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Reciprocal subsidies between freshwater and terrestrial ecosystems
structure consumer resource dynamics

Pia BARTELs,l’z’7 JULIEN CUCHEROUSSET,3’4’5 KRISTIN STEGER,I’S PETER EKL(’)V,1 LARrs J. TRANVIK,1
AND HELMUT HiLLEBRAND®

'Department of Ecology and Genetics, Limnology, Uppsala University, Uppsala, Sweden
2Department of Ecology and Environmental Science, Umed University, SE-90187, Umed, Sweden
3Centre for Conservation Ecology and Environmental Sciences, School of Applied Sciences, Bournemouth University,
Poole, Dorset, United Kingdom
4“CNRS, UPS (Universite Paul Sabatier), ENFA ( Ecole Nationale de Formation Agronomique); UMRS5174, Laboratoire EDB
(Evolution et Diversité Biologique), 118 Route de Narbonne, 31062 Toulouse, France
SUPS, UMRS5174, Laboratoire Evolution et Diversité Biologique (EDB), Université de Toulouse, 31062 Toulouse, France
SInstitute for Chemistry and Biology of the Marine Environment, University of Oldenburg, Wilhelmshaven, Germany

Abstract. Cross-ecosystem movements of material and energy, particularly reciprocal
resource fluxes across the freshwater-land interface, have received major attention.
Freshwater ecosystems may receive higher amounts of subsidies (i.e., resources produced
outside the focal ecosystem) than terrestrial ecosystems, potentially leading to increased
secondary production in freshwaters. Here we used a meta-analytic approach to quantify the
magnitude and direction of subsidy inputs across the freshwater—land interface and to
determine subsequent responses in recipient animals. Terrestrial and freshwater ecosystems
differed in the magnitude of subsidies they received, with aquatic ecosystems generally
receiving higher subsidies than terrestrial ecosystems. Surprisingly, and despite the large
discrepancy in magnitude, the contribution of these subsidies to animal carbon inferred from
stable isotope composition did not differ between freshwater and terrestrial ecosystems, likely
due to the differences in subsidy quality. The contribution of allochthonous subsidies was
highest to primary consumers and predators, suggesting that bottom-up and top-down effects
may be affected considerably by the input of allochthonous resources. Future work on
subsidies will profit from a food web dynamic approach including indirect trophic interactions

and propagating effects.
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INTRODUCTION

More than half a century ago, Lindeman (1942)
suggested two different properties causing structural
discrepancy between aquatic and terrestrial ecosystems.
The first of these is dominance by unicellular primary
producers in aquatic ecosystems vs. multicellular prima-
ry producers in terrestrial ecosystems. Second, ecosys-
tems that lie low in the landscape receive more organic
and inorganic allochthonous matter (i.e., matter pro-
duced outside of the focal ecosystem) than ecosystems in
high positions. Since his seminal work, defining differ-
ences between aquatic and terrestrial systems has
received major attention (e.g., Cyr et al. 1997, Chase
2000, Shurin et al. 2002, 2006). Numerous empirical
studies have shown the ecological importance of subsidy
(i.e., allochthonous energy) fluxes from aquatic to
terrestrial ecosystems and from terrestrial to aquatic
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ecosystems (reviewed in Polis et al. 1997, Baxter et al.
2005, Richardson et al. 2010, Marcarelli et al. 2011).
These reciprocal fluxes might be perceived as a
phenomenon that could increase the similarity between
terrestrial and aquatic ecosystems by erosion of their
boundaries. However, following Lindeman’s second
hypothesis, aquatic ecosystems are postulated to receive
higher amounts of allochthonous energy and material
than terrestrial ecosystems. Given that net primary
production does not seem to vary systematically
between aquatic and terrestrial ecosystems, greater
subsidies to aquatic ecosystems might contribute to the
tendency for greater secondary production in aquatic
ecosystems compared to terrestrial ecosystems (Shurin et
al. 2006). It is therefore important to understand if
reciprocal subsidies could lead to differences between
terrestrial and aquatic ecosystems. Surprisingly, general
quantifications and conclusions about the differences in
subsidies between terrestrial and aquatic ecosystems,
and their potential effects on consumer resource and
food web dynamics are still scarce.

Freshwater and terrestrial ecosystems can be linked
through several pathways (reviewed in Richardson et al.
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2010). Freshwater ecosystems receive inorganic nutrients
and organic matter in dissolved and particulate forms
from terrestrial ecosystems (see Plate 1). Aquatic
consumers may greatly benefit from the input of such
subsidies (Polis et al. 1997). Subsidy fluxes from land to
water are largely governed by physical vectors such as
gravity, run-off, precipitation, and wind, and perhaps to
a lesser extent by biotic vectors such as the dispersal of
terrestrial prey organisms. The reversed fluxes from
water to land are essentially similar, i.e., terrestrial
ecosystems receive nutrients and dissolved and particu-
late organic matter from freshwater ecosystems (Polis et
al. 1997). However, these fluxes need to “overcome”
gravity and emerging insects likely play an important
role in connecting freshwater to terrestrial ecosystems
(Nakano and Murakami 2001, Baxter et al. 2005).
Furthermore, terrestrial predators can cross the water—
land interface and forage on aquatic prey such as
annually returning salmon (Willson and Halupka 1995),
and further transport prey carcasses into the riparian
ecosystem. Detrital fluxes from water to land have been
studied intensively in the case of marine detritus
transported to coastal terrestrial ecosystems (Polis et
al. 2004). In riparian ecosystems, floods may carry
aquatic autochthonous matter onto land, and return
allochthonous matter back to terrestrial ecosystems
(Nilsson and Grelsson 1990, Jones and Smock 1991,
Ben-David et al. 1998). Aquatic insects that die after
mass emergence may also be deposited in terrestrial
ecosystems (Hoekman et al. 2011).

The consumption of allochthonous energy by recip-
ient animals can result in increased biomass and/or
density of the animal population (numerical response).
This effect might be referred to as direct, i.e., it solely
affects the recipients. Such direct responses in animals
are independent of the productivity in donor and
recipient systems (Marczak et al. 2007). Numerous
empirical examples of direct subsidy effects on recipient
animal assemblages have appeared in the last two
decades (reviewed in Baxter et al. 2005, Richardson et
al. 2010). Yet, numerical responses in animals due to
subsidy inputs can spread within the food web beyond
the recipient level. These indirect effects are expected to
have major consequences for food web dynamics. For
instance, Leroux and Loreau (2008) suggested that the
amount of subsidy input controlled the strength of
trophic cascades, which have been shown to be stronger
in aquatic than in terrestrial ecosystems (Shurin et al.
2002). Indirect effects of subsidies are not determined
solely by the quantity of the subsidy input, but depend
also on the trophic level at which the subsidies enter the
food web (Huxel et al. 2002, Leroux and Loreau 2008).
Polis and Strong (1996) suggested that bottom-up forces
dominated if low trophic levels received subsidies,
whereas top-down effects should dominate if high
trophic levels were recipients. Several pathways can link
freshwater and terrestrial ecosystems (reviewed in

PIA BARTELS ET AL.

Ecology, Vol. 93, No. §

Richardson et al. 2010), potentially subsidizing different
trophic levels in aquatic and terrestrial ecosystems.

The aims of this study were to quantify (1) the amount
of subsidies to freshwater and terrestrial ecosystems, and
(2) the responses of aquatic and terrestrial animals to
subsidies. We tested (3) whether freshwater and terres-
trial ecosystems exhibit systematically different subsidy
fluxes, and (4) whether aquatic animals are more
strongly subsidized (i.e., show larger responses to
subsidies) than terrestrial animals. We provide a
framework identifying general differences and similari-
ties of subsidy effects between freshwater and terrestrial
ecosystems. In a recent study, Marcarelli et al. (2011)
argued to combine quantity and quality estimates of
subsidies to investigate the importance of allochthonous
resources for aquatic food webs. We extend the
perspective of Marcarelli et al. (2011) to terrestrial
ecosystems. Further, we incorporate potential conse-
quences of resource subsidies for food web dynamics by
estimating the quantitative contribution of subsidies to
different trophic levels.

METHODS

We conducted a meta-analysis to achieve our aims.
We defined subsidies as any movement of energy in the
form of particulate organic carbon (i.e., prey organisms
and detritus, but excluding dissolved organic carbon
(DOC) and nutrient subsidies) across the freshwater—
land interface. DOC subsidies are typically reported as
standing stocks rather than input fluxes, and are seldom
clearly separated from corresponding autochthonous
resources. Hence, we were not able to include DOC in
the analysis. We considered multiple results within a
single paper as independent observations when they
involved different species, life stages of one species,
habitats, and subsidy types. Different locations from a
single paper were considered independent if they
represented different aquatic systems (e.g., different
lakes and streams), and different sampling times were
considered independent if they represented observations
from different seasons. If several measurements were
reported from the same location or sampling season, the
average over all reported estimates was calculated and
used for further analyses.

Data retrieval

We searched Web of Science for studies that
observationally quantified or manipulated subsidies.’
The search strategy and list of studies are presented in
Appendices A and B. The resulting database included
observations focusing on the subsidy, on the recipient
community (or species), or both, and also spanned very
different methodological approaches. We therefore
created four different databases to test the hypotheses.

9 http://thomsonreuters.com/products_services/science/
science_products/a-z/web_of_science/
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First, we used all observations that reported estimates
of subsidy inputs (data set 1) as fluxes (e.g., milligrams
dry mass per square meter per day, n = 63). Second, we
used observations reporting the responses of subsidized
animals (data set 2) by quantifying the contribution of the
subsidy to the animal (assimilation inferred from stable
isotope composition of tissues, n =221). Generally, stable
isotope analysis integrates resource use over longer time
periods compared to stomach content analysis (Tieszen et
al. 1983), and therefore provides a more accurate and
integrative estimate for utilization of allochthonous
resources. A third data set (data set 3) included responses
of animals (assimilation inferred from stable isotope
composition of tissues, 7 = 41) to salmon subsidies. We
treated salmon subsidies separately because (1) salmon
are actively foraged by terrestrial animals that cross the
freshwater—land boundary (cross-boundary foragers),
and (2) the classification of salmon subsidies in the
animal’s diet as detritus or prey is impaired by their
semelparous life cycle (i.e., they die after spawning).
Finally, we included field experiments or observations
that compared low- and high-subsidy input locations, and
that simultaneously reported the responses of subsidized
animals either as abundance (number), activity (times
spent foraging per hour), biomass (grams per square
meter), density (number per square meter), growth rate
(millimeters per day), use of foraging space (number per
hour) or contribution to diet as inferred from stomach
analysis or stable isotope analysis (data set 4). The type of
subsidy assessment differed between observations, i.e.,
low- and high-subsidy input locations were either
manipulated experimentally (through removal or exclo-
sure experiments, n =12 and n =25, respectively), or were
presented as comparative field assessments (through
transects from shore to inland or transects along shore,
n=>54 and n= 51, respectively). Overall, we obtained 467
observations from 71 papers across all four databases.

Predictor and response variables

Across all databases, we categorized each observation
by the direction of subsidy input (aquatic to terrestrial
or terrestrial to aquatic), type of aquatic ecosystem
(lentic or lotic), size of aquatic ecosystem, study
location, subsidy category (salmon, detritus, or prey
organism), and trophic level of recipient animals
(primary consumer, omnivore, or predator), where
primary consumers included herbivorous and detritivo-
rous animals. We used log response ratios (In R) for data
derived from data set 4 as a comparable effect size across
all studies (as a result, the dimension of the consumer
response was irrelevant; n = 142):

X

InR =<t

Xc

where Xt corresponded to the animal response (i.c.,
abundance, activity, biomass, density, diet inferred from
stomach analysis and stable isotope analysis, growth,
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and use of foraging space) in the treatment (T, high-
subsidy input in transects and ambient conditions in
exclosure and removal experiments, respectively), and
Xc corresponded to the animal response in the control
(C, low-subsidy input in transects and exclosure and
removal treatment, respectively). Mean effect sizes did
not differ between type of subsidy assessment (F3_ j26 =
1.19, P=0.32) or type of variable quantifying the animal
response (F7, 120 = 0.98, P = 0.76), and were therefore
combined in one data set (hereafter log ratios). We used
unweighted meta-analysis because weighing would have
emphasized small-scale rather artificial observations
over less replicated but perhaps more realistic observa-
tions (Osenberg et al. 1999), and because many
observations did not report precision estimates.

We used data set 1 to test the following predictions:
(1) freshwater ecosystems receive higher inputs of
subsidies than terrestrial ecosystems; (2) the input of
detritus is higher than the input of prey organisms in
freshwater ecosystems; and (3) reciprocal fluxes of prey
organisms are similar across the freshwater—land inter-
face. Data sets 2 and 3 and log ratios were used to test
the following prediction: (4) aquatic animals are more
strongly subsidized (i.e., higher contribution of subsidies
and larger log ratios, respectively) than terrestrial
animals.

All proportional data (assimilation inferred from
stable isotope composition of animal tissue) were arcsine
square-root transformed to fit model assumptions. Data
of the subsidy input were log-transformed. Analyses
were performed with randomized one-way ANOVA in
Rundom Pro 3.14 (Jadwitzczak 2010). All other analyses
were performed in R 2.10.1 (R Development Core Team
2010).

RESULTS

Overall, observations in lentic ecosystems were highly
underrepresented in our data set (only 7.2% of all
observations were conducted in or adjacent to lentic
ecosystems). Therefore we report here the results from
lotic ecosystems; results from lentic ecosystems can be
found in Appendix C. The studies reviewed were
heterogeneously distributed over the globe (Fig. 1).
Most observations were reported from the Northern
Hemisphere (n = 60 and n = 218 for input and
contribution, respectively) including Canada, Europe,
Eastern Asia, and the United States, whereas the
Southern Hemisphere (n = 3 and n = 29) and equatorial
regions (studies for input not available, n = 1 for
contribution) were highly underrepresented. Lotic sys-
tems were generally small, i.e., 38.9% and 23.8% were
smaller than 11 m in width or lower than fourth order,
respectively. However, 7.4% of the reviewed observa-
tions did not report aquatic ecosystem size.

Subsidy input fluxes

Subsidy fluxes across the lotic—terrestrial interface
varied over several orders of magnitude, with substan-
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tially higher variation in fluxes from terrestrial to lotic
ecosystems than reciprocal fluxes (Fig. 2A). Fluxes from
terrestrial to lotic ecosystems were consistently higher
than the reverse (Fj s4 = 14.74, P < 0.001; Fig. 2A). The
magnitudes of the fluxes of the different subsidy types
differed substantially (F5 53 =30.63, P < 0.001; Fig. 3A).
Detrital fluxes from terrestrial to lotic ecosystems were
highest, and prey fluxes from lotic to terrestrial
ecosystems were lowest (terrestrial detritus, terrestrial
prey, P < 0.001; terrestrial detritus, lotic prey, P <
0.001; terrestrial prey, lotic prey, P < 0.002; Fig. 3A).
However, we found no measurements of detrital fluxes
from lotic to terrestrial ecosystems. Average stream
width did not affect the flux of lotic subsidies to
terrestrial ecosystems (r =0.19, df =2, P =0.81) or the
flux of terrestrial subsidies to lotic ecosystems (r =—0.34,
df =4, P=0.51).

Contribution of subsidies to recipient animals

Overall, the contribution of subsidies to animals was
high, constituting on average 39.2% of the animal
carbon. In contrast to our prediction, the contribution
of subsidies to terrestrial and aquatic animals was
similar despite the high discrepancy in subsidy input
(Fy.246 = 190, P = 0.17; Fig. 2B). However, the
contribution of different subsidy types to animals varied
(Fig. 3B). The contribution of lotic detritus to terrestrial
animals was higher than the contribution of terrestrial
detritus to lotic animals (post hoc test: P = 0.005) and
the contribution of terrestrial detritus to lotic animals
was higher than the contribution of salmon to terrestrial
animals (P = 0.036), whereas all other subsidy types
contributed similarly to lotic and terrestrial animals (P
> 0.20; Fig. 3B). Average stream width did not affect
the contribution of aquatic subsidies to terrestrial
animals (r =0.32, df =3, P =0.59) or the contribution
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of terrestrial subsidies to aquatic animals (r =0.81, df =
3, P=0.09).

Contribution to different trophic levels

The contribution of subsidies varied between different
trophic levels (Fy 243 = 7.07, P < 0.001; Fig. 4). In
terrestrial ecosystems, the contribution of subsidies to
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boxplot, the horizontal line shows the median, the bottom and
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indicate either the maximum value or, if smaller, 1.5 times the
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lotic detrital (LD; no data available), lotic prey (LP), and
salmon (S; no data available) subsidies to terrestrial (Ter)
ecosystems and terrestrial detrital (TD) and terrestrial prey
(TP) subsidies to lotic (Lot) ecosystems. (B) Contribution of
LD, LP, and S subsidies to terrestrial animals and TD and TP
subsidies to lotic animals. The numbers above the boxplots
denote the number of observations. In the boxplot, the
horizontal line shows the median; the bottom and top of the
box show the first and third quartiles. The whiskers indicate
either the maximum value or, if smaller, 1.5 times the difference
in the response variable between its first and third quartiles (i.e.,
interquartile range). Open circles indicate values that fall
outside 1.5 times the interquartile range.

primary consumers was higher than to predators (P =
0.028; Fig. 4A). We did not find any studies that
estimated the contribution of subsidies to terrestrial
omnivores. In lotic ecosystems, the contribution of
subsidies was lowest to omnivores, and did not differ
between predators and primary consumers (omnivore—
primary consumer, P = 0.003; omnivore—predator, P =
0.012; primary consumer—predator, P > 0.99; Fig. 4B).
Across ecosystems, the contribution of subsidies to
terrestrial primary consumers was higher than to lotic
primary consumers (P = 0.031), whereas the contribu-
tion of subsidies did not differ between terrestrial and
lotic predators (P > 0.99).

Responses in recipient animals estimated as log ratios

Overall, animal responses to subsidies were strong as
estimated by log ratios. Locations with high-subsidy
inputs showed a 2.3-fold greater animal response (mean
In R; 95% bootstrapped confidence intervals (CI): 0.84;
0.66—1.02) compared to locations with low-subsidy
input. The responses of animals did not differ between
different subsidy types (lotic detritus: 1.32; —0.02-2.66;
lotic prey: 0.88; 0.65—-1.12; terrestrial detritus: 0.52; 0.03—
1.02; terrestrial prey: 0.81; 0.48-1.14; F5 1,5 =1.38, P =
0.25). Furthermore, the responses of animals did not
differ between aquatic and terrestrial animals (0.68;
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0.41-0.95, and 0.93; 0.69-1.19, respectively; ¢ test: 1 =
1.39, P =0.17), whereas the responses of trophic levels
differed (lotic primary consumer: 0.41; —0.22—-1.05; lotic
omnivore: 0.11; —0.71-0.94; lotic predator: 0.88; 0.57—
1.19; terrestrial primary consumers: 2.42; —2.06—6.90;
terrestrial predator: 0.90; 0.65-1.15; Fy 1,5 = 2.86, P =
0.026). Responses of terrestrial primary consumers to
aquatic subsidies were higher than responses of lotic
primary consumers (P = 0.021), lotic omnivores (P =
0.032), and marginally higher than terrestrial predators
(P =0.09).

DiscussioN

Our study shows that the lotic ecosystems reviewed
receive substantially higher amounts of subsidies than
terrestrial ecosystems. In some geographic regions,
however, cross-boundary foragers and physical process-
es such as floods may play an exceptional role in that
they can transfer considerable amounts of aquatic
subsidies to terrestrial ecosystems, likely exceeding other
fluxes from lotic to terrestrial ecosystems by several
orders of magnitude. Despite the high discrepancy in
subsidy input, animal responses, i.e., both the contribu-
tion of subsidies to animal carbon and log ratios, were
similar across lotic and terrestrial ecosystems. Generally,
the contribution of subsidies was higher for primary
consumers and predators than for omnivores.
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different trophic levels in (A) terrestrial and (B) lotic
ecosystems. Key to abbreviations: pC, primary consumer;
Om, omnivore; P, predator. Data for terrestrial omnivores
were not available. The numbers above the boxplots denote the
number of observations. In the boxplot, the horizontal line
shows the median; the bottom and top of the box show the first
and third quartiles. The whiskers indicate either the maximum
value or, if smaller, 1.5 times the difference in the response
variable between its first and third quartiles (i.e., interquartile
range).
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Discrepancy in subsidy input

As proposed by Lindeman (1942), input fluxes of
allochthonous resources from terrestrial to freshwater
ecosystems often exceed the opposite fluxes from
freshwater to terrestrial ecosystems. Fluxes from terres-
trial to aquatic ecosystems are dominated by physical
processes such as run-off, airborne input, precipitation,
and gravity. The input of prey organisms to water bodies
is likely a combination of active dispersal and physical
transport (e.g., wind-blown input of aerial insects). In
contrast, reciprocal fluxes from freshwater to terrestrial
ecosystems need to flow “uphill.” Biotic vectors such as
emerging insects can transport aquatic carbon into
riparian ecosystems (Nakano and Murakami 2001).
Furthermore, aquatic detritus can be transported by
cross-boundary foragers and physical processes such as
floods to adjacent terrestrial ecosystems (Nilsson and
Grelsson 1990, Ben-David et al. 1998). However, we did
not find any estimates of the magnitude of such fluxes.
The input of marine carrion and algal wrack to coastal
ecosystems through wave movements is well studied
(Polis et al. 2004, Orr et al. 2005), and those fluxes have
been measured repeatedly (Heck et al. 2008). Our data
on contribution of freshwater subsidies to terrestrial
animals indicate that terrestrial primary consumers
receive aquatic detritus. Our study highlights, however,
that fluxes of aquatic detritus to riparian ecosystems
have largely been neglected, suggesting that these fluxes
are difficult to measure, that ecologists assume that these
fluxes are insignificant, and/or that they have simply
been ignored. Future studies need to estimate the
amount of aquatic detritus that is transported to
terrestrial ecosystems.

In some geographic regions, aquatic-to-terrestrial
fluxes might exceed terrestrial-to-aquatic fluxes due to
the migration of anadromous fish (i.e., fish migrating
from the ocean to freshwater to spawn). Anadromy is
widespread in northern cool-temperature and subarctic
regions of the Northern Hemisphere and less common in
south-temperate regions (McDowall 1987). The total
flux of salmon transported to terrestrial ecosystems is
likely a function of salmon-spawning density, fish size,
density of foragers, and habitat (Quinn and Kinnison
1999, Gende et al. 2001, 2004). Although our study is
biased towards published data and chosen study
locations, the distribution of salmon as a subsidy is
restricted to particular geographic regions. Therefore,
the massive input of salmon carcasses through cross-
boundary foragers or physical processes to adjacent
terrestrial ecosystems might be an exception to the
general pattern of fluxes between freshwater and
terrestrial ecosystems.

Responses of recipient animals

In contrast to our prediction, the contribution of
subsidies to terrestrial and aquatic animals was similar
despite the large discrepancy in subsidy input. Overall,
the input of subsidies resulted in a more than twofold

PIA BARTELS ET AL.

Ecology, Vol. 93, No. 5§

increase in animal response, similar to responses
reported by other studies on resource subsidies (Marc-
zak et al. 2007). The reviewed terrestrial-aquatic fluxes
were mainly driven by the transport of detritus, whereas
aquatic—terrestrial fluxes were dominated by prey
organisms. This also means that the overall nutritional
quality of the subsidy differs as the stoichiometry of
detritus and living organisms differs, potentially by
several orders of magnitude (Cross et al. 2005). The
terrestrial environment receives high N and P supply per
unit of C derived from freshwater, whereas freshwater
systems mainly receive C and low amounts of mineral
nutrients through the detrital input. In a recent study,
Marcarelli et al. (2011) showed that aquatic animals
select for high-quality food. Thus the difference in
quality might explain the low aquatic animal responses
despite high detrital inputs. Terrestrial consumers, in
contrast, receive primarily high-quality food through the
input of prey organisms. The similar responses in
aquatic and terrestrial animals to subsidies despite the
large discrepancy in subsidy input are therefore largely
governed by the quality of the subsidy.

Freshwater and terrestrial ecosystems did not system-
atically differ in recipient trophic levels. However,
predators and primary consumers generally showed
stronger responses to subsidies than omnivores, al-
though we did not find any measurements on terrestrial
omnivores consuming aquatic subsidies. Primary con-
sumers are likely the main entrance channel for detrital
subsidies, whereas prey subsidies primarily enter recip-
ient food webs at the predator level. The contribution to
terrestrial primary consumers was higher than to
terrestrial predators and lotic primary consumers.
However, only one study was responsible for this
difference (five observations; Bastow et al. 2002) and
might therefore not be representative. The impact of
allochthonous input on food web dynamics is largely
determined by the specific trophic level receiving the
input, where top-down effects should be influenced if
predators receive subsidies, and bottom-up effects
should dominate if primary consumers receive subsidies
(Polis and Strong 1996). Whether subsidies change the
top-down control or cause trophic cascades remains
controversial, since the input of subsidies to top
consumers has been suggested to both dilute and
strengthen top-down effects (Leroux and Loreau
2008). Few studies have specifically addressed the
impact of allochthonous resources on the strength of
top-down effects, and results are inconsistent (e.g.,
Nakano et al. 1999, Murakami and Nakano 2002, Sabo
and Power 2002a, b). Bottom-up effects following the
input of allochthonous detritus have been repeatedly
demonstrated in freshwater ecosystems (Wallace et al.
1997, 1999), and in coastal ecosystems (e.g., Polis and
Hurd 1995); however, there is a lack of such studies for
riparian ecosystems. Aquatic and terrestrial ecosystems
do not differ systematically in primary production
(Shurin et al. 2006). At the level of secondary



May 2012

SUBSIDIES STRUCTURE FOOD WEB DYNAMICS

1179

PLATE 1.

The relevance of coarse organic matter for food web dynamics remains underappreciated in lake ecosystems: toppled

birch tree in a lake in central Sweden. Photo credit: Cristian Gudasz.

production, the detrital pathway dominates over the
herbivore pathway in both ecosystems (Cebrian and
Duarte 1998, Cebrian 1999), but the level of detritivore
production has been suggested to be similar in aquatic
and terrestrial ecosystems (Cebrian and Lartigue 2004).
However, previous studies were primarily focused on
autochthonous detrital production, and might therefore
have underestimated the potential of higher decompo-
sition in aquatic ecosystems. If detrital fluxes from
freshwater to terrestrial ecosystems are negligible,
bottom-up effects caused by the input of terrestrial
subsidies to freshwater ecosystems might potentially
explain the tendency of higher secondary production in
aquatic ecosystems. Empirical studies on propagating
effects of subsidies are scarce, and we encourage future
research to address propagating food web effects caused
by allochthonous resources.

Sources of caveat and future perspectives

There could be a publication bias in that studies only
report animals of a community that utilized allochtho-
nous resources, whereas animals that do not consume
subsidies despite constant availability of subsidies are
not reported. In our literature survey, only one study
(Nakano and Murakami 2001) reported that some
animals exploited subsidies only temporarily despite
constant availability of subsidies. We encourage re-
searchers to report complete results including lack of
subsidy consumption to minimize bias against cases of
no or little importance of subsidies.

Greater attention to detrital fluxes from freshwater to
terrestrial ecosystems is needed. Fluxes of marine
detritus to coastal ecosystems have been studied
intensively (Polis et al. 2004, Orr et al. 2005, Heck et
al. 2008), but little is known about equivalent limnic
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fluxes and their contribution to recipient terrestrial
animals (but see Bastow et al. 2002). Although we found
a few measurements of the contribution of freshwater
detritus to terrestrial consumers, we did not find any
quantitative estimate of the spatial and temporal
availability of such detrital fluxes from freshwater to
terrestrial ecosystems. Empirical studies are clearly
needed to investigate the magnitude of detrital fluxes
from freshwater to terrestrial ecosystems and the
importance of such fluxes to terrestrial consumers.

The reviewed literature is extremely biased toward
lotic ecosystems. Studies on lake ecosystems have mainly
focused on DOC subsidies. Heterotrophic bacteria
utilize allochthonous DOC as an energy source (Tranvik
1988), and its incorporation in bacterioplankton bio-
mass is a major entry route of externally produced
organic carbon into lake food webs (Jansson et al. 2007),
although some studies suggest that much of the
production does not reach higher trophic levels (Cole
et al. 2002, Karlsson 2007). The potential role of other
carbon subsidies to lake food webs has largely been
neglected (but see, e.g., Pace et al. 2004, Cole et al. 20006;
Bartels et al. 2012). Marcarelli et al. (2011) showed that
the ratio of gross primary production to ecosystem
respiration was comparable in lentic and lotic systems,
suggesting similar extents of subsidies. However, the
contribution of different subsidy types to respiration
processes was not investigated. The exclusion of DOC
from our study, necessitated by the lack of input rate
data, likely resulted in a significant underestimation of
the importance of terrestrial subsidies to freshwater, and
in particular to lake ecosystems.

Evidence shows that prey fluxes from either lentic or
lotic to terrestrial ecosystems can vary substantially and
can be more than three times higher from lotic than
from lentic ecosystems (Gratton and Vander Zanden
2009). In our study there was a clear dominance of
studies examining lotic ecosystems. Regardless of this
bias, the dominating input of subsidies seems to be in the
direction from terrestrial to freshwater (lentic or lotic)
ecosystems, rather than a reciprocal flux. Whether lentic
and lotic animals might be differently subsidized still
remains an open question, and further empirical studies
investigating the importance of carbon subsidies other
than DOC in lentic ecosystems are clearly needed.

We further detected a strong bias of study location.
Most reviewed studies concern sites in the Northern
Hemisphere, in particular in temperate and subarctic
regions. Although we suggest that the observed patterns
are likely present in other geographic regions, there is
clearly a need for investigation in different climate
zones. For instance, in semiarid and arid ecosystems
where vegetation is sparse, fluxes from aquatic ecosys-
tems can play an important role, while reciprocal fluxes
from terrestrial ecosystems might be weak.

Most lakes worldwide are small, and most of the
stream channel length consists of headwater streams
(Leopold et al. 1964, Downing et al. 2006). Therefore,
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our study likely represents the majority of inland
freshwater systems. However, since the strength of
aquatic—terrestrial linkages depends on ecosystem ge-
ometry, i.e., size and shape of the ecosystem (Polis and
Hurd 1996, Gratton and Vander Zanden 2009, Vander
Zanden and Gratton 2011), more attention needs to be
paid to larger aquatic systems. In our study, stream size
did not affect the flux of subsidies between terrestrial
and lotic ecosystems and the contribution to recipient
animals, but the majority of the reviewed streams were
small (median 4.35 m; range 1-300 m). Small aquatic
ecosystems are governed by edge effects due to the close
proximity of the entire ecosystem to the shoreline. In
contrast, large aquatic ecosystems are likely less affected
by edge effects. Fluxes of coarse detritus and prey from
adjacent terrestrial ecosystems to large aquatic ecosys-
tems are probably weak, but subsidies originating
farther up in the catchment such as DOC and fine
particulate organic matter may still be important.
Future studies should compare different subsidy types
across small and large aquatic ecosystems.

Human alteration of subsidy flows

Few studies address the effect of human alteration on
cross-ecosystem subsidies. Pollution in streams can
affect abundance and community composition of
terrestrial riparian predators (Paetzold et al. 2011).
The removal or addition of species may affect resource
fluxes across ecosystems (Baxter et al. 2004, Epanchin et
al. 2010, Wesner 2010). Furthermore, changes in the
magnitude and composition of subsidies due to species
introduction or removal are likely to cascade through
the food web in recipient ecosystems (Knight et al.
2005). Alterations in shoreline development such as
deforestation or urbanization can reduce the input of
terrestrial prey organisms and detritus (France and
Peters 1995, England and Rosemond 2004) but can
increase the input of dissolved and fine particulate
organic matter (Lal 2003). In spite of the differences we
discussed in subsidy input and trophic level of recipient
animals, aquatic and terrestrial ecosystems are similarly
susceptible to anthropogenic changes, and their conse-
quences are poorly explored. Human domination does
not stop at the ecosystems’ boundaries, but likely alters
the amount and quality of material and organisms
translocated between them.
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