specifically cyanobacteria and diatoms, have been attributed to climatic variability resulting from 

the North Atlantic Oscillation (NAO)(Blenckner et al. 2002, Weyhenmeyer et al. 1999, 2002). In 

North America, the El Nino Southern Oscillation (ENSO) exerts a similar influence on regional 

climate and has been identified as an important factor for synchrony in zooplankton populations 

among lakes (Rusak et al. 2008). Each year, winters in northern temperate regions partially re

set the zooplankton community; therefore, we may gain foresight into the future consequences of 

reduced ice cover by studying historical responses by zooplankton communities to inter-annual 

variability in ice phenology. 

Temperature is a strong determinant of niche dimension and habitat suitability for zooplankton. 

Climate, via temperature, directly affects growth rates, metabolic costs, survival, and recruitment 

of zooplankton. There are, however, few studies on indirect climatic variables, such as ice phenol

ogy and the timing of the onset of spring. Ice cover constrains primary productivity during winter 

by limiting the penetration of photosynthetically-active radiation to the water column. In turn, the 

break-up of ice cover in spring (ice-off) heralds the onset of the growing season. Diminishing 

ice cover is currently advancing the onset of spring, and causing mismatches between the timing 

of phytoplankton and zooplankton density (Winder and Schindler 2004). Spring conditions are 

particularly vital to zooplankton as many species, such as Daphnia, exhibit peak vernal growth 

(Straile and Adrian 2000). 

Ice cover is an integrator of regional climate, as is evident by strong coherence in ice-off dates 

among north temperate lakes (Magnuson et al. 2000). Additionally, indirect climatic variables, 

including those related to ice cover, are correlated with spatially-synchronous patterns in zoo

plankton among lake regions (Magnuson et al. 1990, Rusak et al. 2008). This regional coherence 

supports the idea that climate exerts external control upon zooplankton communities. The temporal 

synchronization of population dynamics among ecosystems, by density-independent drivers such 
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as climate, is known as the Moran Effect (Moran 1953)—this concept is gaining added relevance 

in the present era of climate change. 

In this study, we analyze long-term data on zooplankton and ice cover from five lakes at the 

Northern Temperate Lakes (NTL) Long-Term Ecological Research site. We use variability in 

annual ice cover as a surrogate for evaluating the influence of climate on zooplankton density and 

community composition. Specifically, we test three hypotheses regarding the potential influence 

of reduced ice cover on zooplankton: 1) density will increase, 2) diversity will increase, and 3) 

community composition will be altered. Ultimately, we extend our statistical model to a total of 

16 lakes in the Laurentian Great Lakes region to explore the generality of our findings. 

Overall, we observed a consistent inverse relationship between annual zooplankton density and 

the date of ice-off. The strength of this relationship varied across species and lakes. Early ice-off 

dates were not associated with an increase in diversity or changes in community structure; however, 

we found some evidence of a subtle community response. Finally, we describe strong coherence in 

ice-off dates among sites and regions; however, these were only loosely related to regional changes 

in zooplankton density. 

3.3 Methods 

Historic responses by zooplankton communities to inter-annual variability in ice cover may 

provide insight into the future consequences of climate change for aquatic ecosystems. In this 

light, we aggregated long-term ecological data for five northern temperate lakes to determine how 

ice cover affects zooplankton dynamics, e.g., spatio-temporal coherence, density, diversity, and 

community composition. We used multilevel modeling techniques to isolate trends and explore 

variance among sites and lakes. Ultimately, we extended the density model to 16 lakes in the 

Laurentian Great Lakes region. 
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3.3.1 Sites 

The five lakes we studied are located on the Precambrian shield of the Laurentian Great Lakes 

at the Northern Temperate Lakes (NTL), a Long-Term Ecological Research site along the north

ern border Wisconsin and the Michigan Upper Peninsula, near Boulder Junction, Wisconsin (Lat: 

+46.0124, Long: -89.672). 

The lakes are located in sparsely populated, mixed coniferous-deciduous forested watersheds. 

The lakes are routinely monitored for long-term ecological research (see Table 1 for lake parame

ters) (Magnuson et. al 2006). Climate is similar among the lakes, with mean annual temperatures 

3.9 °C; however, the lakes differ in fish communities, area, depth, productivity, and pH. 

Ice cover was recorded yearly for each individual lake. Ice-off was calculated as the mid-point 

between the last date on which ice was observed and the first date that open water was observed. 

3.3.2 Zooplankton 

Zooplankton were classified according to a common NCEAS taxonomic schema. The zoo-

plankton for the main analysis of the LTER data were collected with traps (see Table 1). Samples 

were preserved for identification, counting, and measurement. For descriptions of the zooplank

ton sampling methods see Magnuson et. al (2006). Zooplankton counts were standardized for 

variability in depth by weighting pooled samples by lake volume. 

3.3.3 - Density 

We included all of the pelagic zooplankton species listed in Table 2. Littoral species were ex

cluded, as the methods were designed for pelagic sampling, and the presence of littoral species was 

largely incidental. We calculated total zooplankton density for each sample as well as aggregating 

counts by functional group, taxonomic group, and forage group (Table 2). Annual density was 

calculated as the annual mean of samples collected during the ice-free period. 
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3.3.4 - Diversity 

We used various metrics to describe diversity: Species Richness, Simpson's Index, Shannon-

Wiener Index, and Pielou's Evenness Index (Pielou 1975). All indices were calculated from annual 

mean density of each species. Species Richness, the simplest index, was calculated as the maxi

mum number of species calculated in any sample during a year. The other three metrics account 

for evenness in the samples; the combination of unique species present and their relative densities. 

Simpson's diversity index (D) was used to characterize the heterogeneity of the zooplankton 

community: 

i = l i = l v ' 

where, p is the proportion of species, s is the total number of species, n is the numbers of 

organisms of species (i) present, and N is the total number of organisms of all species. Values 

close to one indicate a more diverse community. 

The Shannon-Wiener index (H') reflects both the number of unique species and the proportion 

of each species: 

s 
H' = - ^ P i l n P i (3.2) 

i= i 

where, p represents the proportion of species (i) relative the the total number of species (S). 

The value increases as a function of density and evenness among species. 

Finally, we calculated Pielou's J as a direct measure of species evenness: 

J = H/logS (3.3) 

where, J is result from dividing the Shannon-Wiener index (H) by average species richness (S). 

3.3.5 - Community composition 

Multivariate ordination was used to characterize zooplankton community structure with a sin

gle value, for a given lake-year. We selected two eigenvector techniques to capture different facets 
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of the community response. Principal Components Analysis (PCA) characterizes those abundant 

species with high variance, while Correspondence Analysis (CA) uses weighted averaging to yield 

a balanced ordination that explains all species equally. We included all species with annual median 

> 0. Only the first axis from each ordination was passed to a multilevel model for analysis, thereby 

circumventing some limitations of these methods for ecological data. First axes from ordinations 

have the largest eigenvalues and explain the greatest amount of variance in the data. The PCA and 

CA ordinations were fit using the Vegan Package for R (R-Cran Foundation). These ordination 

methods allowed us to reduce the dimensionality of the multivariate species data and calculate a 

univariate response for analysis in relation to ice-off in a multilevel model. 

3.3.6 Multilevel modeling 

We used multilevel modeling (Kreft and D Leeuw 1998, Gelman and Hill 2007) to combine the 

individual regressions into a universal model for the response of zooplankton to ice-off date. Mul

tilevel approaches are well suited to this type of analysis where data are structured hierarchically. 

This approach also allowed us to account for imbalances in the data set, specifically differences 

in coverage of the lake-specific time series. Allowing intercepts to vary among lakes and sites, 

captures lake-specific differences in abundance between lakes and sites. In turn, a varying slope 

captures relationships between zooplankton groups and ice-off date. 

The multilevel analysis was done in R (R-Cran Foundation). Model selection was done with the 

LMER package (version 0.999375-27), with models selected by AIC and DIC. The final models 

were fit with Winbugs (Lunn et al. 2000), connected via the R2WinBugs library (version 2.1-14). 

The model was run for 30,000 interations and we discarded the first 1,000 runs. Multilevel model

ing allowed us to analyze across levels in the dataset, without discarding meaningful variance, as 

would have been necessary to fit the multiple linear regression with a multi-step approach. 

3.3.7 NTL models 

A multilevel model with a varying intercept was fit to mean annual density (all species), diver

sity, and community metrics at the NTL site: 
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Hi ~ N(otj[i] + (3xi + a2, for i=l,..., 118 lake-years (3.4a) 

a, ~ N(fj,a, a2
a), for j=l,..., 5 lakes (3.4b) 

where, outcomes (y) included mean annual density (all species), Species Richness, Simpson's, 

Shannon-Wiener, Pielou's J, PCA (axis-1) and CA (axis-1). The predictor (x) was the centered 

day-of-year for ice-off. The model was nested within lake indicators (aj). Residual (a2), and lake 

(al) variances were determined from non-informative priors. The varying intercept (a) accounted 

for differences in the outcomes among lakes. 

A multilevel model with a varying intercept and varying slope was fit to the zooplankton groups 

at the NTL site: 

?/i ~ N(ctj[i] + Pk[i\xi + Cy, for i=l,..., 5 lakes x 23 years x n groups (3.5a) 

OLJ ~ N(fjLa, a
2

a), for j=l,..., 5 lakes (3.5b) 

Pk ~ N(iJ,p, ofy, for k=l,..., n zooplankton groups (3.5c) 

where, outcomes (y) included mean annual density (all species). The predictor (x) was the 

centered day-of-year for ice-off. The model included two non-nested levels: lake indicators (otj) 

and group indicators {(3j). Residual (a2), lake (u^), and group (<T§) variances were calculated from 

non-informative priors. The varying intercept, with mean fj,a, accounted for differences in the 

outcomes among lakes. The varying slope, with mean /j,p, accounted for different responses to 

ice-off date among the groups. 

3.3.8 Regional analysis 

In the final analysis we included data from the Dorset Environmental Science Center (DESC), 

near Dorset, south-central Ontario (Lat: +45.238, Long: -78.897) and the Experimental Lakes 

Area (ELA) in northwestern Ontario, between Kenora and Dryden, Ontario (Lat: +49.650, Long: 

-93.717). The watersheds in DESC are mixed coniferous-deciduous, while those at ELA are pre

dominantly coniferous. There is a modest north-south gradient among the sites: 2.4 °C (ELA), and 



77 

4.5 °C (DESC). For zooplankton methods at these sites included traps, nets, and tubes, these are 

listed in table 1, for more information see Yan et al. 2008 (DESC), and Salki 1995 (ELA). Lake 

specific information was lacking for these additional sites, hence we utilized ice cover information 

from one central lake at each site (Plastic Lake for DESC, and Lake 239 for ELA). This approach 

is not ideal, as ice-off varies among lakes; however, we adopted this compromise in the interest of 

a regional perspective, and account for these limitations in our conclusions. 

3.3.9 Regional model 

A multilevel model with a varying intercept was fit to the zooplankton density for all 16 lakes 

and 3 sites: 

t/t ~ X{/3 + aft] + 7fe[i] + dy, for i=l,...,278 annual estimates (3.6a) 

aj ~ N(0, a2
a), for j=l,...,16 lakes (3.6b) 

7fc ~ N(Q, a*), for k=l,...,3 sites (3.6c) 

where, outcome (y) was mean annual zooplankton density. The predictor (x) was the centered 

day-of-year for ice-off. The model nested within lake indicators (aj), and site indicators (7fc). 

Residual (ay), lake (a^), and site (a2) variances were determined from non-informative priors. 

3.4 Results 

3.4.1 Overview 

We observed coherence in the timing of ice-off among all 5 lakes. Additionally, there were 

significant correlations between the timing of ice-off and zooplankton density; the magnitude of 

these effects, however, varied across species and lakes. We accommodated variability within a 

multilevel (hierarchical) modeling framework and found that early ice-off consistently preceded 

increases in zooplankton density, but did not observe significant increases in diversity or changes 

in community structure. Ultimately, we extended the multilevel model for zooplankton density 
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from the five NTL lakes to 16 lakes in the Great Lakes region and did not observe a consistent 

regional increase in density with early ice-off. 

3.4.2 Ice coherence 

Among annual records for the five NTL lakes, the timing of ice-off spanned 53 days and mean 

annual SD was low (SD = 2.7 d) (Fig 3.1). The variability in the timing of ice-off did not visually 

coincide with two major ENSO events, nor the eruption of Mt. Pinutubo; however, correlations 

with these events been reported elsewhere (Magnuson et al. 2000, Rusak 2008). 

3.4.3 Density 

At the NTL site, the multilevel model provided a measure of the variance structure among 

groups and lake levels; the outputs for zooplankton density are presented in Table 3. Variability in 

responses could be attributed to differences among species, functional groups, forage groups, and 

lakes. Differences in zooplankton densities among lakes were modeled with a varying intercept. 

Here, we focus on the the variable slope, as our interest is the response to ice-off, hence, the 

results are displayed as the slope of the relationship between zooplankton density and ice-off and 

standard error of the slope (/?± SE). There was a significant decline in mean annual density with 

later ice-off (-0.44 ± 0.15). NTL Daphnia increased nearly tenfold during years with early ice-off, 

relative to years with late ice-off (Table 3.2). Herbivorous zooplankton were the forage group most 

strongly inversely related with ice cover (-0.49 ± 0.087) (Fig 2). Among functional groups, those 

most significantly correlated with ice cover were big Cyclopoids (BCY) (-0.13 ± 0.057), Daphnia 

(DAPH) (-0.14 ± 0.057), and small Cladocerans (SCL) (-0.15 ± -0.59) (Fig 3.3). Cladocerans 

were the taxonomic group most significantly associated with ice cover (-0.30 ± 0.085) (Fig 3.4). 

3.4.4 Diversity 

Annual zooplankton diversity showed no relationship with ice-off date. Species Richness, cal

culated as the maximum number of species counted in a sample during a given lake-year, showed 

no trend with ice-off. All three indices of diversity (Simpson's, Shannon-Wiener, and Pielou's J 
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Evenness Index) did not show a significant trend for the NTL site (Table 4). The consistency in 

Species Richness suggests that Pielou's J was not weakened by an unstable denominator, which 

commonly results from the dependence of average species richness on sample size (Hurlbert 1971). 

3.4.5 Community Structure 

We used the first axes from Principal Components Analysis (PCA1), and its variant Correspon

dence Analysis (CA1) to quantify change in zooplankton community structure. The annual scores 

from each ordination were fit with a multilevel model. Neither of the metrics exhibited a significant 

relationship with ice-off date (95% CI). 

3.5 Discussion 

In this study we set out to determine if, and how, crustacean zooplankton respond to inter-

annual variability in ice cover. We found evidence of a strong inverse relationship between the 

timing of ice-off and zooplankton density, but little evidence of change in diversity, or commu

nity structure. The responses, however, varied considerably among species, lakes, and sites. For 

example, Daphnia density, at the NTL site, exhibited tenfold variability across the gradient of ice-

off dates. In contrast, the response in the other two lake sites, DESC and ELA, was subtle and 

inconsistent. 

The timing of ice-off between lakes was synchronous (Fig 1). When we explored the zooplank

ton data in terms of the timing of ice-off, a number of interesting and significant patterns emerged, 

among these: 1) Zooplankton responded strongly to the timing of ice-off. 2) Daphnia and other 

herbivores exhibited the greatest numeric response. 3) Community structure was weakly related to 

ice-off. 4) Extending the model to an additional two sites (DESC and ELA) did not provide support 

for the generality of these patterns. Within the NTL site, we found relationships between lakes and 

ice-off within forage groups (herbivores), taxon (cladocerans), and five functional groups. 

Regional synchrony in ice-cover has been reported among lakes, regions, and continents. Such 

patterns have been described elsewhere, including the ice record presented in this study (Rusak et 

al. 2008). We selected ice-off as an indirect measure of climate variability because it signifies the 
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onset of the growing season, has been widely documented, and exhibits the highest coherence in 

timing among the various ice metrics (ice-on, duration of ice cover, and ice-free days) (Magnuson 

et al. 2000). Ice-on, and by extension the other metrics, is influenced by individual lake charac

teristics, among them lake bathymetry and mixing due to wind exposure. The lakes in our study 

differed in size (0.5 to 1608 ha); however, there was minimal variation in ice-off date among lakes. 

Hence, we deemed ice cover a plausible surrogate for duration of the productive season. Further, 

ice-off dates have demonstrated a global sensitivity to atmospheric warming, with a reduction of 

6.3 days over the past 100 years (Magnuson et al. 2002). 

With progress in our understanding of ice phenology, an understanding is emerging of the 

impact of this change on aquatic organisms. We contribute to this growing literature with various 

lines of evidence that variability in ice-off date is related to mean annual zooplankton density, 

e.g., we observed a tenfold increase in Daphnia density over a span of 53 days between early and 

late ice-off dates. Changes in climate variables, such as ice cover, influence the seasonal timing, 

or phenology, of the zooplankton community (Gerten and Adrian, 2002; Straile et al. 2003). 

Although we found an overall response in zooplankton density, we noted variable responses among 

zooplankton taxa, functional, and forage groups; this variability could be attributed to the diversity 

of complex life history traits among species (Adrian 2006). The chronology of the zooplankton 

life cycle is influenced by various factors, including abiotic conditions (light and temperature), the 

availability of food (algal density), and predation intensity (planktivore density). These factors, in 

turn, influence the sequence of emergence, growth, and reproduction, such as described by the PEG 

successional model (Sommer et al. 1986). In this study, we focus on the mean annual response by 

zooplankton, a detailed study of the seasonal timing is beyond the resolution of the NTL long-

term data set as there is only one measurement of zooplankton per year in the spring, winter, and 

fall, and two measurements during summer; however, this data set provides an integrated response 

across the seasons. Here we describe our observations in light of potential seasonal mechansisms. 

Climate variability can alter successional patterns in zooplankton life history. For some species, 

this provides and opportunity to exploit new resources and thermal niches, for others it can prove 

detrimental to growth and survivorship. Herbivores responded strongly to early ice-off. This 
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suggests they may be able capitalize on early algal blooms during conditions with less thermal 

limitations on growth. In so doing, they may avoid early season predation. The herbivore response 

was typified by a numeric response in Daphnia density to the timing of ice-off. Daphnia are fast 

growing organisms that are able to quickly adapt to environmental changes. Responses of Daphnia 

to climate variability have been reported in Lake Washington (Winder and Schindler 2004) and in 

European Lakes (Adrian et al. 2006). Daphnia are typical of spring zooplankton in the PEG model 

(Sommer et al. 1986), i.e. species that are well suited to strong gradients in light and temperature 

(Reynolds 1984). For these species, early ice-off extends the window of the season to which their 

life history is adapted. These factors may explain why these species were the most responsive off 

all organisms presented in this study. 

Coupling with larval fish hatch dates is another facet of the response in zooplankton dynamics. 

A mismatch between zooplankton hatch and larval fish has been documented for Lake Washington 

(Winder and Schindler 2004). An early zooplankton hatch could additionally be supported by 

an early algal bloom following early ice-off. This may allow large-bodied Daphnia to exceed 

gape size for larval fish, with potentially profound impacts on the year class of fish. The weaker 

response in the density of zooplankton in Crystal Bog, the only lake in our study with a limited 

fish community, suggests the response in the other lakes could be due to a release from predation 

pressure. 

We treat zooplankton density as an annual mean that includes summer density. Summer popu

lations of zooplankton are more characteristic of slow growing species, with long and complex life 

cycles. These species may experience increased competition from vernal species, such as Daph

nia. Summer zooplankton species may also experience warming in lakes as enhanced summer 

squeeze (Fang and Stefan 1997, Stefan et al. 2001), which occurs when surface waters become 

inhospitable due to warming and UV light, while waters at depth become hypoxic. Although not 

significant (95% CI), there were subtle responses from the primary axes of the PCA and CA ordina

tions that followed the trend observed in zooplankton density. This may suggests that community 

composition shifts between years with early and late ice-off. This could be attributed to a gradient 

in environmental conditions, in this instance, ice cover. 
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The zooplankton response may exhibit a lag from winter conditions. Early ice-off dates can be 

associated with warmer winters, which may play a role in the increase in ice-free zooplankton den

sity. Reduced ice thickness and snow cover may result in increased food availabilty and improved 

conditions for under-ice growth for algae and, by extension, of zooplankton. The shortening of the 

ice-on season may favor those species with shorter, and less complex life histories—an adaptation 

which could mirror improvements in under-ice conditions for growth and survival. 

The strong response of density supported our hypothesis; however, the inconsistent response 

in diversity and community did not. Perhaps these can be explained in terms of projections for 

the influence of climate on ecosystems. The Millennium Ecosystem Assessment states that both 

high species diversity and high productivity are not expected in climate projections. Indeed warm

ing may enhance productivity, at the expense of less competitive species. Our results support this 

statement: Daphnia, a large-bodied and highly competitive herbivore, increased in density during 

early ice-off, while Species Richness remained constant. Similarly the lack of response from diver

sity metrics suggests the increases may be uniform across species. Accordingly, we conclude that 

improved conditions resulting from warming supports additional productivity across all species, 

with a subtle inclination towards those species who are able to capitalize in a short time-frame, 

i.e. large-bodied herbivores. It is beyond the scope of our results to project the long-term con

sequences of global warming; however, one possibility is that these herbivores would eventually 

replace smaller-bodied species, with more complex life histories. 

3.5.1 Regional analysis 

At the regional scale we observed strong coherence between the timing of ice-off among sites 

(95% CI of Pearson r correlations: NTL-DESC (0.56, 0.90), NTL-ELA (0.56, 0.90), DESC-ELA 

(0.31, 0.83)) (Fig 3.5). The timing of ice-off spanned 53 days and the mean annual SD for lakes 

was low (SD = 4.2 d). The regional multilevel model provided a measure of the variance structure 

among lake and site levels. Variability in responses was attributable to differences among both 

lakes and sites. The overall trend in density was not significant. The magnitude of the response 

in density varied widely across lakes, and sites. The model was hampered by repeated ice-off 
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values assigned to ELA and DESC lakes, on the basis of one central observation per year. Further, 

the lakes with incomplete time series were in the mid-range of ice-off values, i.e. there were few 

extreme values in ice-off date for the lakes that were not measured over the same 23 y span as the 

NTL time series. 

Developing a truly general model of the extent to which external forces, such as ice cover, can 

structure lake communities requires the integration of scale. For instance, density showed a an 

overall relationship with ice within the NTL site, but not within the Laurentian Great Lakes region 

(Fig 3.6). There are various potential explanations for this inconsistency in the NTL trend, when 

extended to the region. The first, and most difficult to address, are ecological differences. While 

the lakes in this study have not been directly manipulated by humans and are set in remote forested 

watersheds, there are differences in food webs and trophic state, both of which have significant 

implications for zooplankton density. Our intention in this study was to explore the abiotic influ

ence among lakes representative of the northern temperate region. Hence we include lakes and 

bogs along ecological gradients, such as fish community structure, lake size, and trophic state. In 

the case of the NTL lakes, the ice-zooplankton correlation was strong, in spite of ecological and 

physical-chemical differences among lakes. 

Another potential explanation for the inconsistency between sites is that we did not have lake-

specific ice-off dates for the ELA and DESC sites. Accordingly we attributed ice-cover data to 

the lakes on the basis of observations from a single lake in the site. In the case of DESC, the lake 

for which we have an ice record (Plastic Lake), was not included among the lakes we present in 

this study. We support this approach with the observation that annual variability in ice-off dates 

was low among lakes (SD = 4.7) in the NTL dataset and evidence that synchrony is high among 

north temperate lakes and sites (Magnuson et al. 2002). Regardless, it is noteworthy that Paul 

Lake, the only NTL lake for which we also did not have lake-specific ice-off values, similarly did 

not demonstrate a significant relationship between zooplankton and ice. This challenge could be 

addressed in the future with a modeling solution, based on our improving understanding of the 

mechanisms for ice break-up. Remote sensing may also provide a means for generate historic ice 

records for lakes (Jensen 2008). The special case of Paul Lake, and the low variability among NTL 
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lakes, suggests the discrepancy between sites may be the result of incomplete time series for all 

three sites. In the ELA site, Lake 239 has been subject to a long-term monitoring program pre

dating the extent of this study; however, data from the other lakes was collected for shorter term 

studies. The time series we include for Paul Lake was similarly incomplete, but the data exist and 

will be included in future versions of this manuscript. We attempted to circumvent this limitation 

with a multilevel statistical approach that is well suited to unbalanced data and variability in sample 

sizes. With these limitations in mind, the trend between ice and zooplankton persisted when all 

of the information was combined into one multilevel model. This trend could indeed herald a 

relaxation in climatic limitations on productivity, such as described by Hutchinson (1958). 

In conclusion, zooplankton density at the NTL site was inversely related to ice-off dates. This 

finding has potential consequences for nutrient cycling and other trophic levels, such as algae 

and fish. We did not, however, observe a consistent shift in diversity. To revisit Hutchinson's 

(1958) idea that external forces regulate ecosystems, the response may be numeric. We did not 

find evidence, on an inter-annual scale, that lakes moved any closer to maximum diversity. An 

additional possibility, which we could not address, is the possibility that these lakes may become 

more hospitable for invasive species; however, this requires both suitable conditions and a source 

of potential colonists. High variability in the data contradicts that notion that warming will result in 

greater diversity, leading to reduced oscillations in productivity. The long-term consequence may 

be community compositions more characteristic of warmer lake ecosystems, in terms of density, 

but we found no evidence that increasing diversity will lead to an increase in stability. 
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Table 3.1 Data availability, zooplankton sampling method, and selected bathymetric 
characteristics for 16 lakes, from 3 sites, in the Laurentian Great Lakes region. 

NTL 

Crystal Bog 

Crystal 

Big Musky 

Alequash 

Trout 

Paul 

DESC 

Blue Chalk 

Crosson 

Chub 

ELA 

Lake 149 

Lake 164 

Lake 165 

Lake 239 

Lake 373 

Lake 377 

Lake 442 

Start 

1982 

1982 

1982 

1982 

1982 

1982 

1980 

1981 

1981 

1988 

1988 

1988 

1983 

1983 

1988 

1988 

End 

2005 

2005 

2005 

2005 

2005 

1995 

2002 

2002 

2002 

1993 

1993 

1993 

2003 

2004 

1993 

2003 

Years 

23 

23 

23 

23 

23 

13 

22 

21 

21 

5 

5 

5 

20 

21 

5 

15 

Method 

Trap 

Trap 

Trap 

Trap 

Trap 

Net 

Net 

Net 

Net 

Tube 

Tube 

Tube 

Net 

Tube 

Tube 

Tube 

Area 

0.5 

36.7 

396.3 

64 

1607.9 

1.5 

52.4 

56.7 

34.4 

26.9 

20.3 

18.4 

56.1 

27.6 

26.9 

16 

Mean Depth 

1.7 

10.4 

7.5 

2.9 

14.6 

3.9 

8.5 

9.2 

8.9 

2 

4.9 

3.4 

10.5 

11 

9.2 

9 

Max Depth 

2.5 

20.4 

21.3 

8 

35.7 

15 

23 

25 

27 

4.1 

7.1 

4.6 

30.4 

21 

17.9 

17.8 
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Table 3.3 (cont.): Zooplankton species used in this study. Organisms were grouped into 
functional, size-functional, and trophic groups according to the NCEAS taxonomic key. 

Zooplankton 

Species Name 

Latona setifera 

Leptodora kindtii 

Polyphemus pediculus 

Sida crystallina 

Calanoids 

Algladiaptomus leptopus 

Diaptomidae 

Epischura lacustris 

Leptodiaptomus ashlandi 

Leptodiaptomus minutus 

Leptodiaptomus sicilis 

Leptodiaptomus spp 

Limnocalanus macrurus 

Senecella calanoides 

Skistodiaptomus oregonensis 

Skistodiaptomus pallidus 

Skistodiaptomus spp 

Cyclopoids 

Acanthocyclops veraalis 

Cyclops scutifer 

Diacyclops spp 

Diacyclops thomasi 

Mesocyclops edax 

Microcyclops rubellus 

Paracyclops poppei 

Tropocyclops prasinus mexicanus 

Functional 

SIDA 

LEPT 

POLY 

SIDA 

BCA 

SCA 

BCA 

SCA 

SCA 

SCA 

SCA 

BCA 

BCA 

SCA 

SCA 

SCA 

BCY 

ICY 

BCY 

BCY 

BCY 

ICY 

ICY 

ICY 

Group 

Size Functional 

SIDA 

LEPT 

POLY 

SIDA 

BCA 

SCA 

BCA 

SCA 

SCA 

SCA 

SCA 

BCA 

BCA 

SCA 

SCA 

SCA 

BCY 

ICY 

BCY 

BCY 

BCY 

ICY 

ICY 

ICY 

Trophic 

HERB 

PRED 

PRED 

HERB 

PRED 

HERB 

PRED 

HERB 

HERB 

HERB 

HERB 

PRED 

PRED 

HERB 

HERB 

HERB 

PRED 

OMNIV 

PRED 

PRED 

PRED 

OMNIV 

OMNIV 

OMNIV 
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Table 3.4 Zooplankton mean annual density (5 lakes - NTL site) versus ice-off. Fit with a 
multilevel model with a varying intercept (lake) and varying slope (zooplankton group). 

Significant correlations (95 % CI) are shown in bold. 

Group 

Total density 

Taxon 

Calanoid 

Cladoceran 

Cyclopoid 

Forage 

Herbivore 

Omnivore 

Predator 

Functional 

BCA 

BCY 

CHY 

DAPH 

HOL 

ICY 

LEPT 

POLY 

SCA 

SCL 

Slope 

-0.4356 

0.0033 

-0.2996 

-0.1883 

-0.4921 

0.0249 

0.0662 

0.0417 

-0.1319 

0.1502 

-0.1381 

0.0337 

-0.1350 

0.0019 

-0.0927 

-0.0980 

-0.1549 

Slope S 

0.1490 

0.0984 

0.0854 

0.0793 

0.0864 

0.0945 

0.0840 

0.1381 

0.0570 

0.0742 

0.0566 

0.0713 

0.0618 

0.1702 

0.1683 

0.0662 

0.0587 
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Table 3.5 Zooplankton diversity metrics (5 lakes - NTL site) versus ice-off, fit with a multilevel 
model (intercept varying by lake). Each metric is calculated for community composition by 

lake-year. 

Diversity Slope Slope SE 

Simpson -0.0013 0.0009 

Shannon-Wiener -0.0059 0.0021 

Pielou'sJ -0.0011 0.0009 

PCA -0.0200 0.0107 

CA -0.0037 0.0052 
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Figure 3.1 Ice-off dates for the five north temperate lakes used in the multilevel model. The solid 
vertical lines indicate years with strong El Nino (ENS 0) events (1983 and 1998) and the eruption 

of Mt. Pinatubo (June 1991) 
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Figure 3.2 The relationship between ice-off date and zooplankton density by forage group. 
Herbivore density was significantly higher following early ice-out (-0.49 ± 0.87). The regression 

lines where generated from a multilevel model with mean of a varying intercept (lake) and 
varying slope (forage group). 
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Figure 3.3 The relationship between ice-off date and zooplankton density by functional group. 
Density was significantly higher following early ice-out for: Cyclopoids (-0.13 ± 0.057), 

Daphnia (-0.14 ± 0.057), and small Cladocerans (-0.15 ± -0.59). The regression lines where 
generated from a multilevel model with mean of a varying intercept (lake) and varying slope 

(functional group). 
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Figure 3.4 The relationship between ice-off date and zooplankton density by taxonomic group. 
Cladoceran density was significantly higher following early ice-out (-0.30 ± 0.085). The 

regression lines where generated from a multilevel model with mean of a varying intercept (lake) 
and varying slope (taxonomic group). 
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Figure 3.5 Ice-off dates from three study sites (TLS, DESC, and ELA), used in the regional 
model. Note the synchrony in ice-off date among the three sites (95% CI for Pearson r 

correlations: NTL-DESC (0.56,0.90), NTL-ELA (0.56,0.90), DESC-ELA (0.31, 0.83)). The solid 
vertical lines indicate years with strong El Nino (ENSO) events (1983 and 1998) and the eruption 

of Mt. Pinatubo (June 1991) 
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Figure 3.6 The relationship between ice-off date and zooplankton density. Points are suppressed 
to emphasize the lake and site trends. The light grey lines denote individual lakes. The black lines 
show regional means. Zooplankton density was signicantly higher following early ice-out at the 
TLS site. The ELA and DESC sites did not show a relationship with the timing of ice-off. Note: 
the ELA and DESC ice-off dates were derived from the long-term record from one central lake 

(DESC = Plastic Lake and ELA = Lake 239) and is the the same for all lakes. 


