Fear of Predation Slows Plant-Litter Decomposition
Dror Hawlena et al.
Science 336, 1434 (2012);
DOI: 10.1126/science.1220097

This copy is for your personal, non-commercial use only.

Permission to republish or repurpose articles or portions of articles can be obtained by
following the guidelines here.
The following resources related to this article are available online at
www.sciencemag.org (this information is current as of June 14, 2012 ):
Updated information and services, including high-resolution figures, can be found in the online
version of this article at:
http://www.sciencemag.org/content/336/6087/1434.full.html
Supporting Online Material can be found at:
http://www.sciencemag.org/content/suppl/2012/06/13/336.6087.1434.DC1.html
http://www.sciencemag.org/content/suppl/2012/06/13/336.6087.1434.DC2.html
A list of selected additional articles on the Science Web sites related to this article can be
found at:
http://www.sciencemag.org/content/336/6087/1434.full.html#related
This article cites 23 articles, 3 of which can be accessed free:
http://www.sciencemag.org/content/336/6087/1434.full.html#ref-list-1
This article appears in the following subject collections:
Ecology
http://www.sciencemag.org/cgi/collection/ecology

Science (print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by the
American Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. Copyright
2012 by the American Association for the Advancement of Science; all rights reserved. The title Science is a
registered trademark of AAAS.

Downloaded from www.sciencemag.org on June 14, 2012

If you wish to distribute this article to others, you can order high-quality copies for your
colleagues, clients, or customers by clicking here.

REPORTS

References and Notes
1. M. Waycott et al., Proc. Natl. Acad. Sci. U.S.A. 106,
12377 (2009).
2. A. W. D. Larkum, R. J. Orth, C. M. Duarte, Seagrasses:
Biology, Ecology, and Conservation (Springer, Berlin,
2006).

3. I. Nagelkerken, Ecological Connectivity Among Tropical
Coastal Ecosystems (Springer Science and Business
Media, Dordrecht, 2009).
4. T. van der Heide et al., Ecosystems (N. Y.) 10, 1311 (2007).
5. T. van der Heide, E. H. van Nes, M. M. van Katwijk,
H. Olff, A. J. P. Smolders, PLoS ONE 6, e16504 (2011).
6. B. B. Jørgensen, Nature 296, 643 (1982).
7. M. L. Calleja, N. Marba, C. M. Duarte, Estuar. Coast. Shelf
Sci. 73, 583 (2007).
8. M. S. Koch, S. Schopmeyer, C. Kyhn-Hansen, C. J. Madden,
J. Exp. Mar. Biol. Ecol. 341, 91 (2007).
9. J. D. Taylor, E. A. Glover, in The Evolutionary Biology of
the Bivalvia, E. M. Harper, J. D. Taylor, J. A. Crame, Eds.
(Geological Society of London, London, 2000),
pp. 207–225.
10. L. Liljedahl, Palaeontology 34, 219 (1991).
11. D. L. Distel, Bioscience 48, 277 (1998).
12. S. M. Stanley, in Patterns of Evolution as Illustrated by
the Fossil Record, A. Hallam, Ed. (Elsevier, Amsterdam,
Netherlands, 1977), pp. 209–250.
13. J. D. Taylor, E. A. Glover, L. Smith, P. Dyal, S. T. Williams,
Zool. J. Linn. Soc. 163, 15 (2011).
14. G. J. Vermeij, Proc. R. Soc. B Biol. Sci. 278, 2362 (2011).
15. C. M. Cavanaugh, Nature 302, 58 (1983).
16. J. J. Childress, P. R. Girguis, J. Exp. Biol. 214, 312
(2011).
17. M. Johnson, M. Diouris, M. Lepennec, Symbiosis 17,
1 (1994).
18. L. K. Reynolds, P. Berg, J. C. Zieman, Estuaries Coasts 30,
482 (2007).
19. A. E. Anderson, Am. Zool. 35, 121 (1995).
20. Materials and methods are available as supplementary
materials on Science Online.
21. K. Sand-Jensen, O. Pedersen, T. Binzer, J. Borum,
Ann. Bot. (Lond.) 96, 613 (2005).
22. J. M. Caffrey, W. M. Kemp, Aquat. Bot. 40, 109 (1991).
23. M. S. Fonseca, W. J. Kenworthy, B. E. Julius, S. Shutler,
S. Fluke, in Handbook of Ecological Restoration,

Fear of Predation Slows
Plant-Litter Decomposition
Dror Hawlena,1,2* Michael S. Strickland,1,3 Mark A. Bradford,1 Oswald J. Schmitz1
Aboveground consumers are believed to affect ecosystem functioning by regulating the quantity
and quality of plant litter entering the soil. We uncovered a pathway whereby terrestrial predators
regulate ecosystem processes via indirect control over soil community function. Grasshopper
herbivores stressed by spider predators have a higher body carbon-to-nitrogen ratio than do
grasshoppers raised without spiders. This change in elemental content does not slow grasshopper
decomposition but perturbs belowground community function, decelerating the subsequent
decomposition of plant litter. This legacy effect of predation on soil community function appears
to be regulated by the amount of herbivore protein entering the soil.
he quantity and quality of detrital inputs
to soil regulate the rate at which microbial
communities perform ecosystem processes
such as decomposition, nitrogen (N) mineralization, and carbon (C) sequestration (1, 2). Because
uneaten plant litter makes up the majority of de-
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tritus (3), it is assumed that these belowground
ecosystem processes are only marginally influenced by biomass inputs from higher trophic levels in aboveground food webs, such as herbivores
themselves (4). We provide evidence here, however, that predators may influence the decomposition of plant litter via a legacy effect of predation
risk. Specifically, a physiological stress response
to the risk of predation changes the elemental content of herbivore biomass. In turn, the decomposition of these stressed herbivores alters the function
of belowground communities, leading to an overall decrease in the decomposition of plant litter.
Our work addresses whether food web structure (especially the existence of predators) influ-

15 JUNE 2012

VOL 336

SCIENCE

24.
25.
26.
27.
28.

M. R. Perrow, Ed. (Cambridge Univ. Press, Cambridge,
2002), pp. 149–170.
M. G. A. van der Heijden et al., Nature 396, 69 (1998).
J. Bascompte, P. Jordano, Annu. Rev. Ecol. Evol. Syst. 38,
567 (2007).
U. Bastolla et al., Nature 458, 1018 (2009).
K. E. Carpenter et al., Science 321, 560 (2008).
A. C. Baker, Annu. Rev. Ecol. Evol. Syst. 34, 661
(2003).

Acknowledgments: We thank G. Quaintenne and H. Blanchet
for their help with the collection of Loripes; J. Eygensteyn
and E. Pierson for technical assistance; and G. J. Vermeij,
H. de Kroon, T. J. Bouma, E. J. Weerman, and C. Smit for
their comments on the manuscript. T.v.d.H. was financially
supported by the “Waddenfonds” program; M.v.d.G. and
T.P. by the Nederlandse Organisatie voor Wetenschappelijk
Onderzoek (NWO)–WOTRO Integrated Programme grant
W.01.65.221.00 awarded to T.P.; and J.d.F. and J.v.G. by the
NWO–VIDI grant 864.09.002 awarded to J.v.G. B.S. was
supported by an NSF CAREER award, the Andrew Mellon
Foundation, and the Royal Netherlands Academy Visiting
Professorship. The authors declare no conflicts of interest.
A detailed description of all materials and methods, sources,
as well as supplementary information are available as
supplementary materials. The data are deposited in DRYAD at
http://dx.doi.org/10.5061/dryad.210mp.

Supplementary Materials
www.sciencemag.org/cgi/content/full/336/6087/1432/DC1
Materials and Methods
Supplementary Text
Figs. S1 to S4
Tables S1 and S2
References (29–119)
2 February 2012; accepted 27 April 2012
10.1126/science.1219973

ences ecosystem functioning via changes in the
nutritional contents of prey (5, 6). The prevailing
view is that food web structure does not influence
prey body C-to-N (C:N) contents, because to survive and reproduce, prey must maintian relatively constant body C:N ratios (7). However, this
view assumes that predator effects on prey are
entirely consumptive (5). Instead the presence of
predators generates fear, leading to physiological
stress responses in prey, such as elevated metabolism and the synthesis of heat shock proteins (8).
Together, these stress responses increase basal
energy demands (9–12) that, in nutrient-limited
systems, reduce the energy available for the competing demands of production (that is, reproduction and growth) (13). Thus, to meet heightened
maintenance-energy demands, stressed herbivores divert energy from production, as well as
increase their consumption of energy-rich carbohydrates (12). Given that the amount of energy
used for production correlates positively with N
demand, and that herbivores have limited ability
to store excess nutrients, stressed herbivores should
also excrete more N (8, 14). N excretion is further
enhanced because chronically heightened stress
hormone levels increase the breakdown of body
proteins to produce glucose (15). Ultimately, prey
stressed by predation risk should increase their
body C:N ratio (8), and this is observed in field
and laboratory experiments (12, 16).
In this study we asked whether predators
can regulate plant-litter decomposition through
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most likely caused by the pulsed nature of our
sulfide supply. This may have led to short periods
of exposure of Zostera to toxic sulfide levels.
Coastal ecosystems, and seagrass meadows
in particular, are currently declining at an alarming and increasing rate worldwide, leading to loss
of biodiversity (1). Extensive restoration efforts
have had little success so far (<30%), despite
their extremely high costs (T$100,000 per hectare) (23). Similar to the function of mycorrhizae,
pollinators, or seed dispersers in terrestrial systems
(24–26), our findings indicate that restoration efforts should not only focus on environmental
stressors such as eutrophication, sediment runoff, or high salinity as a cause of decline but
should also consider internal ecological interactions, such as the presence and vigor of symbiotic
or mutualistic relations. Breakdown of symbiotic
interactions can affect ecosystem functioning,
with bleaching events in coral reefs as a clear
example (27). Similar to the well-known symbiosis between corals and their unicellular algal
endosymbionts (28), we conclude that symbioses, rather than one defining species, forms the
foundation of seagrass ecosystems.

(Wilcoxon signed-rank test z = –2.023; P < 0.05)
than that of nonstressed grasshoppers (3.85 T 0.04;
N = 12.11 T 0.16%). We then used carcasses of
these grasshoppers in laboratory microcosm experiments to test whether the difference in body
elemental composition altered the decomposition
of the grasshoppers and subsequent plant litter
inputs. We added a small amount (3.5 mg) of
either stressed or nonstressed grasshopper biomass to microcosms containing soil collected
from our grassland ecosystem. Carbon mineralization rates of grasshopper biomass were monitored until rates did not differ from reference
microcosms containing only soil. At this time (42
days), there was little difference in cumulative
C mineralization (that is, the total amount of C
respired as CO2 across the entire incubation) between stressed and stress-free grasshopper treatments (Fig. 1A). This was not unexpected, given
that both stressed and stress-free grasshoppers
represent high-quality resources to belowground
communities. More interesting was how small elemental changes in these inputs might affect the
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subsequent functioning of soil communities, especially the decomposition of lower-quality substrates such as plant litter (18)
To test the functional implications of slight nutrient differences in high-quality resource inputs,
we added grass litter (500 mg) to the microcosm
soils previously amended with stressed or stressfree grasshopper carcasses and then measured C
mineralization. After 118 days, mineralization of
the grass litter in soils previously amended with
stressed grasshoppers was 62% lower (F1,4 =
13.9, P < 0.05) than that of the same litter in soils
amended with nonstressed grasshoppers (Fig. 1B).
Thus, the small input of herbivore biomass (~140
times less than the added litter mass), coupled
with a 4% difference in the C:N ratio between
stressed and nonstressed grasshopper carcasses,
caused a threefold difference in the mineralization of plant-litter inputs. These results suggest a
causative link between predation-induced changes
in prey body chemistry and altered soil community function. The most plausible explanation
for why such a small shift in prey C:N ratio might
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indirect influences on the elemental stoichiometry of their prey. Our working hypothesis is that
the C:N content (quality) of herbivore biomass
entering soils as detritus induces changes in how
soil communities process other resource inputs
such as plant litter. Such legacy effects of resource
quality have been observed in litter-decomposition
studies (17). Moreover, simple organic compounds
may prime soil communities in ways that enhance the decomposition of more-complex organic compounds (18).
Using a combination of laboratory and field
experiments, our work built on examinations of
food web effects on prey physiological stress and
elemental stoichiometry in a well-studied grassland
ecosystem including the spider predator Pisuarina
mira, a dominant grasshopper herbivore (Melanoplus femurrubrum), and a variety of grasses and
forbs (12). We reared grasshoppers in the field
with the risk of spider predation (stress treatment)
and without (control) (19). The body C:N content of stressed grasshoppers (mean T SE, 4.00 T
0.03; N = 11.62 T 0.12%) was significantly higher
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Fig. 1. Cumulative C mineralization (mean T 1 SE, n = 5 microcosms)
during decomposition of (A) nonstressed grasshoppers versus those stressed
by predators (step 1); and (B) grass litter added to the same microcosms
(step 2) after the completion of the grasshopper decomposition experiment
shown in step 1. Although control and stressed grasshoppers were miwww.sciencemag.org

neralized at similar rates (P > 0.05), the addition of grasshopper
carcasses reared with disarmed predators led to subsequent reductions in
plant-litter decomposition rates (P < 0.05). Rates are differences from
microcosms not amended with grasshoppers, so cumulative values can be
negative.
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Fig. 3. Cumulative C
mineralization (mean T
1 SE, n = 7 field plots)
of 13C-labeled grass litter decomposed in blocked
field plots, first amended
with control grasshoppers or those stressed
by predator presence.
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grasshopper decomposition and (D) the relationship between the amount
of protein added and subsequent grass-litter mineralization. Rates are
differences from microcosms not amended with artificial grasshoppers, so
cumulative values can be negative [as in (C)]. The C:N ratios associated
with the different artificial grasshoppers are shown next to their respective points.
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Fig. 2. (A) Cumulative C mineralization (mean T 1 SE, n = 6 microcosms)
during decomposition of artificial grasshoppers with varying C:N ratios
and protein contents and (B) the relationship between the amount of
protein added and the cumulative mineralization associated with these
artificial grasshoppers. (C) The cumulative C mineralization (mean T 1 SE)
of grass litter added to the same microcosms after completion of artificial
translate to such a large shift in litter mineralization rates is that small increases in N availability
can prime the activities of decomposer microorganisms and hence accelerate litter mineralization (20). We next examined whether the observed
effects on litter mineralization were probably attributable to the variation in the C:N content of
prey tissue being linked to N availability and hence
priming of microbial activity.
To test whether prey body C:N content
influenced plant-litter decomposition, we again
used a laboratory microcosm approach, but this
time manipulated C:N ratios by creating “artificial grasshoppers” (19). To simulate grasshopper
tissue, we used 4-mg organic matter mixtures of
20% chitin and varying proportions of carbohydrates (0 to 80%) and proteins (0 to 80%),
generating C:N ratios that spanned more than the
observed variation. Carbon mineralization of the
artificial grasshoppers was measured (for 40 days)
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400

until it approximated rates in reference microcosms
containing only soil. Cumulative C mineralization
varied by up to twofold across the artificial grasshopper treatments (F10, 55 = 2.15, P < 0.05; Fig.
2A). Notable, given the broad range in C:N across
treatments, is the positive relationship between
the C:N of artificial grasshoppers and the cumulative C-mineralization, as well as the negative
relationship between mineralization and amount
of protein (Fig. 2B). These observations are most
likely explained by higher growth efficiencies of
soil organisms. This might be expected because
organisms consuming resource inputs with lower
C:N ratios and consequently higher protein levels
will favor production over waste respiration and
hence reduce total C mineralization (20).
The availability of protein N is essential both
for microbial production and for facilitating the
decomposition of organic matter, because it is used
to produce extracellular enzymes that catalyze the
degradation of complex C compounds (20–22).
It then follows that the carcasses of stressed grasshoppers, which have higher biomass C:N, probably because of lower body protein levels (23),
provide less available N and thus should retard
plant-litter decomposition. Further support for this
interpretation came when we added grass litter
(500 mg) to the microcosms previously amended
with artificial grasshoppers. Across 96 days, the
mineralization rates of grass litter diverged by as
much as sixfold (F10, 55 = 2.34, P < 0.05; Fig. 2C),
despite the only twofold difference in the cumulative mineralization of artificial grasshoppers.
These results mirror, qualitatively, our first experiment with real grasshoppers, in which lower
available N led to reductions in the decomposition
of plant litter (Fig. 2, C and D). These results also
show that varying C:N ratios only partially explain altered plant-litter mineralization. Specifically, the protein content of artificial grasshoppers,
for which the C:N ratio is a common but indirect
index (23), has over twice the power [coefficient
of determination-explained variance (R2) = 0.56,
F1,10 = 13.5, P < 0.01; Fig. 2D] of the C:N ratio
200

Cumulative C-CO2 (mg g dry wt litter-1)

Fig. 4. Cumulative C
mineralization (mean T
1 SE, n = 7 microcosms)
of grass litter on soil
collected from blocked
field plots with or without predation risk. Rates
are differences from reference soils, so cumulative
values can be negative.

(R2 = 0.23, F1,10 = 4.0, P = 0.08) to explain plantlitter decomposition rates. This is probably because the C:N ratio is influenced by both labile
and recalcitrant N-bearing compounds. Consequently, a small difference in the C:N ratio may
reflect much larger variation in protein N content.
Together, the laboratory experiments reveal a
potentially important general mechanism (8) by
which predators regulate soil ecosystem processes
through stress-induced changes to herbivore nutrient content. It remained uncertain whether this
mechanism explains variation in belowground
community function in nature.
To test for predator-induced regulation of
decomposition variation in mineralization rates
under natural conditions, we added intact carcasses of grasshoppers reared either with predation risk (stress treatment) or without (control) to
field plots. After 40 days, we added 13C-labeled
grass litter (550 g m−2) to the same plots and
measured 13C mineralization in situ, using cavity
ring-down spectroscopy, a highly sensitive form
of laser absorption spectrometry that quantifies
the stable isotope composition of C in CO2 (19).
Using 13C labeling meant that we could separate
the contribution of mineralization of the added
litter from total soil respiration. After 73 days,
mineralization of the grass litter, in plots amended
with stressed grasshoppers, was 19% lower (F1,6 =
9.06, P < 0.05) than in plots that received stressfree grasshoppers (Fig. 3). This mechanism is not
mutually exclusive of other mechanisms that
regulate soil communities (4, 21, 24). Nonetheless,
in our experiments, the effect of predation on
litter decomposition had a measureable impact
through changes in the nutrient content of herbivore carcasses. These results highlight the potential for this mechanism to influence decay rates
of organic matter inputs and hence ecosystem C
and N cycling.
A key remaining question is whether
predator-induced changes persist when multiple aboveground and belowground pathways
act simultaneously. We examined this question
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150
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0
-50

by rearing grasshoppers in field plots where predation risk was absent (no spiders) or present
(spiders with glued mouthparts) (19). Toward
the end of the growing season and 1 month after
the grasshopper adults had reproduced, died,
and been allowed to decompose, we transferred
surface soil from the field plots to laboratory
microcosms. We found no difference in soil pH
between risk and risk-free field mesocosms (F1,6 =
0.761, P = 0.417). To test for legacy effects of
fear, we then added grass litter to the microcosms
and measured C mineralization for 93 days. Cumulative mineralization of grass litter, amended
to soil communities developed under the predator
treatment, was ~200% lower than litter mineralization from communities developed without
spider predators (F1,6 = 6.23, P < 0.05; Fig. 4).
Collectively, our experiments suggest that cascading effects of predation risk are measurable
on litter decomposition in the field and laboratory and occur through predator-induced changes
in prey chemical composition.
Traditional concepts of trophic pyramids in
ecosystems highlight the idea that inputs of plantderived materials to soils are more important for
regulating belowground processes than are inputs
from other trophic levels, because plant inputs
are dominant (4). Accordingly, predators are presumed to regulate ecosystem processes mainly
by altering the quality and quantity of plantderived materials entering belowground systems,
through the control of herbivore density (that is,
through trophic cascades) and/or by altering herbivore foraging behavior (4, 5). Our work instead
suggests that predators can regulate ecosystem
processes more directly through stress-induced
changes in the chemical composition of prey
body tissue.We find that small additions of highquality herbivore biomass influence the decomposition of much larger inputs of recalcitrant plant
litter, with effects lasting for at least the duration
of a normal growing season (80 to 110 days). Indeed, we show that predator-induced changes in
the nutritional composition of herbivore biomass
dramatically slow the decomposition of plant litter through legacy effects on soil communities.
Our work suggests that the mechanism governing
these effects is the amount of animal protein that
enters the soil. Our work adds to the body of recent work (5, 25) showing that predators exert topdown control, through multiple mechanisms, on
ecosystem processes. Evaluating the importance
of these newly identified roles of predators in ecosystems is made all the more urgent because we
are losing them from ecosystems at disproportionately higher rates than other species (25, 26).

Downloaded from www.sciencemag.org on June 14, 2012

REPORTS

References and Notes

-100

Control
Predator

-150
0

10

20

30

40

50

60

70

80

Incubation day
www.sciencemag.org

SCIENCE

VOL 336

90

1. D. A. Wardle et al., Science 304, 1629 (2004).
2. S. Hättenschwiler, A. V. Tiunov, S. Scheu, Annu. Rev. Ecol.
Syst. 36, 191 (2005).
3. J. Cebrian, Ecol. Lett. 7, 232 (2004).
4. R. D. Bardgett, D. A. Wardle, Eds., Aboveground-Belowground
Linkages (Oxford Univ. Press, Oxford, 2010).
5. O. J. Schmitz, D. Hawlena, G. C. Trussell, Ecol. Lett. 13,
1199 (2010).
6. J. J. Elser et al., Nature 408, 578 (2000).

15 JUNE 2012

1437

REPORTS
17. M. S. Strickland, C. Lauber, N. Fierer, M. A. Bradford,
Ecology 90, 441 (2009).
18. S. Fontaine, G. Bardoux, L. Abbadie, A. Mariotti,
Ecol. Lett. 7, 314 (2004).
19. Materials and methods are available as supplementary
materials on Science Online.
20. J. P. Schimel, M. N. Weintraub, Soil Biol. Biochem. 35,
549 (2003).
21. J. Schimel, T. C. Balser, M. Wallenstein, Ecology 88, 1386
(2007).
22. S. D. Allison et al., Soil Biol. Biochem. 41, 293 (2009).
23. R. W. Sterner, J. J. Elser, Ecological Stoichiometry
(Princeton Univ. Press, Princeton, NJ, 2002).
24. M. A. Bradford et al., Ecol. Lett. 11, 1316 (2008).
25. J. A. Estes et al., Science 333, 301 (2011).
26. J. E. Duffy, Ecol. Lett. 6, 680 (2003).

Continental-Scale Effects of
Nutrient Pollution on Stream
Ecosystem Functioning
Guy Woodward,1,2*† Mark O. Gessner,3,4,5,6*† Paul S. Giller,1 Vladislav Gulis,7‡ Sally Hladyz,1§
Antoine Lecerf,8,9 Björn Malmqvist,10 Brendan G. McKie,10‖ Scott D. Tiegs,3,4,11 Helen Cariss,12¶
Mike Dobson,12# Arturo Elosegi,13 Verónica Ferreira,7 Manuel A.S. Graça,7 Tadeusz Fleituch,14
Jean O. Lacoursière,15 Marius Nistorescu,16 Jesús Pozo,13 Geta Risnoveanu,16 Markus Schindler,3,4
Angheluta Vadineanu,16 Lena B.-M. Vought,15 Eric Chauvet8,9†
Excessive nutrient loading is a major threat to aquatic ecosystems worldwide that leads to
profound changes in aquatic biodiversity and biogeochemical processes. Systematic quantitative
assessment of functional ecosystem measures for river networks is, however, lacking, especially at
continental scales. Here, we narrow this gap by means of a pan-European field experiment on a
fundamental ecosystem process—leaf-litter breakdown—in 100 streams across a greater than
1000-fold nutrient gradient. Dramatically slowed breakdown at both extremes of the gradient
indicated strong nutrient limitation in unaffected systems, potential for strong stimulation in
moderately altered systems, and inhibition in highly polluted streams. This large-scale response
pattern emphasizes the need to complement established structural approaches (such as water
chemistry, hydrogeomorphology, and biological diversity metrics) with functional measures
(such as litter-breakdown rate, whole-system metabolism, and nutrient spiraling) for assessing
ecosystem health.
utrient enrichment from organic inputs
and agricultural run-off is placing the
world’s vulnerable fresh waters in a
precarious position (1–4). Far-reaching environmental legislation has been introduced to redress
human impacts on aquatic communities (5, 6),
yet the consequences of nutrient loading for
stream ecosystem functioning remain poorly understood (4, 7, 8). This is worrying because key
ecosystem services (such as maintenance of viable fisheries as a provisioning service, and
organic matter decomposition as a supporting service) ultimately depend on ecosystem processes,
such as leaf-litter breakdown and other processes
involved in nutrient cycling (3, 9).
Many aquatic ecosystems are supported by
plant litter inputs (10–12). This includes streams,
where terrestrial leaf breakdown—which is driven by resource quality; the abundance, diversity,
and activity of consumers; and environmental
factors—is a key ecosystem process (10, 13, 14).
Moderate nutrient enrichment of streams can accelerate breakdown by stimulating microbial con-
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ditioning and invertebrate consumption (15, 16).
However, a wide range of responses along nutrient gradients has been reported in field studies,
suggesting environmental drivers beyond elevated nutrient supply. For instance, wastewater
discharge can induce anoxia, mobilize heavy
metals, and physically smother benthic organisms (17, 18). Litter breakdown by invertebrates (19) appears especially sensitive to
nutrient pollution relative to that mediated by
microbes (20) and, because invertebrates often
attain their highest densities in moderately enriched streams, a hump-shaped breakdown rate
response might be expected along long nutrient
gradients (5).
We hypothesized that breakdown rates are
constrained by microbial nutrient limitation at the
low end of nutrient pollution gradients and by the
effects of environmental degradation on invertebrates at the high end. Most studies, however,
have been unable to detect this pattern because
they have been conducted over relatively short
nutrient gradients and small spatial scales (5, 7).
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Here, we report a field experiment in 100 European streams spanning 1000-fold differences in
nutrient concentrations, as proxy measures of nutrient loading by direct and indirect inputs (21).
The validity of this approach is highlighted by the
positive relationship between biochemical oxygen demand (BOD5) and nutrient concentrations
in more than 8000 European streams, and the
comparable frequency distributions of nutrient
concentrations between these and our sites (fig.
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