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xternal inputs strongly inﬂuence ecosystems. Alterations of
inputs, such as limiting nutrients or dispersing organisms, can
lead to major transformations. Controlling excessive inputs or, in
some cases, restoring ancestral inputs are often focal concerns
of ecosystem management (1). Nonetheless, ecological theory is
just beginning to account for inputs of materials and organisms
and the ways in which they subsidize food webs (2–4). Theory is
limited in part by the difﬁculty of measuring the utilization by
consumers of allochthonous (or exogenous) inputs. In this context, the open waters of lakes and oceans present special challenges, yet understanding the support of pelagic ecosystems is
crucial for understanding their functioning.
Aquatic systems receive organic material from two fundamentally different sources: primary production that occurred
within the system’s boundaries (autochthonous sources) and
primary production imported from the terrestrial watershed
(allochthonous sources). In lakes, streams, and rivers, the loading of allochthonous organic material is usually as large to much
larger than autochthonous primary production (5), and dissolved
compounds of terrestrial origin dominate the standing stock of
organic matter in these waters (6, 7). In the past, it was generally
assumed that this terrestrial organic matter was mostly refractory
and was either buried in sediments or exported. Work on the
metabolic balances of aquatic systems has reversed this view. In
many aquatic systems, respiration (the degradation of organic C
to CO2 by all organisms combined) exceeds gross primary production (the formation of organic matter by photosynthesis; ref.
8). This simple balance demonstrates that at least some portion
of the terrestrial input must be actively catabolized in the receiving aquatic system.
www.pnas.org/cgi/doi/10.1073/pnas.1012807108

That terrestrial material is catabolized suggests that some
secondary production of microbes, invertebrates, or ﬁsh may be
supported directly or indirectly by terrestrial inputs. Using multiple approaches (litter exclusion, gut contents, biomarkers, and
stable isotopes), a number of authors have reported that some
ﬁshes and benthic invertebrates in streams and the littoral zones
of rivers and lakes are indeed supported in part by terrestrial
organic matter (e.g., refs. 9–16). Demonstrating a terrestrial inﬂuence on pelagic food webs in lakes had been both more difﬁcult and more controversial. Terrestrial organic matter could
become available to pelagic organisms by several mechanisms:
microbial uptake of terrestrial dissolved organic carbon (DOC)
followed by consumption of these microbes by protozoans or
zooplankton (17, 18), direct consumption of terrestrial DOC by
zooplankton via osmotrophy (19), or by consumption of terrestrially derived particles by zooplankton (20, 21). Terrestrial
contributions to zooplankton have been estimated with different
methods, predominantly by using ambient 13C and 15N (11, 17,
20, 22–34). Although the majority of these studies suggest signiﬁcant terrestrial support of zooplankton (Table S1), this interpretation is debatable for three reasons: (i) The pathways
outlined above are hard to quantify and gut contents are difﬁcult
to determine in zooplankton (35); (ii) approaches using stable
isotopes can be problematic because it is difﬁcult to directly
measure the isotopic signature of phytoplankton. Suspended
particulate organic matter [seston, or particulate organic matter
(POM)] is only partially comprised of phytoplankton, and physically isolating the phytoplankton is only possible under certain
conditions (36); and (iii) even where measurement or estimation
is possible, phytoplankton can be isotopically similar to terrestrial
organic matter, especially for carbon (37).
In an attempt to overcome some of these difﬁculties, we
conducted a series of experiments in which we greatly elevated
the 13C of dissolved inorganic carbon (DIC) in the surface mixed
layer of several small lakes, creating strong contrasts in δ13C
between autochthonous primary production and allochthonous
inputs. From these experiments and associated models, we calculated that zooplankton could be subsidized from 30 to 70% by
terrestrial C in systems that had low phytoplankton biomass
(chlorophyll) and high DOC (29, 38). Experimentally elevating
primary production with nutrient additions greatly reduced this
terrestrial contribution to <10% (20, 27, 29). In a clear water
lake low in both phytoplankton and DOC, we found low ter-
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Cross-ecosystem subsidies to food webs can alter metabolic
balances in the receiving (subsidized) system and free the food
web, or particular consumers, from the energetic constraints of
local primary production. Although cross-ecosystem subsidies
between terrestrial and aquatic systems have been well recognized for benthic organisms in streams, rivers, and the littoral
zones of lakes, terrestrial subsidies to pelagic consumers are more
difﬁcult to demonstrate and remain controversial. Here, we adopt
a unique approach by using stable isotopes of H, C, and N to
estimate terrestrial support to zooplankton in two contrasting
lakes. Zooplankton (Holopedium, Daphnia, and Leptodiaptomus)
are comprised of ≈20–40% of organic material of terrestrial origin.
These estimates are as high as, or higher than, prior measures
obtained by experimentally manipulating the inorganic 13C content of these lakes to augment the small, natural contrast in 13C
between terrestrial and algal photosynthesis. Our study gives credence to a growing literature, which we review here, suggesting
that signiﬁcant terrestrial support of pelagic crustaceans (zooplankton) is widespread.

restrial subsidies to a calanoid copepod (2%) and a modest
subsidy to a cladoceran (30%; ref. 31 and Table S1).
Whole-lake 13C experiments have several potential biases that
may lead to an overestimation of allochthony. Because the 13C
was added only to the surface mixed layer, photosynthesis below
the mixed layer is not labeled and might be confused with terrestrial C in the analysis. Second, autochthonous primary production that occurred before the 13C addition would not have
been labeled, and the resulting autochthonous detritus again
could be counted as allochthonous by the analysis. Although these
issues were partially addressed (15, 20, 29), Brett et al. (21) recently
argued that these 13C addition experiments greatly overestimated
allochthony to zooplankton. Here, we estimate allochthony to zooplankton with an independent and unique approach. We used ambient stable isotopes of C, H, and N over depth and time to independently assess terrestrial contributions to zooplankton in two
contrasting lakes in which 13C addition experiments had been performed. Further, we present a unique method, based on deuterium (δ2H) to estimate the isotopic signature of phytoplankton
without having to separate them physically from seston, and
present a comprehensive review of the literature on allochthony
to zooplankton.
Results
Study Sites. We sampled Paul and Crampton lakes monthly
(May–August 2009) to measure isotopic pools and background
conditions (Table S2). Paul Lake (L.) is small (1.7 ha) and has
a brown color because of signiﬁcant concentrations of chromophoric dissolved organic matter. The lake is mesotrophic (chlorophyll-a 2–4 μg·liter−1 in the oxic zone), sharply stratiﬁed with
a steep thermocline beginning at ≈3.5 m, and anoxic <5.5 m;
Crampton is larger (25 ha), clear, oligotrophic (chlorophyll a 1–2
μg·liter−1), oxic throughout its water column, with a broad
thermocline. Both lakes had slight chlorophyll maxima in oxic
waters. The dominant crustacean zooplankton in Paul L. were
cladocerans including Daphnia (D. rosea and D. pulex) and
Holopedium gibberum as well as cyclopoid copepods. Crampton
L. had Holopedium gibberum, small cyclopoid copepods, and a
calanoid copepod, Leptodiaptomus minutus.
Isotopic Composition of Endmembers. The isotopic composition of
benthic and pelagic primary producers in the lake and in the
watershed was distinct for some of the isotopes (Fig. 1 and Table
S3). Dilution-regrowth cultures of phytoplankton (Methods)
from these lakes conﬁrmed the large fractionation for δ2H between water and algae reported (34, 39), and there was little
difference between deep and surface water phytoplankton. In the
surface waters of both lakes, phytoplankton had a δ2H of near
−200‰ with low variance (Table S3). In contrast, terrestrial
vegetation was much heavier than phytoplankton (by 65‰) averaging −129‰. Suspended POM in both lakes had δ13C midway
between that of phytoplankton and terrestrial vegetation (Table
S3). Assuming that POM is a mixture of terrestrial vegetation
and phytoplankton, we calculated the C and N isotopic signatures of phytoplankton at each depth (Table S3 and Methods).
In Paul L., the calculated δ13C of phytoplankton was lower
compared with terrestrial sources, averaging −31.3 ± 2.2 in
surface water and ≈1‰ lower at depth (Fig. 1 and Table S3) In
Crampton L., surface phytoplankton (−28.8 ± 0.08) was very
close to that of terrestrial organic C and was lower by ≈4‰ at
depth (Fig. 1 and Table S3). In both lakes, the calculated δ15N of
phytoplankton increased with depth and was higher than terrestrial values (Fig. 1 and Table S3).
Isotopic Signatures of Zooplankton and Seston. In both lakes, POM
and zooplankton had isotopic signatures that varied little over
depth and were intermediate between potential aquatic and
terrestrial sources (Fig. S1). In both lakes, there were some
1976 | www.pnas.org/cgi/doi/10.1073/pnas.1012807108

Fig. 1. Isotope biplots for Paul (Left) and Crampton lakes (Right) for 2009.
Zooplankton [Daphnia (Paul; ﬁlled black circles); Holopedium (both lakes,
open circles); and Leptodiaptomus (Crampton, ﬁlled red circle] are shown in
relation to possible food sources: phytoplankton in the upper mixed layer
(green ﬁlled circle); deep water phytoplankton (dark green triangle); littoral
benthic algae (ﬁlled blue circle), and terrestrial vegetation (ﬁlled yellow
circle). Means and SDs are shown; in some cases, the symbols are larger than
the SDs. Zooplankton are averages for all depths and dates taken. For surface water phytoplankton, SDs combine variance over time and the depths
within the upper mixed layer; for periphyton and deep water phytoplankton, the SDs are temporal only. POM, not shown here, is shown in Fig. S1.

signiﬁcant differences among taxa in isotopic composition. In
Paul L., Daphnia and Holopedium differed signiﬁcantly in δ2H
and δ15N but not in δ13C. In Crampton L., Leptodiaptomus and
Holopedium differed signiﬁcantly in all three isotopes. For Paul
L., there was no signiﬁcant difference in the zooplankton isotopes over depth (each pair, t test). In Crampton, only δ15N was
signiﬁcantly (t test, P < 0.05) higher at 7 m relative to the other
depths. Because the differences among depths were small and
inconsistent, and because zooplankton can move throughout
the water column, we kept the taxa separate in the following
analyses but combined data over depth and date to increase the
sample size.
Zooplankton were distinct from their basal food resources
(i.e., terrestrial and algal end members) for δ2H in all cases
(Fig. 1). Littoral benthic algae and both surface and deep phytoplankton were signiﬁcantly lower in δ2H compared with zooplankton (Fig. 1). The cladoceran zooplankton in both Paul and
Crampton lakes were higher in δ15N compared with terrestrial
sources by 4–6‰ suggesting that, with the expected trophic enrichment, terrestrial N was a likely partial source of food for
zooplankton. In contrast, cladocerans were similar to or slightly
lower than algal δ15N sources, suggesting algae are not sole N
sources for these zooplankton (Fig. 1). Leptodiaptomus in
Crampton L. was higher by 2–3‰ in δ15N compared with phytoplankton and by as much as 8‰ compared with terrestrial
sources. Depending on the extent to which Leptodiaptomus is
a primary consumer or an omnivore (i.e., feeding partially on
other zooplankton), either terrestrial or algal N are possible food
sources. The δ13C of zooplankton in Paul L. was lower than
benthic algal sources and close to, but slightly lower than, either
deep or surface phytoplankton sources. It is likely that some
lower δ13C source (e.g., methanotrophic bacteria; ref. 40) is used
by zooplankton in this lake (see below).
In our modeling analysis, we treat all zooplankton as primary
consumers that feed on some mixture of algal and terrestrial
resources. We use 15% as an estimate of dietary water (Methods)
for consumers. We calculated the δ2H in food (e.g., corrected for
dietary water) of each zooplankton taxa and used these corrected
values for the isotope modeling with δ2H alone and for δ2H in
Cole et al.

Terrestrial Support of Zooplankton. Based on analysis of ambient
stable isotopes, zooplankton in the two study lakes are comprised
in part of allochthonous organic matter. Although the estimates
of the magnitude are uncertain and vary with lake, taxon, and the
sources used in each model, ϕT exceeded 10% in all cases and
was between 20 and 40% for most of the source combinations we
tried. In no case using multiple isotopes could we explain the
composition of zooplankton from any combination of surface
and deep water phytoplankton in the absence of some terrestrial
material. The mean values of multiple models are in agreement
with those obtained from the whole lake 13C additions for the
same lakes for cladocerans and substantially higher for the copepod Leptodiaptomus (ref. 31 and Table S1). The 13C addition
experiments have two potential biases that could result in overestimates of allochthony: deep feeding by vertically migrating
zooplankton and consumption of detritus of algal origin that was
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Fig. 2. Box-whisker plots of the fraction of zooplankton biomass from
terrestrial organic matter estimated from IsoSource models by using only
one stable isotope ratio (δ2H) in Paul and Crampton lakes. The box boundaries represent the 25th and 75th percentile, the horizontal line is the median, and the whiskers mark the 10th and 90th percentiles. The dots denote
the 5 and 95% values of the distribution. The models include combinations
of possible sources: T, terrestrial; P, phytoplankton in the upper mixed layer;
D, phytoplankton at the chlorophyll max in oxic water; L, benthic algae.
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Fig. 3. Box-whisker plots of the fraction of zooplankton biomass from
terrestrial organic matter estimated from IsoSource models by using three
stable isotopes (δ2H, δ15N, and δ13C) in Paul and Crampton lakes. The box
boundaries represent the 25th and 75th percentile, the horizontal line is the
median, and the whiskers mark the 10th and 90th percentiles. The dots
denote the 5 and 95% values of the distribution. The models include combinations of possible sources: T, terrestrial; P, phytoplankton in the upper
mixed layer; D, phytoplankton at the chlorophyll maximum in oxic water; L,
benthic algae; CH4, metanotrophic bacteria.

produced before the addition of the label (15, 21). However, the
ambient isotope approach used here did not give substantially
lower estimates of ϕT than the 13C additions, indicating that
neither of these potential biases were of major importance for
zooplankton in these lakes.
The isotopic modeling indicates zooplankton are comprised of
multiple sources in these lakes, but distinguishing among some of
these sources is difﬁcult. For example, the autotrophic components are not well separated from each other isotopically. Thus,
models often cannot distinguish among two or more of these
sources in terms of their support of zooplankton. In Paul L.,
although there was not strong isotopic separation between surface and deep phytoplankton, 13C in periphyton was lower than
in phytoplankton. In models that included phytoplankton and
periphyton, periphyton was a minor possible source to zooplankton, <10% for either Daphnia or Holopedium. In Crampton
L., none of the autochthonous components were well separated
and all sources were likely in some models. If we sum the three
possible autochthonous sources in each model, we can compare
ϕT to support by total autochthonous production, and this comparison revealed a consistent pattern. Autotrophic production
(some combination of benthic algae plus surface and deep phytoplankton) accounted for >60% (at the median of the IsoSource
distributions) of zooplankton biomass in all cases.
That zooplankton consume more algae (probably phytoplankton) than terrestrial detritus agrees with our assessments of
ϕT from whole lake 13C additions and with most estimates from
the literature (Table S1). That zooplankton are formed in part
from terrestrial detritus also agrees with the whole lake 13C
additions in these lakes and with most prior studies that have
used a variety of methods. The 13C additions suggest that ϕT for
cladocerans was ≈30% in Crampton L. (31) and 20–37% in Paul
(20, 38). This result agrees well with the estimates developed here
by using only ambient isotope measurements. The 13C addition
analysis for Crampton L. suggested that Leptodiaptomus was almost entirely supported (98%) by autochthonous primary production, whereas the ambient isotope approach leads to a higher
estimate of support by allochthonous sources (30–40%). The
ambient isotope approach treats all zooplankton as primary
consumers. This assumption is reasonable for cladocerans but
PNAS | February 1, 2011 | vol. 108 | no. 5 | 1977
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combination of δ13C and δ15N. Using δ2H alone, all models
suggest zooplankton are comprised in part of terrestrial organic
matter with median estimates ranging from 10 to 30% depending
on the model (Fig. 2). However, the δ2H-alone models are not
well constrained with 5 and 95 percentiles ranges from near
0 to >40% (Fig. 2). Adding δ13C and δ15N to the models greatly
reduced the range of possible values of the percentage of terrestrial organic matter (ϕT) in zooplankton biomass (Fig. 3).
With the three isotope models, none include zero ϕT at the
extremes, and the medians range from ≈25 to 39% (Fig. 3).
Further, no models that excluded terrestrial sources ﬁt within
a tolerance of 3‰ (Methods). Collectively, these models provide
strong evidence that zooplankton are signiﬁcantly supported by
terrestrial organic matter.
Methanotrophic bacteria are a possible food source to zooplankton, and even modest consumption of these bacteria results
in signiﬁcant 13C depletion (41). We do not have direct measurements of the isotopes of methanotrophs but provide an estimate based on assumptions from the literature for 13C and δ2H
(ref. 42 and Table S3), with the additional assumption that
methanotrophic bacteria, as primary autototrophs, have the
same δ15N as phytoplankton. Adding methanotrophs has little
effect on the estimate of ϕT in the models (Fig. 3).

may not apply to Leptodiaptomus, which consumes small zooplankton, heterotrophic protists (e.g., ciliates), phytoplankton,
and detritus (30, 35, 43, 44). The higher δ15N of Leptodiaptomus is
the result of feeding on a higher trophic level than Holopedium,
feeding on different basal food sources, or both (Fig. 1). Thus, our
simple analysis may overestimate ϕT for Leptodiaptomus, and
a more sophisticated approach may be needed for secondary
consumers or those, like Leptodiaptomus, which probably feed
at multiple tropic levels (13).
Literature Review. At least 15 prior studies have attempted, using
a variety of methods, to estimate allochthony in zooplankton
(Table S1). Of these, four provided only qualitative assessments
of which two (22, 23) describe allochthony as being low while two
others (11, 24) describe allochthony as large or very large. All of
the studies that provide quantitative estimates suggest that
allochthony for some zooplankton taxa in the systems studied
is >20%, and many of the studies estimate much higher values
(50–70%; e.g., refs. 26 and 28). Most of the published studies
used ambient stable isotopes (largely 13C, some in combination
with 15N) as the basis of the estimate. One intriguing study used
speciﬁc fatty acid biomarkers and traced the C supporting
whiteﬁsh (Coregonus 11) to terrestrial material that transferred
to ﬁsh via copepods. Another study that used ambient 14C, which
can help distinguish materials based on their age found high
allochthony for zooplankton, in the Hudson River where old
allochthonous carbon is important (34).
Isotopic Signatures of Phytoplankton. We used δ2H both as a food
web tracer and, because of its high contrast between terrestrial
and algal photosynthesis, as a way to estimate the isotopic signature of phytoplankton (Methods and Table S3). The calculated
values of δ13C for phytoplankton using the δ2H approach
returned values of −31.3‰ in Paul L. and −29‰ in Crampton,
which are comparable to estimates we obtained from the 13C
addition experiments (31, 38) and imply phytosynthetic fractionation (13C-CO2 minus 13C-phytoplankton) values in the
range previously observed in freshwaters (−12 to −20‰; refs. 31
and 45). Using δ2H, we estimate that POM is highly allochthonous, >80% in both lakes. This estimate is somewhat higher than
we estimated from the whole-lake 13C additions for Paul L. and
much higher than that for Crampton L; this discrepancy may
reﬂect differences among years, methods, or both. However, if
we assumed a lower 13C value for phytoplankton, terrestrial organic C would have to be an even larger fraction of the POM in
both lakes. The δ2H approach estimated δ15N values for phytoplankton of 1.8‰ in Paul and 0.08‰ in Crampton. These values
are higher than the measured terrestrial 15N by 4–6‰. Similar
contrasts were reported by France (46) for benthic algae in forested lakes. Our estimated values of δ15N in phytoplankton were
slightly lower (by 0.3–0.6‰) compared with our measured values
in benthic algae. Thus, δ2H may be a promising tool in estimating
the 13C and 15N isotopic signature of phytoplankton, and more
work needs to be done to reﬁne its use.
Role of Methane. Many studies, including this one, ﬁnd that

zooplankton have lower 13C than measurable sources (22, 47).
Hypotheses advanced to explain this discrepancy include the
following: a lower 13C signature in the phytoplankton consumed
by zooplankton (30, 48); feeding deep in the water column where
13
C is sometimes lower than in surface waters (22, 30) and the
consumption of methanotrophic bacteria, which can be have
extremely low 13C signatures (42). For our study, neither the
seston nor our estimates of the phytoplankton 13C signature
showed marked 13C depletion over depth in oxic water (Table
S3), and we have accounted for the possibility of feeding deep in
the water column in the mixing models. In Paul L., but not
Crampton L., it is conceivable that there is a source of food in
1978 | www.pnas.org/cgi/doi/10.1073/pnas.1012807108

anoxic water that we did not measure (e.g., purple or green sulfur
bacteria). Using this source would require zooplankton to feed
in anoxic water. If the zooplankton are restricted to oxic water,
the consumption of methanotrophic bacteria is quite likely.
These lakes have measureable CH4 concentrations at all depths
including surface waters (49) and measurable but low rates of
CH4 oxidation in oxic waters (50). Including methanotrophic
bacteria in the mixing, models provided a better ﬁt for 13C, but
has little effect on the estimate of ϕT for any of the taxa-lake
combinations.
How Do Zooplankton Access Terrestrial Organic Matter. The standing
stock of DOM in most lakes in this region is heavily dominated by
terrestrial sources (7, 20). The importance of terrestrial organic
matter to POM is more variable. In experimentally fertilized lakes,
POM was almost entirely derived from autochthonous primary
production (27, 29). Based on the 13C addition to Crampton L.,
Pace et al. (31) estimated that POM was highly autocthonous (31).
In contrast in this study, consistent with the Leptodiaptomus
results, we calculate that POM was highly allochthonous. Although methodological differences cannot be ruled out, year-toyear variability is a possibility. Because Crampton L. is dilute,
small differences in either terrestrial loading or primary production could account for this discrepancy. Given the allochthonous nature of combined dissolved and particulate organic matter
in these lakes, it is striking that terrestrial organic matter comprises only 25–30% of zooplankton biomass. The relatively high
reliance on algal material demonstrates that zooplankton are
quite selective in keeping with physiological studies (51, 52) and
some ﬁeld studies (22, 23).
This study does not address the pathways that provide zooplankton with terrestrial organic matter; some of our prior work
does. Bacterial uptake of DOM, and subsequent consumption
by zooplankton, is likely only part of the story. From the 13C
experiments, we estimate for Paul L. that this pathway provides
<10% of the terrestrial C that zooplankton consume (20). This
low supply is the result of low rates of bacterial production
compared with zooplankton demand and that bacteria assimilate
DOM of both algal and terrestrial origin in about equal proportion (53). There are a number of reports of invertebrates that
take up DOC directly (54, 55) but very few for crustacean zooplankton. Speas and Duffy (19) suggest the process occurs in
Daphnia but is not signiﬁcant to its C balance. It is likely, therefore, that zooplankton are consuming particles that either entered
the lake from land or formed by ﬂocculation of DOM. Because
direct aeolian inputs appear to provide only a small fraction
(<10%) of the total zooplankton demand (56), ﬂocculation of
DOM is the most likely mechanism for a large source of terrestrial
particles (57).
There is ample evidence that some zooplankton, especially
cladocerans, will ingest numerous kinds of particles (52). Our
isotopic evidence suggests that particles of terrestrial origin must
also be assimilated by zooplankton. Recently, Brett et al. (21)
measured assimilation of terrestrial organic matter by Daphnia
magna in laboratory experiments. D. magna grew and reproduced poorly on diets of terrestrial particles alone (red alder
leaves), but growth and reproduction were positive on mixtures
of algae and alder leaves even when the algal component was as
low as 20% of the total (21). On mixtures approaching what we
estimate here for cladocerans (30% terrestrial, 70% algae),
growth and reproduction were not different from diets using
nutritious laboratory algae that produced maximal growth (21).
Hence, despite the arguments of Brett et al. (21) that zooplankton are not supported by terrestrial organic matter, their
laboratory results are consistent with the ﬁeld analyses reported
here and elsewhere (Table S1). Zooplankton do not grow simply
on nutritious algae but subsist on algae of variable quality (58)
and on organic matter derived from terrestrial sources.
Cole et al.

Methods
Sample Collection. Samples were taken at four depths in each lake four to six
times during the ice-free season of 2009. Zooplankton were collected with
an open diaphragm bilge pump where the inlet hose was set at the desired
sampling depth, and the outlet hose pumped water through an 80-μm
mesh net. Samples for seston were collected by the same method without
ﬁltering the water (i.e., whole water samples). Zooplankton samples were
sorted by taxa under a dissecting microscope, dried (40 °C), and desiccated
pending isotope analysis. Seston samples were ﬁltered in the laboratory
shortly after collection. For 13C and 15N samples, seston was collected on
25-mm glass ﬁber ﬁlters (Whatman GF/F) and dried. For δ2H, samples were
ﬁltered through 47-mm MicronSep Cellulosic. The accumulated seston was
back-rinsed into a small volume of water and then dried. This separate
procedure for δ2H was used because glass ﬁber ﬁlters interfere with the δ2H
analysis. From the same samples as the isotopes, aliquots were taken for the
analysis of chlorophyll-a by ﬂuorometry. Because the ﬁlters clog as particles
accumulate, bacteria are included in the seston but we cannot separately
estimate the isotopic signature of bacteria. Proﬁles of dissolved oxygen and
temperature were taken by using a model YSI Professional Plus meter.
Isotope Analysis. Stable isotope ratios of organic samples were measured on
isotope ratio mass spectrometers at the University of Alaska (δ13C and δ15N)
and the University of Northern Arizona (δ2H). Methods for δ2H analysis followed those of Doucett et al. (39) and Finlay et al. (60), including a benchtop
equilibration to correct for exchange of H atoms between samples and ambient water vapor (61–63). Water samples were analyzed for δ2H via cavityring-down laser spectroscopy. The δ2H is the nonexchangeable fraction (39).
Isotopic Signatures of Phytoplankton. We obtained the δ2H values of phytoplankton by performing dilution-regrowth experiments in the surface
waters of each lake. Water was collected and ﬁltered through Whatman
GF/F ﬁlters (4 liters) and mixed with small inocula of unﬁltered water. The
samples were incubated under ambient light at 22 °C with aeration. By
taking frequent samples for chlorophyll-a, we could assess when enough
growth (≈5 μg of chl-a·liter−1) had occurred so that enough new particulate
material could be easily collected, which took from 4 to 10 d depending on
lake and time. The δ2H of phytoplankton was estimated from the δ2H of the
new material. These experiments provide εH (the contrast between δ2H in
1. Lake PS, Bond N, Reich P (2007) Linking ecological theory with stream restoration.
Freshw Biol 52:597–615.
2. Polis GA, Anderson WB, Holt RD (1997) Toward and integration of landscape and
food web ecology: The dynamics of spatially subsidized food webs. Annu Rev Ecol Syst
28:289–316.
3. Leroux SJ, Loreau M (2008) Subsidy hypothesis and strength of trophic cascades across
ecosystems. Ecol Lett 11:1147–1156.
4. Power ME (2001) Prey exchange between a stream and its forested watershed
elevates predator densities in both habitats. Proc Natl Acad Sci USA 98:14–15.
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phytoplankton and water), which allows the calculation of phytoplankton
δ2H at any time and depth. We assumed that POM is comprised of a mixture
of phytoplankton and terrestrial material and solved for the 13C and 15N of
phytoplankton algebraically (Table S2 for details). The consistency of εH in
these lakes and in the literature (5, 15, 39, 60) justiﬁes this approach.
Isotope Modeling. We used the multiple polygon model of Phillips and Gregg
(ref. 64; IsoSource) to analyze source contributions to zooplankton. We
chose IsoSource, which solves iteratively for feasible mixing solutions, for
several reasons. The model is designed to handle situations where there are
more possible sources than isotopes, which is the case for some of our model
runs. More importantly, IsoSource is a well-tested model, available to all
(www.epa.gov/wed/pages/models/stableIsotopes/isosource/isosource.htm), and
widely cited in the literature.
IsoSource addresses variability in source isotope signatures by using
a tolerance parameter that allows models to ﬁt within a certain range of the
mean (64). We used tolerance parameters of 1–3‰, which are similar to the
range among replicate ﬁeld samples and reﬂect the uncertainty in sources
(Table S3). For each source, IsoSource computes a frequency distribution of
the proportion of organic matter that the source contributes to the consumer. In most cases, this distribution has a single well-deﬁned peak. We
express the IsoSource results as box-and-whisker plots of these distributions.
Dietary Water and Trophic Fractionation. To model food sources to zooplankton, we needed to estimate trophic fractionation in 15N and for dietary
water for δ2H. Solomon et al. (65) showed that trophic fractionation for δ2H
was negligible. For 15N, we made the standard assumption that consumers
are higher by 3‰ than their food sources, recognizing that there is variability around this mean (66). A fraction of an organism’s nonexchangeable
H comes from water rather than assimilated food. Because we are interested
in the food web, we need to estimate the fraction of dietary water and
correct for it. We created a series of models in IsoSource (64) in which we
used one isotope (2H), the δ2H of water in each lake, and the possible food
sources (phytoplankton, deep phytoplankton, benthic algae, and terrestrial
vegetation). We ﬁt a range of possibilities for dietary water in 20 models
with various combinations of these sources (Fig. S2). The medians of these
models ranged from 17 to 12%, and the box-whisker plots of the full distribution are reasonably narrow. None of the models ﬁt with dietary water
<10%; a large majority (13 of 20) ﬁt with dietary water between 10 and
15%; and only 1 model ﬁt >25% (Fig. S2). In the analysis presented in the
text, we used 15% for dietary water, which is in agreement with both these
model runs and the recent review of the literature by Solomon et al. (65).
We tested the effect of different values of dietary water on the outcome in
models that included multiple isotopes and sources. Decreasing the estimate
of dietary water to 10% increased ϕT and increasing it to 20% decreased ϕT;
models with dietary water >25% had no solution. For example, for Daphnia
in Paul L., the three isotope models that included all sources (terrestrial,
surface phytoplankton, deep phytoplankton, and benthic algae) with diet
water at 10, 15, and 20% had decreasing means (± SD) for ϕT of 0.4 (±0.036);
0.324 (±0.036), and 0.146 (±0.008), respectively. At diet water of 22% or
above, no solution was obtained within a tolerance of 3‰. Clearly, uncertainty in dietary water leads to uncertainty in the magnitude of ϕT. A
ﬁnal caveat concerns the possible alteration δ2H (or the other isotopes) in
organic matter as it decomposes. Large differences in the isotopic signatures
of living phytoplankton and detritus derived from phytoplankton, for which
there is no evidence, could complicate this analysis. Because the residence
time for particles in these water columns is short (days), it is unlikely to see
a large diagenetic effect.
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Fig. S1. Isotopic proﬁles of POM (ﬁlled circles) of zooplankton (open symbols) in Paul (Left) and Crampton (Right) lakes. In Paul L., only Daphnia (open circles)
is shown because Daphnia and Holopedium were indistinguishable at this scale. In Crampton L., Holopedium (open circles) and Leptodiaptomus (▽) are both
shown. Error bars at each represent the temporal SD of samples taken four times during 2009. In Paul L., both zooplankton taxa were measured at all depths
on all four dates. In Crampton L., we did not measure both taxa at all depths or on all dates because in some cases, taxa were too rare to obtain sufﬁcient mass
for isotope analyses. Thus, samples without SD are from single measures. The approximate position of terrestrial isotope values is shown for each isotope; the
approximate value for the δ2H of phytoplankton is shown in Upper.

Fig. S2. Results of ﬁtting dietary water in IsoSource. Upper shows the distributions of dietary water, ﬁtted by IsoSource in models that included all three
isotopes (C, N, and H) and four end members as possible sources (terrestrial, surface phytoplankton, deep phytoplankton, and benthic algae). Lower shows the
distribution of the mean values of dietary water, ﬁtted by IsoSource, for all of the three isotope models shown in Fig. 3.
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Table S1. Reported values of allochthony for zooplankton in freshwater systems
ϕT zooplankton

Reference
Qualitative estimates
del Giorgio and France (1)
Sobczak et al. (2)
Karlsson et al. (3)
Perga et al. (4)

System

Approach

Support

Allochthony low
Allochthony low
Allochthony high for Cladocerans
Allochthony high for copepods;
for Daphnia low

Canadian lakes
San Joaquin River
15 subarctic lakes
Lake Annecy, France

Ambient 13C
Mass balance
Ambient 15N
Fatty acid biomarkers

Humic Lake, Sweden

Ambient

C

Yes

Jones et al. (6)
Cole et al. (7, 8)

≈40% cladocerans 25 ± 20%
Eudiaptomus
≈50%, copepods, cladocerans.
<10%

Ambient 13C, 15N
Whole lake 13C addition

Yes
No

Karlsson et al. (9)
Carpenter et al. (10)

9–77%; mean of 53%
22–73% (across lakes and 3 models)

Ambient 13C with model
“Whole” lake 13C addition

Yes
Yes

Matthews and Mazumder (11)

Mohammed and Taylor (14)

9–23%

27 Ontario lakes

Berggren et al. (15)

23% (7–45% depending
on model run)
21–57%

L. Ortrasket, large, boreal
lake (7.3 km2)
Hudson River

Ambient 13C; 15N and
experiments
Whole lake 13C addition
and model
Whole lake 13C addition
and model
Ambient 13C and
regression model
Microbial model

Yes

Taipale et al. (13)

Holopedium 40–50%; Leptodiaptomus
15–40%; Epsichura 50–60%
2% Leptodiaptomus; 30%
Holopedium
29–53%

Loch Ness, Scotland
Two small Wisconsin lakesexperimentally fertilized
15 subarctic lakes
3 humic lakes Wisconsin,
not fertilized
Council L., BC, Canada.

Ambient 14C with 2H,
13
C and 15N

Yes

Quantitative estimates
Meili et al. (5)

Pace et al. (12)

Caraco et al. (16)

30-ha clear water
Wisconsin lake
Shallow Finnish lake

13

No
No
Yes
Yes

Yes
Yes
Yes
Yes

The table is divided into two parts: Qualitative estimates and Quantitative estimates, and then ordered chronologically. “Qualitative” means that the author
provided some written assessment of allochthony as large or small but did not report a numerical value. “Support” means that either the qualitative or
quantitative results of the study support (Yes) or do not support (No) the hypothesis that zooplankton are subsidized by terrestrial organic matter.
1. del Giorgio PA, France RL (1996) Ecosystem-speciﬁc patterns in the relationship between zooplankton and POM or microplankton delta C-13. Limnol Oceanogr 41:359–365.
2. Sobczak WV, Cloern JE, Jassby AD, Müller-Solger AB (2002) Bioavailability of organic matter in a highly disturbed estuary: The role of detrital and algal resources. Proc Natl Acad Sci USA
99:8101–8105.
3. Karlsson J, Jonsson A, Meili M, Jansson M (2004) delta N-15 of zooplankton species subarctic lakes in northern Sweden: Effects in s of diet and trophic fractionation. Freshw Biol 49:
526–534.
4. Perga ME, Bec A, Anneville O (2009) Origins of carbon sustaining the growth of whiteﬁsh Coregonus lavaretus early larval stages in Lake Annecy: Insights from fatty-acid biomarkers.
J Fish Biol 74:2–17.
5. Meili M, et al. (1996) Sources and partitioning of organic matter in a pelagic microbial food web inferred from the isotopic composition δ13 C and δ15 N) of zooplankton species. Arch
Hydrobiol Spec Issues Advanc Limnol 48:53–61.
6. Jones RI, Grey J, Sleep D, Quarmby C (1998) An assessment, using stable isotopes, of the importance of allochthonous organic carbon source to the pelagic food web in Loch Ness. Proc
Biol Sci 265:105–111.
7. Cole JJ, Carpenter SR, Kitchell JF, Pace ML (2002) Pathways of organic carbon utilization in small lakes: Results from a whole-lake C-13 addition and coupled model. Limnol Oceanogr 47:
1664–1675.
8. Cole JJ, et al. (2006) Differential support of lake food webs by three types of terrestrial organic carbon. Ecol Lett 9:558–568.
9. Karlsson J, Jonsson A, Meili M, Jansson M (2003) Control of zooplankton dependence on allochthonous organic carbon in humic and clear-water lakes in northern Sweden. Limnol
Oceanogr 48:269–276.
10. Carpenter SR, et al. (2005) Ecosystem subsidies: Terrestrial support of aquatic food webs from C-13 addition to contrasting lakes. Ecology 86:2737–2750.
11. Matthews B, Mazumder A (2006) Habitat specialization and the exploitation of allochthonous carbon by zooplankton. Ecology 87:2800–2812.
12. Pace ML, et al. (2007) Does terrestrial organic carbon subsidize the planktonic food web in a clear-water lake? Limnol Oceanogr 52:2177–2189.
13. Taipale S, Kankaala P, Tiirola M, Jones RI (2008) Whole-lake dissolved inorganic 13C additions reveal seasonal shifts in zooplankton diet. Ecology 89:463–474.
14. Mohamed MN, Taylor WD (2009) Relative contribution of autochthonous and allochthonous carbon to limnetic zooplankton: A new cross-system approach. Fund Appl Limnol 175:
113–124.
15. Berggren M, et al. (2010) Lake secondary production fueled by rapid transfer of low molecular weight organic carbon from terrestrial sources to aquatic consumers. Ecol Lett 13:
870–880.
16. Caraco N, Bauer JE, Cole JJ, Petsch S, Raymond P (2010) Millennial-aged organic carbon subsidies to a modern river food web. Ecology 91:2385–2393.
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Table S2. Limnologic conditions in Paul and Crampton Lakes, Vilas County, WI
Measurement

Paul Lake

Crampton Lake

1.7
7.9
1.5
4.8
4.3
0.49
3.7
≈4
≈5

25.7
52.8
0.6
8
3.7
0.63
4.9
≈7
Whole water column

Lake area, ha
Watershed area, ha
Color (A440)
Depth to 1% light, m
DOC (mg of C·liter−1; upper mixed layer)
POC (mg of C·liter−1; upper mixed layer)
Mean depth, m
Zmix
Zoxic

Color is a measure of light absorption at 400 nM. DOC, dissolved organic C; POC, particulate organic C. Zmix is
the depth of the upper mixed layer; Zoxic is the depth at which anoxic water starts. Paul Lake is entirely feed by
ground water and Crampton mostly so, except for an intermittent stream. The watersheds of both lakes are
entirely forested and undeveloped; watershed areas from Cardille et al. (1). For both lakes, the terrestrial C can
enter these lakes as DOC in groundwater, as Aeolian-transported POC, and POC can be formed in the lake from
DOC by ﬂocculation.
1. Cardille JA, et al. (2007) Carbon and water cycling in lake-rich landscapes: Landscape connections, lake hydrology, and biogeochemistry. J Geophys Res-Biogeo 112:G202031.

Table S3. Isotopic signatures of terrestrial and aquatic primary producers used as end members in the mixing models
Type

Lake

δ13C (SD) n

δ15N (SD) n

δ2H (SD) n

Method

Symbol
T

D
CH4
CH4

Terrestrial vegetation

Both

−29.2 (1.5) 81

−4.6 (0.6) 81

−129.5 (15.2) 81

Benthic algae

Paul

−28.4 (4.6) 6

+2.4 (4.7) 6

−180.0 (18.0) 6

Benthic algae
Phytoplankton

Crampton
Paul

−29.4 (3.1) 6
−31.3 (2.2) 12

−0.2 (1.5) 6
+1.8 (1.7) 12

−186 (15.2) 6
−198 (8.3) 12

Phytoplankton
Deep Phytoplankton

Crampton
Paul

−28.8 (0.8) 12
−32.3 (2.4) 4

+0.08 (2.3) 12
+3.5 (2.9) 4

−195 (8.2) 12
−212 (8.3) 4

Deep phytoplankton
Methane-oxidizing
bacteria
Methane-oxidizing
bacteria

Crampton
Paul

−31.3 (0.7) 4
−60

1.1 (1.7) 4
1.8

−200 (8.2) 4
−200

Direct measurement (8 dominant tree
species) these watersheds
Direct measurement on tiles colonized
with benthic algae in situ
As with Paul
Dilution regrowth for δ2H, algebra
for δ 13C and δ15N on POM, (Methods)
As with Paul
Use εH from phytoplankton and water at
depth, algebra with POM for C and N
As with Paul
Speculative. Based on 41

Crampton

−60

0.08

−200

Speculative. Based on 41

L
L
P
P
D

The terrestrial end members represent averages of leaves of the dominant trees in these watersheds and were measured directly. Benthic algal isotopes
were obtained by deploying clean tiles for 1–2 wk in each lake and sampling the algae that grew there and measured directly. Phytoplankton isotopes were
obtained by a unique method. Using dilution regrowth experiments in each lake, we obtained the δ2H of phytoplankton. The contrast between the δ2H of
phytoplankton and the water it grew in (εH,) was large, and nearly identical (between 150 and 160 del units) between the lakes and in other systems so far
studied (1–4). Unlike the case for C, there is no known physiological effect on εH of bulk organic matter from either growth rate or cell size. Thus, it is possible
to predict the δ2H of phytoplankton from that of water in principal under any growth conditions. Using the measured δ2H of water at each depth and time, we
calculated the δ2H of phytoplankton by using the mean εH. We assume that POM is a mixture of phytoplankton and terrestrial material. Because we have
measured values of the δ2H, δ13C, and δ15N of terrestrial material, we can solve algebraically for the 13C and 15N of phytoplankton. Solving Eq. 1 for ϕT gives us
the fraction of POM that is terrestrial. We can then solve Eq. 2 for the δ13C (or a similar equation for δ15N) of phytoplankton. Eq. 1: δ2HPOM = ϕT × δ2HT + (1 − ϕT)
δ2HP (all are knowns except ϕT) Eq. 2: δ13CPOM = ϕT × δ13CT+ (1 − ϕT) × δ13CP (now all are knowns except δ13CP), where the subscripts “POM” and “P” denote
particulate organic matter and phytoplankton, respectively, and ϕT is the fraction of POM that is terrestrial.
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