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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 recog-
nized 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 con-
tent of these lakes to augment the small, natural contrast in 13C
between terrestrial and algal photosynthesis. Our study gives cre-
dence to a growing literature, which we review here, suggesting
that significant terrestrial support of pelagic crustaceans (zoo-
plankton) is widespread.
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External 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 con-
text, the open waters of lakes and oceans present special chal-
lenges, yet understanding the support of pelagic ecosystems is
crucial for understanding their functioning.
Aquatic systems receive organic material from two funda-

mentally 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 load-
ing 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 pro-
duction (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 re-
ceiving aquatic system.

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 mul-
tiple 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 in-
fluence on pelagic food webs in lakes had been both more dif-
ficult 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 terres-
trially 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 sig-
nificant terrestrial support of zooplankton (Table S1), this in-
terpretation 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 phys-
ically 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 cal-
culated 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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