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Abstract
Food web productivity in lakes can be limited by dissolved organic carbon (DOC), which reduces fish production by limiting the abundance of their zoobenthic prey. We demonstrate that in a set of 10 small, north
temperate lakes spanning a wide DOC gradient, these negative effects of high DOC concentrations on zoobenthos production are driven primarily by availability of warm, well-oxygenated habitat, rather than by
light limitation of benthic primary production as previously proposed. There was no significant effect of
benthic primary production on zoobenthos production after controlling for oxygen, even though stable isotope analysis indicated that zoobenthos do use this resource. Mean whole-lake zoobenthos production was
lower in high-DOC lakes with reduced availability of oxygenated habitat, as was fish biomass. These insights
improve understanding of lake food webs and inform management in the face of spatial variability and
ongoing temporal change in lake DOC concentrations.

In lake ecosystems, consumers in benthic habitats—the
zoobenthos—are a key food web link between basal resources
and fishes. For instance, reliance of fishes on zoobenthic
prey was 65% on average in a survey of 470 lacustrine fish
populations (Vander Zanden and Vadeboncoeur 2002), and
varied from 60% to 80% in an intensive study of three species in a single lake (Weidel et al. 2008). Fishes have strong
ecological effects on lakes (Carpenter et al. 2001; Vanni
2002) and support economically and culturally valuable fisheries. Although zoobenthos play a central role in structuring
lakes in ecologically and societally important ways, surprisingly little is known about the ecological factors that limit
their productivity. The most comprehensive analyses indicate that zoobenthos productivity may be regulated by lake
trophic status and availability of resources such as detritus
formed from settling particulates, and benthic algae (Strayer
and Likens 1986; Rasmussen 1988); as well as abiotic factors
like habitat structure, lake morphometry, humic water color,
and dissolved oxygen concentration (Rasmussen and Kalff
1987; Dermott 1988; Rasmussen 1988; Babler et al. 2008).
However, the considerable effort required to quantify zoobenthos abundance, especially given their patchy distribuAdditional Supporting Information may be found in the online version of
this article.
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tions in space and time, means that robust comparative
analyses are rare.
The current conceptual model of food web productivity
in nutrient-poor lake ecosystems emphasizes light-mediated
resource limitation of zoobenthos and ultimately fish populations (Karlsson et al. 2009; Finstad et al. 2014). Dissolved
organic carbon (DOC) derived from terrestrial organic matter
stains the water, such that lakes with higher DOC concentrations have darker water (Jones 1992). This reduces light penetration and thereby also benthic primary production (Ask
et al. 2012; Godwin et al. 2014). Karlsson et al. (2009) proposed that reduced benthic primary production in higherDOC lakes limits zoobenthos production, which in turn limits fish production. This proposed causal chain fits with
major established patterns in lake ecology including light
limitation of benthic primary production (Hansson 1992;
Vadeboncoeur et al. 2008; Ask et al. 2012) and the importance of zoobenthos prey in supporting fish production
(Vander Zanden and Vadeboncoeur 2002; Weidel et al.
2008). However, there is limited evidence to support the
idea that benthic primary production can limit zoobenthos
production. While some zoobenthos can and do rely on
benthic primary production (Strayer and Likens 1986; Hecky
and Hesslein 1995; Devlin et al. 2013; Lau et al. 2014),
others employ a diversity of other feeding strategies (Cummins and Klug 1979) and can feed on resources such as terrestrial particulates, settling phytoplankton and other
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animals (Merritt et al. 2008). In a survey of eight oligotrophic Arctic lakes, Northington et al. (2010) found only a
weak relationship between zoobenthos production and
benthic primary production.
An alternative mechanism by which DOC might limit
zoobenthos production could be its effects on the availability
of thermally suitable and well-oxygenated habitat. Because
DOC absorbs incoming heat as well as light, darker lakes
develop stronger, shallower thermal stratification (Snucins
and Gunn 2000; Read and Rose 2013). This means that a
greater proportion of their volume and sediment surface area
lies in the hypolimnion, where the water is cold and isolated
from light and atmospheric exchange such that respiration
may drive dissolved oxygen to extremely low levels (Arvola
1984; Wetzel 2001; Wissel et al. 2003). Most zoobenthos,
like other aerobic poikilotherms, are strongly affected by
both temperature and dissolved oxygen concentration (Dermott 1988; Plante and Downing 1989), although there are
some taxa, such as Chironomus spp., which can tolerate peri nasson 1984).
ods of anoxia at the expense of growth (Jo
In this study, we tested the importance of the DOCmediated resource-limitation and habitat-limitation mechanisms for controlling zoobenthos production. We estimated
zoobenthos production and resource use in 10 low-nutrient
lakes spanning a wide DOC gradient, and related rates of
production to measurements of benthic primary production,
dissolved oxygen, and temperature. Our results confirm a
strong negative effect of DOC on zoobenthos production.
However, they indicate that this effect occurs mainly via
reductions in dissolved oxygen and available habitat, not via
resource limitation driven by light availability and benthic
primary production.

Methods
Study site and sample collection
We estimated zoobenthos production in 10 lakes at the
University of Notre Dame Environmental Research Centre
located on the Wisconsin–Michigan border, U.S.A. (46.2288
N 89.5248 W). The lakes spanned broad environmental gradients; for instance, DOC ranged from 5.3 mg/L to 23.0 mg/
L and total phosphorous (TP) ranged from 11.4 lg/L to 33.9
lg/L (Table 1).
We collected zoobenthos samples from each lake on three
occasions across the summer growing period, in late May,
late June and early August 2012. On each sampling occasion
samples were taken at 4–5 depths, depending on the maximum depth of the lake, along four replicate transects. All
lakes were sampled at 0.5 m, 1 m, and 3 m; deep lakes were
also sampled at 8 m and 12 m and shallower lakes (< 8 m)
were sampled at the deepest depth available. We used a push
corer to sample sediment at depths of 1 m or less (five cores
per sample, 0.017 m2 total) and an Ekman grab (0.023 m2)
to sample at all deeper depths. Sediment samples were seived

through 250 lm mesh bags and organisms were sorted visually from the debris on the same day as collection and stored
in 70% ethanol. Spot checks on  10% of samples indicated
that we were effective at picking macrozoobenthos from the
samples, but it is likely that some small macrozoobenthos
were missed. In addition, this method was not designed to
collect small meiofauna. Thus our production estimates
should be viewed as macroinvertebrate-specific and as minimal estimates of total zoobenthos production (Strayer and
Likens 1986).
Zoobenthos production
We identified zoobenthos to genus or the lowest possible
taxonomic level using a stereo microscope, following the
keys of Holsinger (1972), Stern (1990), and Merritt et al.
(2008). We photographed each individual using a digital
microscope camera and measured head capsule width, body
length, or shell width from the images using ImageJ software
(National Institutes of Health, U.S.A.). Zoobenthos dry mass
was calculated from these measurements following published
length-mass relationships (Supporting Information Appendix
1). We calculated production for each taxon at each sample
site using the Plante and Downing (1989) predictive regression model, which uses mean annual biomass, maximum
individual body mass, and mean annual surface water temperature as predictors. We used data from the summer rather
than the entire year to estimate these predictors, which
probably biased our production estimates toward higher values. To check the magnitude of this bias, we applied this
method to the data of Babler et al. (2008), who previously
estimated zoobenthos production using the size-frequency
method in one of the lakes that we studied here. Estimates
of zoobenthos production from the Plante and Downing
method with summer data were 10–42% higher than those
from the size-frequency method.
We summed production across taxa and reported it in
two different manners in the results. Depth-specific production is the average production from the four replicate samples taken at each depth within each lake. Whole-lake
average production was calculated by dividing each lake up
into depth bands centered around our sampling depths, multiplying the area of each depth band by the average depthspecific production, summing across the depth bands, and
dividing by the total area.
Enviromental variables
We measured depth-specific water temperatures and dissolved oxygen concentrations on each of the three zoobenthos sampling occasions using a handheld polarigraphic
sensor (YSI Pro 20, Yellow Springs Instruments, U.S.A.), and
used the mean of these three measurements as an indicator
of average summertime conditions at each depth. We similarly calculated average light availability at each depth based
on profile measurements of photosynthetically active
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798.3
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Table 1. Summary of lake bathymetry and water chemistry for the 10 survey lakes during the study period. DOC is dissolved organic carbon. Average light climate is the average percentage of surface light available in each lake, calculated using weighted depth bands (see whole-lake zoobenthos production methods). Metalimnion depth was characterised as the shallowest depth at which the change in temperature exceeded 18C m21.
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radiation (PAR) with an underwater quantum PAR sensor
and light meter (LICOR LI-192SA and LI-250A, LICOR,
U.S.A.).
We measured depth-specific benthic primary production
using in situ benthic chambers and the diel oxygen method,
as described in Godwin et al. (2014). Briefly, we placed optical dissolved oxygen sensors inside clear skylight domes
deployed for 3–7 d on the bottom at depths corresponding
to the 60%, 25%, and 5% light level in each lake, and calculated daily esimates of primary production based on the rate
of change in dissolved oxygen in each dome using a modified version of the method described by Cole et al. (2000).
We repeated these deployments three times over the course
of the summer. For every set of deployments in a given lake,
benthic primary production estimates were linearly interpolated at 0.5 m depth intervals from the rates calculated at
the deployment depths. To make these interpolation calculations, we assumed that benthic primary production was zero
below the 1% light level and that it was constant between
the minimum deployment depth and the surface of the lake.
We calculated the mean depth-specific benthic primary production by averaging across all of the available measurements for each lake-depth.
In addition to these depth-specific measures, we calculated average whole-lake temperature, dissolved oxygen,
light availability, and benthic primary production by weighting depth-specific values by the area of each depth band, as
described above for zoobenthos production calculations. We
also measured water column DOC, chlorophyll a, total phosphorous, and total nitrogen concentrations in each lake
based on epilimnion samples collected on the three sampling occassions across the summer, and processed as
described in Kelly et al. (2014). We estimated fish biomass in
six of our lakes in 2013 using catch per unit effort of zoobenthivorous fishes from overnight fyke net sets to estimate
the relationship between benthic invertebrate production
and fish biomass.
Resource use
We estimated the reliance of zoobenthos on benthic,
pelagic, and terrestrial sources of primary production using
measurements of C, N, and H stable isotope ratios and a
Bayesian mixing model, following the methods in Solomon
et al. (2011). For the benthic end member of the mixing
model we scraped periphyton from ceramic tiles positioned
at 0.5 m depth in each lake. For the pelagic end member, we
estimated the stable isotope ratios of phytoplankton following the method of Cole et al. (2011). For the terrestrial end
member, we used published stable isotope ratios for leaf litter collected within 5 km of our study lakes (Cole et al.
2011). Finally, for the environmental water end member in
the H equation of the mixing model, we measured the dD of
surface water in each lake on three occasions throughout the
summer. Zoobenthos for stable isotope analysis were col-

lected simultaneously with the other zoobenthos samples
from four sites on each lake at 1 m depth. We picked chironomids, odonates, and trichopterans from these samples,
held them overnight to allow for gut evacuation, then
pooled them by taxon and sample date, dried them at 608C,
and ground them to a fine powder. We measured stable isotope ratios on isotope ratio mass spectrometers at the University of Notre Dame (d13C and d15N) and Northern Arizona
University (dD). Stable isotope ratios of the three zoobenthos
taxa were similar within each lake, so we fit a single mixing
model for each lake using all of the available zoobenthos
samples.
Identifying predictors of zoobenthos production
We fit linear regression models, including lake as a blocking factor, to describe the effects of benthic primary production, dissolved oxygen, and water temperature (singly and in
all possible combinations; seven candidate models in all) on
depth-specific zoobenthos production. We compared the
candidate models using AICc to identify the model(s) with
the best predictive ability. Our predictors (particularly
benthic primary production) are themselves measured with
error, which can lead to biased parameter estimates and loss
of power in classical regression models (Fuller 1987). To
avoid these issues we used a measurement error model (also
known as an error-in-variables model). Specifically, we calculated the maximum likelihood estimates of the parameters,
and the associated likelihood, following Equations 2.2.10
through 2.2.12 of Fuller (1987). We bootstrapped the residuals of our fitted models 10,000 times to determine 95%
confidence intervals for the parameters (Carroll et al. 2006;
Manly 2007). All predictors were log(x 1 1) transformed and
converted to Z-scores prior to analysis, to normalize distributions and facilitate comparisons among the coefficients. We
present the coefficient of determination (R2) for each model,
but note that these should be used only as rough aids to
interpretation because the R2 calculation is not strictly valid
in the presence of measurement error (e.g., Cheng et al.
2014). While we report results from these error-in-variables
models here, we note that results were qualitatively similar
when we used standard least-squares regression. We also
used standard least-squares regression to ask whether there
was a relationship between zoobenthos production at the
whole-lake level and DOC concentration or other lake-level
predictors.

Results
We collected a total of 529 zoobenthos samples and measured 10,950 individuals from 11 orders and 32 families. Total
zoobenthos biomass per sample averaged 0.85 g dry mass
m22 and ranged between 0 g dry mass m22 and 9.87 g dry
mass m22. Chironomidae was the dominant taxon in all
lakes, constituting 13.1–100% of the biomass in shallow
samples (0.5–1 m) and an even greater portion of biomass
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Fig. 1. Depth profiles of habitat and resource characteristics for the clearest (gray circles; Crampton Lake, DOC 5 5.26 mg/L) and darkest (black
circles; Reddington Lake, DOC 5 23.0 mg/L) lakes in this study. BPP represents benthic primary production.
(39.7–100%) in deeper samples (3–12 m). We did not see
strong evidence for a shift in the proportion of biomass associated with any particular order of invertebrates along the
DOC gradient although some genera appeared to be more
associated with clear or dark lakes.
Depth gradients and DOC
Differences in DOC concentration between lakes were
associated with large differences in environmental depth gradients within lakes. To illustrate this, we show depth profiles
for two lakes representing the clear and dark ends of our
DOC gradient (Fig. 1; values for lakes with intermediate
DOC concentration fall between the two extremes displayed). Depth profiles of limnological variables showed that
high-DOC “dark” lakes become colder, darker and oxygen
depleted at much shallower depths than do low-DOC “clear”
lakes. For example, the dissolved oxygen concentration at
3 m depth was 0.1 mg/L in our darkest lake, compared to
8.5 mg/L in our clearest lake. Similar comparisons can be
made for temperature (7.48C compared to 21.48C) and
benthic primary production (0 mg C m22 d21 compared to

575 mg C m22 d21). Pearson’s correlation coefficients
between dissolved oxygen, temperature, benthic primary
production, and light ranged from 0.59 to 0.88. Both the
thermocline depth (the depth at which the change in temperature with depth, between warm surface waters and cold
hypolimnetic waters, is most rapid) and the oxycline depth
(similarly defined for dissolved oxygen concentration) were
shallower in lakes with higher DOC concentrations
(F1,8 5 20.13, p 5 < 0.01, R2 5 0.72, and F1,8 5 10.54, p 5 0.01,
R2 5 0.57, respectively).
Depth-specific zoobenthos production
Dissolved oxygen was the best single predictor of withinand among-lake variation in depth-specific zoobenthos production that we considered, while benthic primary production was the worst (Fig. 2; Table 2). The best model as
indicated by AICc was the one that contained only dissolved
oxygen and the lake term as predictors, and this model was
clearly better than the next-best model (DAICc 5 11), which
contained only temperature and the lake term. Individually,
benthic primary production was the least effective predictor
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mental gradients observed within the lakes, which were
strongly influenced by DOC. In clear (low DOC) lakes, zoobenthos production was fairly constant across depths, with
high production even at the deepest sites (Fig. 3a). In stark
contrast, production in the darkest (high DOC) lakes was
negligible at 4–5 m and deeper (Fig. 3c). Considering that
thermocline and oxycline depths are reduced in darker lakes
(Fig. 1) and that zoobenthos production is related to these
variables (Fig. 2), it appears that zoobenthos production is
limited in dark lakes by availability of suitable habitat
because oxygen is depleted at shallower depths.
Whole-lake zoobenthos production
Whole-lake average zoobenthos production was negatively related to DOC concentration, reflecting the loss of
productivity at deeper depths in darker lakes (Fig. 4a,
F1,8 5 7.89, p 5 0.02, R2 5 0.50, log-log regression). While
zoobenthos production varied substantially among the lakes
with low DOC concentrations, it was low in all of the lakes
with high DOC concentrations (Fig. 3 & 4a). Whole-lake
zoobenthos production was positively related to whole-lake
average estimates of dissolved oxygen (F1,8 5 9.25, p 5 0.02,
R2 5 0.54, log-log regression), temperature (F1,8 5 20.73,
p 5 < 0.01, R2 5 0.72, log-log regression) and benthic primary
production (F1,8 5 13.4, p 5 < 0.01, R2 5 0.62, log-log regression), all of which were also negatively related to DOC concentration. There was no relationship between water column
nutrient concentrations (total phosphorus and total nitrogen) and whole-lake zoobenthos production (p > 0.13,
R2 < 0.26). Fish biomass (measured as biomass catch per unit
effort) was positively related to zoobenthos production for
the six lakes in which data was available (Fig. 4b,
F1,4 5 18.46, p 5 0.01, R2 5 0.82).

Fig. 2. Depth-specific zoobenthos production plotted against mean
depth-specific (a) dissolved oxygen concentration, (b) water temperature, and (c) benthic primary production. Each point represents a
depth-lake combination; error bars are 6 1 SE of production estimates
across four replicate sites per depth. The best model describing variation
in zoobenthos production included dissolved oxygen and a lake blocking
term, but not temperature or benthic primary production.

of zoobenthos production, and its estimated coefficient did
not differ from zero in any model that included either dissolved oxygen or temperature as a predictor. We observed
that sites with zero benthic primary production had zoobenthos production ranging between 0 g m22 yr21 and 17.7 g
m22 yr21 (i.e., including the lowest and nearly the highest
rates of zoobenthos production that we measured); furthermore, there was little or no trend in zoobenthos production
with increasing benthic primary production above 0 (Fig. 2c).
Patterns of zoobenthos production with depth mirrored
the depth response of dissolved oxygen and other environ-

Resource use
Reliance of zoobenthos collected from 1 m depth on
benthic primary production was moderate to high in the
clearest lakes, declined over a DOC range of 7–9 mg/L, and
was generally lower in the dark lakes with DOC > 9 mg/L
(Fig. 5). Zoobenthos reliance on terrestrial and pelagic primary production (medians of posterior distributions; see
Supporting Information Appendix 2 for additional detail)
ranged from 19% to 65% and from 6% to 46%, respectively;
neither was clearly related to DOC concentration.

Discussion
A revised conceptual model for the effects of DOC on
food web productivity
The current conceptual model of lake food webs in
nutrient-poor settings posits that the effect of DOC on light
availability limits resource availability in the form of benthic
primary production, thereby limiting zoobenthos and ultimately fish production (Karlsson et al. 2009; Finstad et al.
2014). This conceptual model assumes that benthic primary
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Table 2. Summary of bias-corrected linear measurement error models relating depth-specific zoobenthos production in 10 lakes to
mean depth-specific dissolved oxygen concentration (DO, mg/L), water temperature (Temp, 8C), and benthic primary production
(BPP, mg C m22 d21). All predictor variables were log(x 1 1) transformed and converted to Z-scores. Models are sorted by DAICc,
with the best model in the top row. Estimates of the coefficients included in the model (with bootstrapped 95% confidence intervals)
are given in the first three columns; each model also included lake as a blocking term. Bold text indicates coefficients for which the
95% CI does not include zero. R2 estimates are not valid in the presence of measurement error and are provided only as rough aids
to interpretation.
DO
3.4 (2.5, 4.1)
–
–

Temp

BPP

R2

–

–

0.76

0

3.0 (1.9, 4.0)
–

–
3.0 (1.6, 3.8)

0.66
0.65

11
18

DAICc

4.2 (2.3, 5.9)

20.9 (22.8, 1.0)

–

0.77

52

2.9 (1.6, 4.4)
–

–
1.6 (0.3, 3.5)

0.7 (21.1, 2.0)
1.8 (20.3, 3.0)

0.77
0.69

93
105

3.7 (1.8, 5.8)

21.1 (23.0, 0.9)

0.8 (21.0, 2.1)

0.77

143

production is the essential resource that limits zoobenthos
production, such that zoobenthos production increases
when benthic primary production increases. Our results do
not support that assumption. While benthic primary production by itself is significantly related to zoobenthos production, this model had much lower predictive ability than
models that included water temperature or, especially, dissolved oxygen as predictors. Furthermore, confidence intervals for this effect overlapped zero whenever water
temperature or dissolved oxygen also appeared in the model.
Many sites with zero benthic primary production had quite
high rates of zoobenthos production, up to 75% of the maximum zoobenthos production that we observed at any site.
Similarly to the results of Northington et al. (2010), only a
weak relationship existed between zoobenthos production
and benthic primary production at sites with nonzero
benthic primary production. If we consider patterns at 1 m
depth across lakes of increasing DOC, we observed decreases
in benthic primary production (F1,8 5 14.52, p 5 < 0.01,
R2 5 0.64) and reliance of zoobenthos on benthic primary
production (Fig. 5), yet no decrease in production of zoobenthos (F1,8 5 0.44, p 5 0.52, R2 5 0.05). Taken as a whole, our
results do not support the idea that benthic primary production is the key limiting factor for zoobenthos production.
Instead, our results suggest that DOC affects zoobenthos
and ultimately fish production largely by limiting the availability of warm and well-oxygenated habitat. Dissolved oxygen concentration was by far the strongest single predictor
of depth-specific zoobenthos production in these lakes, followed by temperature. Zoobenthos production was generally
very low at sites with hypoxic conditions (near-zero dissolved oxygen; Fig. 2). Because hypoxic conditions persisted
across most of the potentially available habitat in high-DOC
lakes, these lakes had much lower whole-lake zoobenthos
production than did low-DOC lakes. Hypoxia has been identified as a limiting factor for zoobenthos production in previ-

ous studies, usually in cases where hypoxia results from
 nasson 1984; Dermott 1988). Some
eutrophication (e.g., Jo
authors have also suggested that a similar effect might occur
as a result of high DOC concentrations (Rasmussen and Kalff
1987; Estlander et al. 2010). However, our study is the first
clear demonstration that DOC-driven variability in dissolved
oxygen concentrations can control zoobenthos production.
One simple way to conceptualize this pattern is as a DOCinduced “squeeze” of the habitat available to support appreciable zoobenthos production. A similar habitat squeeze has
been suggested to drive DOC effects on zooplankton production (Kelly et al. 2014), and could also play a role in limiting
fish production in high-DOC lakes (Coutant 1985; Finstad
et al. 2014).
The lack of a strong connection between zoobenthos production and benthic primary production suggests that additional basal resources must also be important for supporting
zoobenthos. Evidence from our study and a considerable
body of literature support this idea. The zoobenthos is a
diverse group consisting of specialist and generalist feeders
of many guilds, including shredders, predators, collectors,
and others (Cummins and Klug 1979; Merritt et al. 2008;
Strayer 2009). It is likely that in light-limited sites with low
benthic primary production but high zoobenthos production, the zoobenthos are feeding on other resources such as
sedimented phytoplankton, bacteria, terrestrial particulate
matter, or other invertebrates (Hecky and Hesslein 1995;
James et al. 2000; Solomon et al. 2008; Premke et al. 2010;
Lau et al. 2014). This idea is supported by our stable isotope
results, which showed that zoobenthos reliance on combined terrestrial and pelagic primary production was, in the
majority of cases, higher than their reliance on benthic primary production (Supporting Information Appendix 2).
While benthic primary production clearly can be an important food resource for some zoobenthos in some locations
(Strayer and Likens 1986; Hillebrand and Kahlert 2001;
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and lower zoobenthos production. Furthermore, the data
that we have available on fish populations in these lakes suggests that fish biomass is positively related to zoobenthos
production (Fig. 4b), although other mechanisms such as the
oxygen-mediated habitat squeeze might also affect fish biomass. This result is consistent with the patterns in fish production across DOC gradients observed by Karlsson et al.
(2009) and Finstad et al. (2014), and with the idea that zoobenthos are a major contributor to fish production in lakes
(Vander Zanden and Vadeboncoeur 2002; Weidel et al.
2008). Our major contribution is to show that this DOC
effect on food web productivity of higher consumers is primarily a function of oxygen and habitat limitation rather
than light limitation.

Fig. 3. Zoobenthos production across depths in lakes where DOC concentrations are (a) low, (b) intermediate, and (c) high. The average
position of the metalimnion (the depth zone where temperature is
changing at > 18C m21) in each set of lakes is indicated by the horizontal gray bands.

Vadeboncoeur and Steinman 2002; Solomon et al. 2011;
Devlin et al. 2013), our results, like those of Northington
et al. (2010), demonstrate that it is not the strongest predictor of zoobenthos biomass and production.
It is important to note that our results do support the
central idea of the conceptual model proposed by Karlsson
et al. (2009)—that DOC concentrations can limit zoobenthos
and fish production—as well as most of the mechanisms
within that model. We saw that high-DOC lakes had more
rapid light extinction, lower benthic primary production,

Unexplained variability in zoobenthos production
While the environmental factors that we considered
explain a great deal of the within- and among-lake variation
in zoobenthos production, there is appreciable variation not
explained by our statistical models. Two aspects of this unexplained variation are particularly instructive to consider.
First, we observed considerable variation in zoobenthos production at shallow depths that was not related to dissolved
oxygen concentration, benthic primary production, or temperature. Factors such as sediment and macrophyte structure,
wave action, and predation have been shown to have important influences on zoobenthos biomass in littoral zones, and
likely played a role in our study as well (Rasmussen and Kalff
1987; Moss and Timms 1989; Tolonen et al. 2001). Lake
depth and stratification strength also seem to play a role; the
two lakes with the highest rates of zoobenthos production at
shallow sites, Brown and Inkpot, were the only two in our
study that never fully stratified, due to their relatively large
size and shallow depth. Because periodic mixing of the water
column reduces hypoxia and regenerates nutrients, shallow
systems like these may have higher zoobenthos productivity
than would be predicted on the basis of DOC alone (Finstad
et al. 2014). Second, zoobenthos production varied appreciably (from 0 g m22 yr21 to 5.2 g m22 yr21) even among
hypoxic sites where mean dissolved oxygen concentrations
were < 0.05 mg L21. Previous work has shown that the duration of hypoxia can be an important control on zoobenthos;
 nasson (1984) found that chironomid growth
for instance, Jo
and reproduction in a eutrophic lake was negatively related
to the duration of summer stratification in which oxygen
concentrations over sediments were depleted. Logistical constraints prevented us from obtaining oxygen profiles for our
ten lakes on more than the three sampling occasions, but if
we regress site-specific zoobenthos production against the
number of sampling dates per site that experienced hypoxic
conditions (dissolved oxygen < 0.05 mg/L), we see a significant negative trend (F10,36 5 11.82, p 5 < 0.001, R2 5 0.7,
including lake as a blocking factor). Future studies might be
able to better resolve this effect. It is interesting to note the
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Fig. 4. Relationships between zoobenthos production and, (a) DOC concentration for the 10 survey lakes (F1,8 5 7.89, p 5 0.02, R2 5 0.50, log-log
regression), (b) catch-per-unit effort of zoobenthivorous fish (CPUE, in biomass units) for the six survey lakes where fish data were available
(F1,4 5 18.46, p 5 0.01, R2 5 0.82).

Fig. 5. Benthic reliance (proportion of biomass derived from benthic
primary production) of zoobenthos in ten lakes across a gradient of
DOC concentrations. Box plots show the 2.5th, 25th, 50th, 75th, and
97.5th percentiles of the posterior probability distributions for benthic
reliance, based on a Bayesian stable isotope mixing model. The prior
probability distribution is shown at the right edge of the figure. Zoobenthos for this analysis were collected from 1 m depth in each lake.
parallels between high nutrient and high DOC concentrations, both of which are increasing globally (Bennett et al.
2001; Monteith et al. 2007), affect water clarity, and can
increase hypolimnetic hypoxia and therefore decrease zoobenthos production.

Conclusions
Ecologists have long debated the role of resources and
habitat in controlling consumer populations. In lake ecosystems, nutrient limitation of primary producers is often recognized as a major control on the production of higher
trophic levels. More recently it has become clear that, in the
relatively nutrient-poor systems that dominate northern
landscapes, DOC is a major regulator of productivity from
the base of the food web to its apex (Prairie 2008; Karlsson

et al. 2009; Finstad et al. 2014; Kelly et al. 2014). It is important to note that this study focused on a restricted number
of relatively small, shallow lakes, which although numerically dominant (Verpoorter et al. 2014), may react differently
compared to large, deep, highly mixed ones. Nonetheless,
our results confirm that DOC concentrations can limit productivity of zoobenthos and ultimately fishes, and demonstrate that this occurs mainly via oxygen-mediated habitat
limitation rather than light-mediated resource limitation. In
the face of considerable spatial variability and ongoing temporal change in DOC concentrations in northern lake ecosystems (Monteith et al. 2007; Sobek et al. 2007), this
mechanistic insight may improve understanding and management of lake food webs.
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