
Experimental whole-lake increase of dissolved organic
carbon concentration produces unexpected increase in
crustacean zooplankton density
PATR ICK T . KELLY 1 , N ICOLA CRA IG 2 , CHR I STOPHER T . SOLOMON2 , BR IAN C . WE IDEL 3 ,

JACOB A . ZWART 1 and STUART E. JONES1

1Department of Biological Sciences, University of Notre Dame, Notre Dame, IN 46556, USA, 2Department of Natural Resource

Sciences, McGill University, St. Anne de Bellevue, QC H9X 3V9, Canada, 3U.S. Geological Survey, Great Lakes Science Center,

Lake Ontario Biological Station, Oswego, NY 13126, USA

Abstract

The observed pattern of lake browning, or increased terrestrial dissolved organic carbon (DOC) concentration, across

the northern hemisphere has amplified the importance of understanding how consumer productivity varies with

DOC concentration. Results from comparative studies suggest these increased DOC concentrations may reduce crus-

tacean zooplankton productivity due to reductions in resource quality and volume of suitable habitat. Although these

spatial comparisons provide an expectation for the response of zooplankton productivity as DOC concentration

increases, we still have an incomplete understanding of how zooplankton respond to temporal increases in DOC con-

centration within a single system. As such, we used a whole-lake manipulation, in which DOC concentration was

increased from 8 to 11 mg L�1 in one basin of a manipulated lake, to test the hypothesis that crustacean zooplankton

production should subsequently decrease. In contrast to the spatially derived expectation of sharp DOC-mediated

decline, we observed a small increase in zooplankton densities in response to our experimental increase in DOC con-

centration of the treatment basin. This was due to significant increases in gross primary production and resource

quality (lower seston carbon-to-phosphorus ratio; C:P). These results demonstrate that temporal changes in lake char-

acteristics due to increased DOC may impact zooplankton in ways that differ from those observed in spatial surveys.

We also identified significant interannual variability across our study region, which highlights potential difficulty in

detecting temporal responses of organism abundances to gradual environmental change (e.g., browning).
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Introduction

Surveys of freshwater systems across the Northern

Hemisphere have identified a pervasive increase in

dissolved organic carbon (DOC) concentrations, or

“browning”, over the past two decades. For example,

between 1988 and 2003 the DOC concentration of the

Hudson River doubled (Findlay, 2005) and 72% of sur-

veyed lakes and streams in Scandanavia, the UK, and

eastern North America have positive trends in DOC

concentration since 1990 (Monteith et al., 2007).

Hypothesized mechanisms for this recent increase in

DOC concentration via elevated terrestrial organic mat-

ter (t-OM) loads include changes in climate, nitrogen

deposition, land-use change, and reduced sulfate depo-

sition (Garnett et al., 2000; Freeman et al., 2004; Findlay,

2005; Monteith et al., 2007). While all of these

mechanisms may be important at particular locations

or time scales, the leading hypothesis for the observed

decadal-scale increases in DOC concentration is reduc-

tions in atmospheric sulfate deposition from industrial

regulations. This decrease in sulfate deposition and cor-

responding recovery from acidification has potentially

led to large-scale increases in soil pH and a reduction

in multivalent ions reducing the ionic strength of soils,

and subsequently an increase in DOC solubility (Mon-

teith et al., 2007; Clark et al., 2010). Although research

continues on the hypothesized drivers of DOC

increases, the response of lake food webs to this global

change is of major importance, yet has received much

less attention.

Increases in DOC concentration could have strong

negative effects on lake food web productivity.

Terrestrially derived DOC is dominated by humic sub-

stances (Jones, 1992). These high-molecular weight

compounds attenuate light, which can influence theCorrespondence: Patrick T. Kelly, tel./fax 513 529-3628,
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heat distribution in the water column (Read & Rose,

2013) and reduce mixed-layer depth (Houser, 2006).

Shading from chromophoric DOC can also significantly

reduce autotroph biomass and primary productivity

through light limitation (Ask et al., 2009; Jones et al.,

2012; Godwin et al., 2014). Finally, the high-molecular

weight and complex chemical structure of these com-

pounds suggests that they are recalcitrant in nature, but

indeed consumed by heterotrophic bacteria (Tranvik,

1988; Berggren et al., 2010).

Increases in DOC concentration also impact lakes in

ways that may hypothetically lead to increases in con-

sumer productivity. Terrestrially derived organic car-

bon may support >50% of consumer biomass in some

lakes (Cole et al., 2011; Solomon et al., 2011; Karlsson

et al., 2012), potentially indicating it serves as a subsidy

for consumer production. Although poor nutritional

composition of terrestrial material suggests the direct

subsidy of consumers is unlikely (Brett et al., 2009;

Kelly et al., 2014), indirect impacts of greater DOC con-

centration may increase the availability and nutrient

and biochemical quality of basal resources. Increased

DOC may directly stimulate greater bacterial produc-

tion, which may serve as a significant source of energy

for zooplankton (Hessen & Anderson, 1990). Addition-

ally, loads of DOC-associated nutrients (Lennon &

Pfaff, 2005) may reduce nutrient limitation for primary

producers and bacteria, increasing food availability for

zooplankton (Cottingham & Narayan, 2013). Light

attenuation from elevated DOC concentration, in

addition to inputs of DOC-associated nutrients may

influence the light-to-nutrient ratio, thereby altering

autochthonous basal resource stoichiometry, and

decreasing the ratio of carbon-to-phosphorus in the ses-

ton (Sterner et al., 1997). There is also evidence for an

increase in essential fatty acid content of basal

resources in lakes with higher DOC concentration

(Gutseit et al., 2007), potentially reducing fatty acid

limitation of consumers.

To date, understanding of the implications of lake

browning for aquatic consumers is drawn from spatial

surveys of lakes that span broad gradients of DOC con-

centrations (Karlsson et al., 2009, 2015; Kelly et al., 2014;

Craig et al.,2015). Yet previous work in ecosystem ecol-

ogy suggests that patterns observed in comparative

studies do not always translate to ecosystem change

through time (Kratz et al., 2003). Because a multitude of

other factors covary with DOC in these cross-lake sur-

veys (e.g., hydrologic setting, nutrient loads, and lake

size), space may not adequately substitute for time, and

we remain uncertain about how increasing DOC will

influence consumer biomass and production in a given

lake (Solomon et al., 2015). This uncertainty necessitates

the use of whole-ecosystem experiments to identify the

temporal dynamics of ecosystem change. We assessed

how adult crustacean zooplankton responded to an

increase in lake DOC concentration using a whole-lake

ecosystem manipulation in which DOC was experimen-

tally increased in one basin of a divided lake. Our

manipulation also allowed us to explore the effect of

interannual variation in weather on our ability to detect

gradual responses of zooplankton density to global

change processes. Despite meaningful interannual vari-

ation in weather across our experiment, we detected a

weak positive response of zooplankton density to

increased DOC concentration, which contrasted

strongly with the large decline in zooplankton density

that would have been predicted based on previous

comparative studies along DOC gradients.

Materials and methods

Lake manipulation experiment

We conducted a whole-lake ecosystem manipulation experi-

ment in Long Lake at the University of Notre Dame Environ-

mental Research Center in the Upper Peninsula of Michigan,

USA (89°320W, 46°130N). The purpose of the experiment was

to observe the impact of increased DOC concentrations on lake

food webs. Long Lake is an 8.1 ha seepage lake with a mean

depth of 3.8 m and a maximum depth of 14 m occurring at

both ends of an hourglass-shaped lake. A previous experiment

observed the the DOC concentration increased in the eastern

basin of Long Lake after the lake was divided with a plastic

cruatin as part of a food web manipulation experiment (Car-

penter et al., 1995; Christensen et al., 1996).

We used a Before-After Control-Impact (BACI) design to

assess the effect on the lake food web of an increase in DOC

concentration. We initiated the experiment in May 2011,

installing a 1/16th inch nylon mesh curtain (Memphis Net &

Twine Co., Inc., Memphis, TN, USA) to divide the lake into an

eastern “treatment” basin and a western “reference” basin of

approximately equal size and bathymetry (3.18 and 4.87 ha,

respectively, with mean depth of approximate 4 m and max

depth of approximately 14 m in each basin). We monitored

the zooplankton populations and other food web members of

each basin during the summers of 2011 and 2012. Then, in

September 2012, we replaced the permeable mesh curtain with

an impermeable plastic curtain made from a continuous piece

of high-density polyester weave (Curry Industries, Ltd., Win-

nipeg, MB, Canada). The impermeable curtain was weighed

with sand bags on the lake sediments and extended approxi-

mately 30 cm above the lake surface by floats. The curtain was

extended at least 15 m onshore to ensure lake division with

fluctuating water levels. Because the vast majority of the DOC

load (but a small fraction of the hydrologic load) to the lake

enters via a small intermittent inlet to the treatment basin

(mean stream DOC concentration of 75.0 mg C L�1), installing

the plastic curtain concentrated the DOC load in the treatment

basin and increased the DOC concentration there from

~8 mg L�1 premanipulation to ~11 mg L�1 during the first
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year postmanipulation and thereafter (Fig. 1). Concurrently,

there was a smaller decline in DOC concentration in the refer-

ence basin from approximately 8 to 6 mg L�1. After installing

the plastic curtain, we continued to monitor the zooplankton

populations and the rest of the food web of each basin for an

additional two summer seasons (2013 and 2014). Premanipula-

tion, the treatment and reference basins were chemically simi-

lar with identical food web structure. The primary planktivore

in Long Lake is the invertebrate predator Chaoborus, because

abundant mature Micropterus salmoides (largemouth bass)

maintain low minnow and young-of-year bass densities.

Sample collection

Zooplankton samples were collected each week from late May

through mid-August in all four years of the experiment.

Duplicate vertical tows were taken with an 80 lm mesh zoo-

plankton net (Aquatic Research Instruments, Hope, ID, USA)

from 2 m above the sediments to the surface at the approxi-

mate deepest location of each basin. Tows were combined and

preserved with either Lugol’s solution (2011 in both basins) or

70% ethanol (2012–2014 in both basins) immediately after sam-

pling. Although a majority of the water column was sampled,

it is possible that Chaoborus were under-sampled using this

method as they may be close to sediments during the daytime.

However, this method was used consistently across both

basins, therefore we feel as though it would not affect the

interpretation of the results. Integrated water samples were

taken from the upper mixed layer for analysis of water chem-

istry characteristics and bacterial production. Total phospho-

rus was measured following persulfate digestion using a

colorimeteric assay (Menzel & Corwin, 1965) and dissolved

organic carbon was analyzed on filtrate after passing through

a 0.7 lm GF/F filter, using a Shimadzu TOC-V total organic

carbon analyzer (Shimadzu Scientific Instruments, Kyoto,

Japan). Seston carbon-to-phosphorus stoichiometry was

determined by capturing particulate matter from approxi-

mately 200 mL of water from the upper mixed layer on pre-

combusted 0.7 lm GF/F filters. Particulate organic matter was

analyzed for carbon content using an elemental analyzer

(Costech, Valencia, CA, USA). Prior to particulate phosphorus

analysis, filters were combusted at 450°C for 2 h to remove

excess carbon. Combusted filters were combined with 30 mL

of milli-reverse osmosis water, and analyzed colorimetrically

after persulfate digestion (Menzel & Corwin, 1965). Bacterial

production was assayed in 2011–2013, but not 2014, following

the 3H leucine microcentrifuge method (Smith & Azam, 1992)

on water from the upper mixed layer. Water temperature pro-

files were also measured in each basin using a fixed tempera-

ture chain (Onset HOBO pendants; Onset Computer

Corporation, Bourne, MA, USA), and meteorological data

were taken from a floating platform on the reference basin

(Onset HOBO Met station; Onset Computer Corporation). Dis-

solved oxygen (DO) was measured in each basin at a fixed

depth (0.7 m) in the epilimnion at 10-minute intervals using a

DO sonde (YSI 6600 V2 Sonde; YSI Incorporated, Yellow

Springs, OH, USA). We estimated rates of GPP by fitting a

maximum likelihood metabolism model to the high frequency

DO cycles as described by Solomon et al. (2012). Mixed-layer

depth (Zmix) was calculated as the shallowest depth at which

the temperature gradient exceeded 1°C m�1 (Fee et al., 1996)

in weekly temperature profiles measured with a DO/tempera-

ture profiler (Yellow Springs Instruments, Yellow Springs,

OH, USA).

Zooplankton density estimation

Adult crustacean zooplankton were subsampled and counted

according to the following taxonomic classifications: calan-

oid copepods, cyclopoid copepods, Daphnia spp., Holopedium

gibberum, and Bosmina spp. using a Bogorov counting tray and

stereomicroscope. One thousand individuals, or all individu-

als if less than one thousand were present, were counted from

each sample. Subsamples were extrapolated to estimate

whole-sample abundance of each taxon. We did not classify

zooplankton by developmental stages, rather copepod nauplii

were excluded from the analysis and copepodites were

classified as “adult” cyclopoid copepods.

Data analysis

We used a Welch t test to compare differences in zooplankton

density in paired sampling events during a pre- and postma-

nipulation period in the treatment and reference basin. Unlike

randomized intervention analysis, the Welch t test is robust to

large differences in means and variances in the pre- vs. post-

manipulation periods, as was seen in our experiment, and

therefore has been recommended for use in whole-ecosystem

manipulation experiments (Stewart-Oaten et al., 1992; Stewart-

Oaten, 1996; Stewart-Oaten & Bence, 2001). In addition to total

zooplankton density, a Welch t test was also used to identify

statistically significant changes in taxon-specific (Daphnia,

Holopedium, and cyclopoid copepods) density in response to

our DOC treatment, as well as for changes in zooplankton

community composition (% Cladocera). Finally, we tested for

Fig. 1 Boxplot of annual epilimnetic dissolved organic carbon

concentration in the reference (grey boxes) and treatment (black

boxes) basins (measure weekly from May through September).

Boxplot gives the 5th, 25th, 50th, 75th, and 95th percentile of the

distribution of lake DOC concentration.
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changes in environmental covariates that may have been

impacted by the DOC treatment and that were hypothesized

to impact zooplankton denisties directly, including particulate

C:P, GPP, Zmix, and chlorophyll a concentration (see Zwart

et al. in press for discussion of GPP and Zmix). Weekly zoo-

plankton, chlorophyll a, and C:P data and difference between

basins were not consistently temporally autocorrelated

(Table S1), and all were normally distributed after log trans-

formation.

To identify potential proximate mechanisms for observed

changes in zooplankton density in response to our DOC

manipulation, we compared the seasonal mean of weekly dif-

ferences in density between the treatment and the reference

basins to the seasonal mean of weekly differences in environ-

mental covariates between the treatment and the reference

basin (GPP, C:P, chlorophyll a, Chaoborus biomass, bacterial

production, and Zmix). Comparing the mean differences is

directly analogous to the Welch t test results and removes the

effect of interannual climatic differences.

We observed substantial interannual variation in zooplank-

ton densities across the experiment. We hypothesized these

may have resulted from changes in weather patterns or ice-off

differences among years. As such, we compared zooplankton

densities to average air temperature and precipitation data

taken from meteorological data for Land O’Lakes, WI and ice-

off dates from nearby Sparkling Lake, a focal site of the North

Temperate Lakes LTER (North Temperate Lakes LTER: Ice

duration – Trout Lake Area 1981 – current).

Because the reference basin declined slightly in DOC con-

centration in response to the manipulation, we also compared

our treatment and reference basins to a set of seven lakes in

the region for which there was monthly zooplankton data over

the experimental period. Zooplankton densities were taken

from the seven northern lakes in the North Temperate Lakes

Long Term Ecological Research (NTL-LTER) dataset for 2011–
2014 (North Temperate Lakes LTER: Zooplankton – Trout

Lake Area 1982 – current). We filtered data to use similar clas-

sifications for adult crustacean zooplankton, excluding rotifers

and copepod nauplii from the analyses. As LTER data were

monthly rather than weekly, for this analysis we reduced our

observations from Long Lake to monthly using data from the

sample dates closest to sample dates of the NTL-LTER lakes.

To compare our treatment response to the NTL-LTER lakes,

we performed a Welch t test on the difference between the

monthly zooplankton densities in the treatment basin and the

mean monthly densities of the NTL-LTER (Stewart-Oaten &

Bence, 2001).

In addition to providing additional references for our

treatment basin, the NTL lakes allowed us to explore the

detectability of subtle directional change in zooplankton den-

sities in the context of heterogeneous responses to regional

drivers, such as interannual weather variation. Previous theo-

retical work has highlighted the importance of similar

response to regional drivers between treatment and reference

ecosystems, or coherence, for detection of whole-ecosystem

experimental treatment or gradual long-term change (Carpen-

ter et al., 1998; Osenberg et al., 2006). We quantified overall

coherence of zooplankton densities amongst lakes in the

region using the interclass correlation coefficient (ri; Rusak

et al. 1999; Rusak et al., 2008), calculated as:

ri ¼ MSm �MSE
MSm þ ðn� 1ÞMSE

ð1Þ

where MSm and MSE are the mean squares for month-year

and error, respectively, from a two-way ANOVA without repli-

cation. Zooplankton abundances were z-scored to zero mean

and standard deviation of one for the analysis.

We were also interested in the importance of coherence

between each individual reference lake and the treatment

basin in detecting change in zooplankton densities. We used

the Pearson’s correlation coefficient (r) for monthly abun-

dances in the treatment basin compared to each reference lake

as our measure of coherence. To assess the effect of coherence

on detectability of gradual change in zooplankton densities,

we compared our measure of coherence to p-values of the

Welch t tests for each treatment-reference pair. All statistical

analyses were performed with R statistical software (R Core

Development Team, 2015).

Results

Zooplankton responses to temporal change in DOC

Total zooplankton density increased in the treatment

basin relative to the reference in response to our whole-

lake DOC manipulation (Welch’s t = �2.97, df = 30.15,

P = 0.005; Fig. 2). Total zooplankton density was 36%

greater in the reference basin in the two premanipulation

years (mean in treatment = 54997 ind. m�2 and refer-

ence = 86242 ind. m�2; Table S2), but 12% greater in the

treatment basin postmanipulation (mean in treat-

ment = 15174 ind. m�2 and reference = 13250 ind. m�2;

Table S2). While zooplankton densities were greater in

the treatment basin relative to the reference basin post-

manipulation, zooplankton densities decreased more

than 80% in both basins between the pre- and postmanip-

ulation years. This decrease was associated with lower

spring temperatures (mean 0°C in 2011–2012 and �4°C
in 2013–2014) and later ice-off dates (day of year 115 and

79 in 2011 and 2012; 129 and 127 in 2013 and 2014).

The DOC-mediated increase in total zooplankton

density in the treatment compared to the reference was

largely due to increased Daphnia and cyclopoid cope-

pod densities (Fig. 2). However, there was a similar

increase in Holopedium in 2014 (Fig. 2). Despite high

week-to-week variability in area-specific density of

individual taxa and total zooplankton, the observed

increases in the treatment basin were marginally signif-

icant for both Daphnia (t = �1.99, df = 40.08, P = 0.05;

Table S2) and cyclopoids (Welch’s t = �1.90, df = 39.70,

P = 0.06; Table S1), but less so for Holopedium (Welch’s

t = �1.68, df = 21.95, P = 0.10; Table S2). There was no

significant change in percent Cladocera between the
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basins in the pre- vs. postmanipulation years (Welch’s

t = �0.07, df = 39.97, P = 0.94).

Drivers of zooplankton biomass response

Hypothesized proximate drivers of zooplankton den-

sity also responded strongly to the DOC manipulation

(Fig. 3; means � SE in Table S3). The increase in DOC

had resource- and nonresource-mediated impacts on

the lake, as seston carbon-to-phosphorus stoichiometry

was significantly lower in the treatment basin relative

to the reference (Welch’s t = 2.66, df = 42.02, P = 0.01;

Fig. 3a), while GPP (Welch’s t = �6.60, df = 403.67,

P < 0.001; Fig 3b; Zwart et al. in press) and chlorophyll

a concentration significantly increased (Welch’s t =
�2.89, df = 50.86, P = 0.005; Fig. 3c). Lower treatment

basin seston C:P postmanipulation was due primarily

to increased concentrations of particulate phosphorus

(Welch t = �3.40, P = 0.001; Fig. 4c), not to decreases

in particulate carbon concentrations (Welch’s t = �1.36,

df = 50.04, P = 0.19; Fig. 4a). Additionally, the DOC

manipulation significantly reduced mixed-layer depth

by approximately 0.3 m (Welch’s t = 77.94, df =

34629.05, P < 0.001; Zwart et al. in press, Fig. 3d). There

was no change in bacterial production in response to

the manipulation (Welch t test t = �0.79, df = 29.92,

P = 0.43 for two premanipulation years and one post

manipulation year; Fig. S1); this response variable was

not measured in the final postmanipulation year. In

general, Chaoborus biomass was variable across basin-

years, declining in both basins in 2013 and 2014

compared to premanipulation years (Fig. 3e). Chaoborus

biomass did not systematically vary with the DOC

manipulation (Welch’s t = �0.79, df = 38.54, P = 0.43),

but was greatest in the reference basin in 2011–2013,
and more similar between basins in 2014.

The difference in weekly zooplankton density

between the treatment basin and the reference basin

was associated with greater differences in gross pri-

mary production and chlorophyll a, and lower seston

C:P in the treatment relative to the reference (Fig. 5a–c).
There was no pattern between the difference in

zooplankton biomass and the difference in Zmix or

Chaoborus abundance between basins (Fig. 5d,e).

Impact of coherence on detectability of change

Amongst all reference lakes, coherence of monthly zoo-

plankton densities was moderate (ri = 0.29). Perhaps

owing to this moderate coherence of the references

and/or reduced statistical power as a result of using

monthly observations, the positive effect of our DOC

manipulation on treatment basin zooplankton densities

was not statistically significant when compared to all

eight reference systems (reference basin + NTL-LTER

lakes; Welch’s t = �1.21, df = 13.45, P = 0.24). We did,

however, observe a positive effect of coherence between

a specific reference system and the treatment basin on

the detectability of the subtle positive response in zoo-

plankton abundance to the manipulation (Fig. 6), with

the reference basin having the highest estimate of

coherence in monthly zooplankton densities compared

to the treatment (r = 0.94). Furthermore, regardless of

whether we used the reference basin of Long or one of

the NTL-LTER lakes as the statistical reference, the

comparison with the treatment basin of Long always

indicated either a significant increase or no significant

change in zooplankton density in the treatment basin.

This contrasted with the significant decrease in treat-

ment basin zooplankton density that we expected based

upon previous comparative studies (Kelly et al., 2014).

Discussion

We used a whole-lake manipulation to test the expecta-

tion, derived from surveys of lakes with different DOC

concentrations, that temporal increase of the DOC con-

centration in a single lake would significantly reduce

Fig. 2 Boxplots of annual zooplankton densities in the reference

(grey boxes) and treatment basins (black boxes) across the

experiment (measured weekly from May through September).

The boxplots give the 5th, 25th, 50th, 75th, and 95th percentile

of the distribution of zooplankton density for each year. Outliers

(points outside 1.5 times the interquartile range) were excluded

from the plots (N = 48 across the entire study).
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zooplankton density (Kelly et al., 2014). Surprisingly,

we observed a small increase in zooplankton density in

the treatment basin relative to the reference in response

to increasing DOC concentration, which sharply

contrasted with the significant decline expected from a

previous comparative survey (Kelly et al., 2014). This

increase in zooplankton density in response to the

manipulation appeared to be due to increased phos-

phorus supply owing to DOC-associated phosphorus

(Lennon & Pfaff, 2005; Cottingham & Narayan, 2013),

which enhanced primary production and resource

quality (carbon-to-phosphorus stoichiometry) in the

treatment basin.

Response of zooplankton to elevated DOC

Greater zooplankton density in the treatment basin was

associated with an increase in GPP and chlorophyll a.

Greater primary production has been repeatedly shown

to stimulate herbivore production (Coe et al., 1976;

McNaughton et al., 1989), especially in systems con-

trolled by bottom-up processes (McCauley & Kalff,

1981). In our experiment, greater GPP in the treatment

basin relative to the reference postmanipulation seems

to be related to an increase in phosphorus concentration

in the postmanipulation years in the treatment basin

(Welch’s t = �2.17, P = 0.035). Since there is often DOC

and TP co-export from the terrestrial landscape (e.g.,

Dillon & Molot, 1997, 2005), increased stream water

and solute load to a lake will likely result in increased

Fig. 3 Boxplots of annual (a) seston carbon-to-phosphorus stoichiometry, (b) gross primary production, (c) chlorophyll a concentration,

(d) mixed layer depth, and (e) Chaoborus in the DOC treatment basin (black boxes) and reference basin (grey boxes); response variables

were measured weekly from May through September, except primary production, which was measured daily. The boxplots give the

5th, 25th, 50th, 75th, and 95th percentile of the distribution of drivers for each year.

Fig. 4 Boxplots of annual (a) particulate organic carbon (POC),

and (b) total (TP) and (c) particulate phosphorus concentrations

in the treatment basin (black boxes) and the reference basin

(grey boxes) showing medians and quantiles (measured weekly

from May through September). The boxplots give the 5th, 25th,

50th, 75th, and 95th percentile of this distribution for each year.
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DOC and TP concentrations. Despite increased light

attenuation by the increased DOC, the light climate of

the treatment and reference basins remained identical.

This was because of the reduced mixed-layer depth in

the treatment basin, resulting in essentially no change

in the average amount of light in the upper mixed layer

(Fee et al., 1996; Jones, 1998; Zwart et al., in press).

In addition to chlorophyll a and GPP stimulating

greater zooplankton densities in the treatment basin,

nutritional quality of resources increased in response to

the DOC manipulation. Similar to increases in chloro-

phyll a and GPP, this relative decrease in seston C:P

was also likely due to the greater total phosphorus con-

centration in the treatment basin. In aquatic systems,

resource phosphorus concentration is tightly coupled

to zooplankton growth and reproduction, suggesting

that phosphorus limitation in these systems may

regulate zooplankton biomass (Hessen, 2008). As

phytoplankton carbon:nutrient stoichiometry can vary

depending on nutrient availability (nonhomeostatic),

zooplankton are often faced with resources that are sto-

ichiometrically unbalanced (Urabe & Sterner, 1996;

Sterner et al., 1997). Consumers using resources beyond

these nutritional thresholds face stoichiometric con-

straints (approximate 230–300 for Daphnia; Urabe &

Watanabe, 1992; Anderson & Hessen, 2005), needing to

cope with excess carbon through excretion, molting, or

respiration (Jensen & Hessen, 2007; He & Wang, 2008).

Distance from the nutritional threshold is also critical

as increasing seston C:P ratios will increasingly dimin-

ish zooplankton growth and reproduction. Therefore,

although the difference in C:P was slight, the lower C:P

in the treatment basin (306 vs. 329, on average) likely

led to reduced stoichiometric constraints and con-

tributed to increased zooplankton densities.

Other hypothesized drivers of zooplankton density

changed throughout the experiment, but were either

apparently unimportant in structuring zooplankton

density, or difficult to evaluate. Kelly et al. (2014)

suggested reductions in mixed-layer depth were the

likely determinant of zooplankton productivity across a

DOC gradient. Although there was a significant reduc-

tion in mixed-layer depth in the treatment basin com-

pared to the reference after the manipulation, it may

Fig. 5 Scatter plots of the mean difference in log-transformed biomass between the treatment and the reference (treatment-reference)

and the mean difference in log-transformed environmental covariates that were hypothesized to impact zooplankton biomass in

response to the manipulation. (a) GPP, (b) seston C:P, (c) Chlorophyll a, (d) Chaoborus biomass, and (e) mixed layer depth.
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have been offset by the concomitant changes in GPP

and reduced nutritional constraints. Food web struc-

ture can be a strong determinant of both zooplankton

density and community structure (Wellborn et al., 1996;

Carpenter et al., 2001; Jansson et al., 2010), and past

research suggests changing water color can influence

the relative importance of predation by the invertebrate

predator Chaoborus (Boeing et al., 2004). However, the

relationship between Chaoborus biomass and zooplank-

ton density was generally positively correlated within

both basins. Additionally, there was no systematic

relationship between yearly differences in Chaoborus

biomass and zooplankton density (Fig. 4). In fact, zoo-

plankton densities were higher in the reference basin in

2011 and 2012 despite greater Chaoborus biomass, sug-

gesting predators may have had comparatively less

impact on the difference in total zooplankton density

between basins than resource-mediated influences.

While it is possible Chaoborus densities are under-esti-

mated given daytime sampling, sampling methods

were consistent across basins and we therefore do not

expect any bias toward one basin or the other. Addi-

tionally, high concentrations of UV radiation may alter

zooplankton community composition and reduce bio-

mass (Williamson et al., 1999; Marinone et al., 2006).

While increases in water color and light extinction from

DOC in the treatment basin may have reduced UV pen-

etration through the water column, the initial DOC con-

centration of Long Lake attenuates sufficient UV

radiation at the surface as to not significantly impact

zooplankton (Williamson et al., 1996).

Detecting gradual change in the context of variable
temporal coherence among lakes

We know from previous work that weather can play a

significant role in yearly zooplankton dynamics,

although the direction and magnitude of the response

appears to be variable. Changes in weather have been

demonstrated to have a significant effect on plankton

phenology and life histories (Adrian et al., 1999, 2006;

George & Hewitt, 2005), synchrony among lakes (Rusak

et al., 2008), as well as biomass and abundance (Preston

& Rusack, 2010). Evidence suggests that weather pat-

terns driving water temperature and thermal stratifica-

tion of lakes are particularly important at key times

throughout the growing season (Huber et al., 2010), and

data from our experiment indicate cold spring and late

ice-off dates may generally reduce baseline abundance

and annual productivity (Fig. 1). However, there is also

evidence that this effect of weather can be decoupled

across lakes, with differences in trophic status, plankton

communities, and predator regimes having a significant

influence on the relative role of weather in shaping zoo-

plankton abundance in a given ecosystem (Anneville

et al., 2010; Fig. S2). As such, significant variability in

lake zooplankton responses to interannual variability in

weather within and across systems presents significant

challenges for detecting subtle ecological responses to

long, slow environmental changes like lake browning.

Additional zooplankton density data from lakes in

our region (NTL-LTER lakes) allowed us to evaluate

the effect of temporal coherence in response to varia-

tion in interannual weather on the detectability of sub-

tle changes in zooplankton density. The moderate

coherence of monthly zooplankton density from the

NTL-LTER lakes and our treatment basin made the sta-

tistical detection of a significant treatment effect, and

likely gradual change in zooplankton density over time,

difficult (Stewart-Oaten, 1996; Stewart-Oaten & Bence,

2001) As such, our results provide empirical support

for the theoretical assumption that coherence between

reference and treatment systems is a prerequisite for

detection of subtle and gradual ecological changes

(Stewart-Oaten, 1996; Stewart-Oaten & Bence, 2001).

This inference was further supported by the negative

correlation we observed between coherence and

detectability amongst the set of eight reference systems

(Fig 6). However, it is most important to note that

despite wide variation in the degree of temporal coher-

ence in zooplankton densities amongst our treatment-

reference pairs, all reference systems indicated a weak

positive response or no change in zooplankton density

to our DOC manipulation, which starkly contrasts with

expectations set by recent comparative studies along

DOC gradients (Kelly et al., 2014).

Fig. 6 Scatter plot of the Pearson’s correlation coefficient (r) for

monthly comparisons between treatment basin and reference

systems (NTL-LTER lakes and reference basin) and the P value

from Welch t tests for mean monthly differences in zooplankton

density pre- and post-manipulation. Open circle represents P

value of Welch t test comparing monthly differences between

treatment and reference basin, and closed circles represent the

NTL-LTER lakes.
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Spatial vs. temporal responses of zooplankton to increased
DOC concentration

Although the positive response of zooplankton density

to our DOC treatment was subtle and difficult to detect

in the context of weak coherence amongst lakes in the

region, the response was tremendously significant from

an ecological perspective. The response of zooplankton

to our DOC manipulation contrasted strongly with what

was observed in a spatial comparison of lakes that varied

in DOC concentration (Kelly et al., 2014). Using the rela-

tionship between DOC and zooplankton densities from

Kelly et al. (2014), we would expect an approximate 22%

decrease in Daphnia and copepod densities with an

increase from 8 to 11 mg L�1 in DOC concentration.

Additionally, due to the decline in DOC concentration in

the reference basin from 8 to 6 mg L�1, we would have

expected an approximate 12% increase in zooplankton

density in the reference basin, and an even wider gap

(34%) between the treatment and reference basin after

the manipulation. Therefore, although the greater taxon-

specific zooplankton densities in the treatment basin

were marginally significant, the null expectation was for

a significant decline in taxa-specific and total zooplank-

ton in response to the DOC increase. Our results suggest

that a more nuanced view of the effects of DOC increase

on aquatic consumers is required. Further, we will

require conceptual and quantitative models that simulta-

neously consider the negative (shading, habitat reduc-

tion, etc.) and positive (associated mineral nutrients,

bacterial resource, etc.) effects of DOC on zooplankton to

make robust predictions about the impact of spatiotem-

poral variation in DOC on lake food webs.
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