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Abstract: Resources that cross ecosystem boundaries (subsidies) are common in nature, but we have little knowl-
edge of how such resources affect individual traits and, consequently, ecological interactions. In wetlands, leaf
litter is an important resource subsidy that regulates ecological processes including the production of consumer
biomass. However, litter quality is highly variable and depends on local plant species diversity. Many aquatic con-
sumers are highly nutrient limited, so differences in nutrients and other chemical components in litter are likely
to affect numerous individual traits of consumers including life-history and sexually selected traits. We tested
whether the species of tree leaf litter consumed by freshwater amphipods affected survival, growth, and develop-
ment of sexually selected traits. Amphipods had higher survival, attained larger body sizes, and had larger male
sexual traits when reared on litter that was relatively nutritious and low in plant secondary and structural com-
pounds. Such widespread trait changes suggest that changing forest composition could have substantial effects on
wetland ecology and the evolution of sexual traits over ecological time scales.
Key words: allochthonous input, Hyalella, phenotypic plasticity, resource quality, resource subsidy, ecological
stoichiometry

The flow of resources across ecosystem boundaries (subsi-
dies) can have dramatic effects on consumer biomass and
density and, consequently, on ecosystem functioning (Po-
lis et al. 1997, Richardson et al. 2009, Stoler and Relyea
2011). In temperate forests, leaf litter is an important sub-
sidy, particularly in wetlands where rapid litter decay leads
to high levels of consumer production (Rubbo et al. 2006).
Interspecific and annual differences in foliar chemistry are
a tremendous source of variation in the quality of litter
subsidies (Webster and Benfield 1986). As the composition
of plants in forests changes because of disturbance and
succession, interspecific differences in foliar chemistry al-
ter resource quality for litter consumers (Webster and Ben-
field 1986). Despite the increasing rate of these changes
caused by human activity (Bunker et al. 2005), few inves-
tigators have examined the effects of leaf-litter quality on
consumer phenotypes (Reiskind et al. 2009, Danger et al.
2013, Stoler and Relyea 2013).

Changes in leaf-litter diversity affect consumers through
changes in the supply of essential nutrients and secondary
compounds that decrease nutrient availability (Webster
and Benfield 1986). The process of litter decomposition is

coupled with microbial activity on the litter, which in-
creases digestibility of the litter (softens the leaf) and makes
the litter more nutritious by mineralizing nutrients (Kaus-
hik and Hynes 1971, Bärlocher and Kendrick 1975a, b,
Howarth and Fisher 1976, Facelli and Pickett 1991). Leaf
litter generally is a nutrient-poor resource (Cross et al. 2003,
2005), but concentrations of nutrients can vary by an order
of magnitude across litter species (Ostrofsky 1997). Nutri-
ent availability also may vary depending on the presence
of plant secondary and structural compounds. For exam-
ple, lignin is a structural compound found in varying con-
centrations across leaf species that can bind to nutrients
and make them difficult for microbes to extract and digest
(Melillo et al. 1982). Therefore, litter species with high con-
centrations of lignin generally have poor nutritional qual-
ity and tend to deter consumers. Polyphenolics, secondary
compounds found in most litter species, can reduce mi-
crobial growth on the litter surface and directly interfere
with consumer physiology, both of which can deter feed-
ing activity (Maerz et al. 2005, Ardón and Pringle 2008).
Nutrient-rich leaves that are low in plant secondary and
structural compounds are colonized more quickly by mi-
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crobes and decompose faster than recalcitrant, toxic, and
nutrient-poor leaves (Taylor et al. 1989, Gessner and Chau-
vet 1994) and are preferred by consumers (Kaushik and
Hynes 1971).

Litter is a nutrient-poor resource, so detritivores face
one of the greatest stoichiometric imbalances (difference
in C ∶nutrient ratios between a consumer and its food;
Cross et al. 2003, 2005) in nature. Such imbalances should
strongly affect life-history traits that depend on rare nutri-
ents (e.g., growth is often strongly limited by P; Sterner
and Elser 2002, Elser et al. 2003). Most investigators that
have demonstrated life-history penalties associated with
an imbalanced diet have focused on herbivores, which gen-
erally consume food that is much more balanced than that
consumed by detritivores (Frost and Elser 2002, Frost
et al. 2006, Elser et al. 2003). We know less about how im-
balances affect the life history of detritivores, particularly
those species that consume leaf litter. Moreover, the vari-
able nutrient profiles and secondary compounds, which
affect the microbial conditioning of leaves, should contrib-
ute to the severity of stoichiometric imbalance between
leaf litter and consumer (Taylor et al. 1989, Gessner and
Chauvet 1994). The few investigators who have addressed
the effect of leaf-litter quality on consumer traits have dis-
covered large effects on life-history traits (Iversen 1974,
Tuchman et al. 2002, Reiskind et al. 2009, Cohen et al.
2012, Danger et al. 2013, Stephens et al. 2013, Stoler and
Relyea 2013). Despite these studies, we still know very lit-
tle about how stoichiometric imbalances affect the life his-
tory of detritivores and other species that consume leaf lit-
ter as part of their diet.

Sexually selected traits (recently considered under the
umbrella of ‘life-history traits’) may be particularly sensi-
tive to changes in leaf-litter quality (Badyaev and Qvarn-
ström 2002, Kokko et al. 2006). Sexually selected traits
(i.e., ornaments and weapons used to procure mates) are
often energetically expensive to produce and maintain.
Thus, they are sensitive to resource stress (David et al.
2000, Cothran and Jeyasingh 2010, Cothran et al. 2012).
Changes in sexual traits are particularly important be-
cause their effects may persist far longer than the supply
of resource subsidy because of altered patterns of mating
success. This situation could occur if sexual-trait varia-
tion available for sexual selection depended on resource
quality (David et al. 2000, Cotton et al. 2004, Cothran and
Jeyasingh 2010). Leaf-litter species vary in nutrient con-
tent and nutrient availability (Webster and Benfield 1986,
Ostrofsky 1997), so changes in leaf-litter composition may
affect the opportunity for sexual selection.

We tested the hypothesis that leaf-litter species will af-
fect survival, growth rate, and sexual-trait development in
a common wetland consumer, Hyalella amphipods. Hya-
lella are abundant (densities typically range from hun-
dreds to thousands/m2) in a wide range of permanent
freshwater environments from small springs to large lakes

(Wellborn 1994). They are grazers and detritivores, and
they are important prey for many invertebrate and verte-
brate predators (Wellborn 1994). We reared amphipods
from 1st instar to maturity on 1 of 4 species of leaf litter
that varied in nutrition and plant secondary and structural
compounds, are dominant in the temperate forests of the
northeastern USA, and are associated with contemporary
shifts in forest tree diversity. For example, we used black
cherry (Prunus serotina), which is currently gaining wide-
spread dominance in many regions, and elm (Ulmus sp.),
which has been decimated by Dutch elm disease (Abrams
1998, 2003, Moser et al. 2009). We predicted that amphi-
pods would show greater survival, larger body size, and
larger sexually selected traits when reared on litter species
with relatively high nutrients (N and P) and relatively low
lignin and polyphenolics.

METHODS
We conducted the experiment during summer 2011 at

the Donald S. Wood Field Laboratory at the University of
Pittsburgh’s Pymatuning Laboratory of Ecology in north-
western Pennsylvania. We reared 1st-instar amphipods to
maturity on 1 of 4 species of conditioned leaf litter: big-
tooth aspen (Populus grandidentata), black willow (Salix
nigra), black cherry, and elm. These tree species are com-
mon in the study area, and we expected them to differ sub-
stantially in nutrient, lignin, and polyphenolic content.

We collected Hyalella from Conneaut Marsh in Craw-
ford County, Pennsylvania (lat 41.537541, long –80.362368).
In North America, Hyalella comprises a species complex
with many undescribed species (Wellborn and Broughton
2008). Based on species-specific color patterns (Cothran
et al. 2013b), we used a species from the B clade, desig-
nated in recent phylogenies (Wellborn and Broughton
2008). We reared amphipods individually in plastic cups
(45-mm diameter, 20-mm height) in C-filtered, ultraviolet
light (UV)-irradiated water. We ran the experiment at 22 ±
0.2°C (SD) on a 14 ∶ 10 day ∶night cycle.

Leaf-litter chemistry
We collected leaf litter from local forests immediately

after abscission in autumn 2008. We air-dried the litter
for 1 wk after collection and stored it through the winter.
In spring before the experiment, we ground samples of
dried litter to <0.5-mm particles with a Wiley mill and
analyzed the particles for total N, total P, lignin, and total
phenolics. N and P were analyzed at the Duke Environ-
mental Stable Isotope Laboratory via stable isotope ratio
mass spectrometry. We used 72% sulfuric acid to extract
lignin and measured the difference between initial and
final mass of leaf litter to quantify lignin content (modi-
fied method of C fractionation; Moorhead and Reynolds
1993). We used the Folin-Ciocalteu method to measure
total phenolics (Graça et al. 2005). All analyses of leaf-
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litter samples were done in triplicate to assess the consis-
tency of our analytical procedures.

Effects of leaf-litter species on amphipod life history
and sexually selected traits

We conditioned the leaf litter outdoors in 200-L pools
filled with 150 L of well water and inoculated with 400 mL
of pond water from 5 ponds. We added 200 g of leaf litter
from 1 of the 4 tree species to each pool. The pond water
served as a common source of periphyton (algal and mi-
crobial assemblages that would increase in abundance
over time), which plays an important role in conditioning
leaves for macroinvertebrates (Kaushik and Hynes 1971,
Bärlocher and Kendrick 1975a, b, Howarth and Fisher
1976). We conditioned leaf litter for 49 d before feeding it
to amphipods to allow accumulation of a microbial bio-
film on the leaf surface, which must occur for detritivores
to consume the litter (Kaushik and Hynes 1971, Bärlocher
and Kendrick 1975a, b, Howarth and Fisher 1976, Facelli
and Pickett 1991). We collected leaves from the appropri-
ate pool and used a hole punch to cut out 6-mm-diameter
disks to feed to amphipods. Each amphipod received 3
leaf-litter disks every 3 d until they were 24 d old.

At the end of the 24-d experiment, we measured the
head length of each amphipod. Head length is a reliable
indicator of body size (Edwards and Cowell 1992) and is
an important determinant of male mating success, female
fecundity, and survival (Wellborn 1994, 1995). For male am-
phipods, we also measured posterior gnathopods (a large,
claw-like appendage) and 2nd antennae. The posterior gnatho-
pod is under sexual selection in Hyalella—males with larger
gnathopods have higher mating success (Wellborn 1995).
No direct evidence exists that the 2nd antenna is under
sexual selection in Hyalella, but the trait is sexually di-
morphic in this group (males have larger antennae than
females) and is under sexual selection in isopods that share
a similar mating biology (Bertin and Cézilly 2003, Well-
born and Cothran 2004, Cothran et al. 2012). We measured
posterior gnathopod size as the maximum width of the
propodus. We measured the 2nd antenna as the length of
the 3rd peduncle, which is correlated with total antennal

length and the number of antennal segments. We made
all measurements to a resolution of 0.024 mm with the
aid of a stereomicroscope equipped with an ocular micro-
meter.

Statistical analyses
We included ‘family’ (siblings originating from the

same female) as a random effect in all analyses to account
for potential genetic effects. We used a generalized linear
model with a binomial distribution and a logit-link func-
tion to test for differences in survival across litter treat-
ments. We did not include sex in the model because many
of the amphipods died before reaching sexual maturity,
and sex of immatures cannot be determined.

Differential survival among litter treatments led to an
unbalanced design in tests for effects of litter on morphol-
ogy. We used generalized linear mixed models based on
restrictedmaximum likelihoodmethods, which provide bet-
ter parameter estimates than general linear models for un-
balanced data (SPSS 2005). We used the first model to test
for effects of litter species, sex (individuals that survived the
24-d experiment were included in this analysis), and their
interaction on body size (as head length). We used 2 addi-
tional models to test whether litter species affected develop-
ment of male sexual traits, with head length as a covariate
to account for allometric growth. We adjusted significance
levels for multiple comparisons with the sequential Bon-
ferroni method.

RESULTS
Leaf-litter chemistry

Leaf-litter species differed in nutrient, lignin, and poly-
phenolic content (Table 1). Differences were generally con-
sistent with previous literature (Ostrofsky 1993, 1997). We
expected some variation because of annual variation in cli-
mate, soil chemistry, and other growth factors. Elm was
relatively nutritious and low in polyphenolics and lignin.
Black cherry and black willow were relatively high in nu-
trients (N and P, respectively) and in plant secondary
compounds (polyphenolics and lignin, respectively). As-
pen was relatively nutrient poor and high in lignin.

Table 1. Chemical composition of the leaf species (mean molar ratio of nutrients and mean %
dry mass of secondary compounds ± 1 SD) fed to amphipods. Analyses are based on triplicate
measurements of pooled leaf powder.

Leaf species C ∶N C ∶ P Polyphenolics Lignin

Elm 36.51 ± 0.61 823.03 ± 90.17 1.1 ± 0.01 4.9 ± 6.3
Black willow 47.11 ± 1.54 1074.93 ± 14.72 9.68 ± 0.03 12 ± 7.3
Black cherry 35.95 ± 1.37 1246.87 ± 72.78 3.5 ± 0.04 20.7 ± 4
Bigtooth aspen 56.27 ± 1.73 1206.88 ± 155.81 1.92 ± 0.03 23.9 ± 3.8
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Effects of leaf-litter species on amphipod life-history
and sexually selected traits

Amphipod survival differed among litter species (F3,656
= 11.133, p < 0.001; Fig. 1A). Amphipods survived better
when reared on elm than on aspen and black cherry
(pairwise comparisons, both p < 0.001), and they survived
better when reared on black willow than on aspen (p =
0.003). Family also explained a significant amount of vari-
ation in survival (Wald Z = 2.815, p = 0.005).

Body size was affected by litter species (F3,211 = 21.627,
p < 0.001) and sex (F1,216 = 10.842, p = 0.001), but not
their interaction (F3,219 = 0.22, p = 0.883; Fig. 1B). Aver-
aged across sexes, amphipods were 8, 14, and 16% larger
when reared on elm than on black willow, aspen, or black
cherry, respectively (p < 0.001), and amphipods reared on
black willow were 7% larger than amphipods reared on
black cherry (p = 0.013). Averaged across leaf treatments,
females were 5% larger than males. Family did not affect
body size (Wald Z = 1.199, p = 0.231).

For male sexual traits, allometric slopes were similar
across litter species for the posterior gnathopod (litter treat-
ment × body size interaction: F3,109 = 1.438, p = 0.236) and
2nd antenna (F3,109 = 0.443, p = 0.723), a result that vali-
dated use of head length as a covariate in the analysis. Size-
adjusted male posterior gnathopod differed among amphi-
pods reared on different leaf-litter species (F3,91 = 8.856,
p < 0.001; Fig. 2A). Gnathopods were 18, 21, and 38% larger
when amphipods were reared on elm than on black willow,
black cherry, and aspen, respectively (all p ≤ 0.027). Male
gnathopod size was positively correlated with male head
length (F1,108 = 21.673, p < 0.001), and the effect of family
was marginally nonsignificant (Wald Z = 1.941, p = 0.052).

Size-adjusted male 2nd antennae length differed among
amphipods reared on different litter species (F3,105 = 6.566,
p < 0.001; Fig. 2B). Males reared on elm had antennae that
were 12, 17, and 17% larger than males reared on black
willow, black cherry, and aspen, respectively (all p ≤ 0.006).
Male antenna size was positively correlated with male head

Figure 1. Mean (±1 SE) % survival until the end of the 24-d
experiment (A) and head length (B) of amphipods reared on
4 leaf-litter species. Mean head length reflects differences in
growth rates because all amphipods were the same age (24 d).
Leaf-litter species are ordered on the x-axis from relatively high
(high nutrient and low lignin and polyphenolic content) to low
(low nutrient and high in lignin and polyphenolic content)
quality. Sample size is shown above each marker.

Figure 2. Estimated marginal mean (±1 SE) relative size
(assessed at the grand mean for head length = 0.594 mm) of
2 male sexual traits, posterior gnathopods (A) and 2nd antenna
(B), of amphipods reared on 4 leaf-litter species. The 2 traits
were adjusted for size by including head length as a covariate
in the analysis. Leaf-litter species are ordered as in Fig. 1.
Sample sizes for both traits are provided on panel A.
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length (F1,112 = 19.831, p < 0.001), but was not affected by
family (Wald Z = 1.073, p = 0.283).

DISCUSSION
We demonstrated that the leaf litter available to con-

sumers can affect survival, growth, and the relative size of
sexually selected traits. Amphipods reared on elm litter
survived best, attained the largest body size in both sexes,
and had relatively larger male sexual traits compared to
amphipods raised on other litter species. This result is in
agreement with our predictions. Our chemical analyses of
the litter showed that elm litter had higher levels of nu-
trients and lower levels of plant secondary and structural
compounds than the other 3 species (Ostrofsky 1997).
Amphipods performed poorly on aspen litter, which was
relatively nutrient poor with high lignin content, which
would make aspen difficult to consume. Amphipod per-
formance was intermediate (not as low as aspen or as high
as elm) on black willow and black cherry litter, which have
relatively high levels of P and N, respectively. However,
black willow litter is high in polyphenolics, and black cherry
litter is moderately high in both polyphenolics and lignin.
We think it is likely that the moderate to high presence of
these compounds explains the poorer performance of am-
phipods fed these 2 leaf-litter species. Collectively, the per-
formance of amphipods on different leaf-litter species was
consistent with predictions based on the nutritional quality
and concentration of plant secondary and structural com-
pounds in litter.

Our results provide data on how the stoichiometric
imbalances between detritivores and their leaf-litter re-
source affect consumers (Cross et al. 2003, 2005). C ∶P
and C ∶N of leaf litter in our experiment ranged from 823
(elm) to 1247 (black cherry) and 36 (black cherry) to 56
(bigtooth aspen), respectively. These values fall within the
range of litter C ∶nutrient ratios found in other studies
(Cross et al. 2003, 2005). We did not measure Hyalella
C ∶nutrient ratios, but C ∶P of amphipods raised in the
laboratory and collected from lakes ranged from 120 to
240 in a study by Goos et al. (2014). Based on these data,
amphipods in our experiment were dealing with strong
imbalances (difference in ratios between leaf litter and
amphipod). If we use the highest amphipod C ∶P (240)
estimated by Goos et al. (2014), the imbalance ranged
from 583 (elm) to 1007 (black cherry). We have no data
on amphipod C ∶N, but our results are consistent with
those on other detritivores (caddisflies and craneflies) that
also performed poorly on high-C ∶N leaf litter (Iversen
1974, Tuchman et al. 2002). This variation in the stoi-
chiometric imbalances imposed by the leaf species in our
study matches well with knowledge on the effects of P on
growth and development of sexual traits (Cothran et al.
2012). Amphipods grew faster and developed larger sex-

ual traits when reared on elm, which is high in P, than on
other leaf species.

Our results indicate that changes in the chemical qual-
ity of litter may induce shifts in consumer body size, which
can affect several ecological interactions (Calder 1996,
Werner and Gilliam 1984). In Hyalella, body size is an im-
portant determinant of fecundity, competitive ability, and
susceptibility to predators. Fecundity and competitive abil-
ity increase with body size in Hyalella, and these patterns
are consistent within and across species (Wellborn 1994,
Cothran et al. 2013a). Shifts in body size also can alter
predator–prey interactions. Whether small body size is
advantageous depends on the type of predator in the en-
vironment (Wellborn et al. 1996). Therefore, changes in
leaf-litter species may affect species interactions with basal
resources, competitor species, and predators in aquatic food
webs (Wellborn 2002).

The quality of available litter may influence sexual se-
lection on traits in a population. Trait-based indices of a
male’s competitiveness or attractiveness are expected to
be more informative in low- than in high-quality habitats
because differences among males in quality (ability to ac-
quire resources to develop the indicator trait) are more ex-
aggerated in these environments (Rowe and Houle 1996,
David et al. 2000). Strong empirical evidence indicates that
resource quality or quantity can strongly affect the sexual-
trait variation available for selection (David et al. 2000,
Cotton et al. 2004) and has recently been demonstrated
for Hyalella (Cothran and Jeyasingh 2010, Cothran et al.
2012). We have demonstrated for the first time that sexu-
ally selected traits are sensitive to changes in leaf-litter re-
sources, probably because of differences among leaf-litter
species in nutrient content and availability.

Linking subsidies to ecosystem function
and forest diversity

Our results add to a growing body of literature that
highlights the importance of linking subsidy quality with
consumer phenotypes to understand the effect of subsidies
on nutrient cycling (e.g., Cohen et al. 2012, Stephens et al.
2013, Stoler and Relyea 2013). Shifts in the nutritional
quality of leaf litter can substantially alter its palatability
and nutritional value to microbes and larger consumers.
We showed that these changes can have substantial effects
on the growth and survival of consumers, and more subtle
effects on morphological traits. Other investigators have
shown that these effects can affect population dynamics
(Reiskind et al. 2009), which can alter the total biomass
of consumers and substantially alter the quantity of en-
ergy and nutrients processed (Batzer and Wissinger 1996).
Organisms in habitats are connected with the surrounding
ecosystem through processes, such as respiration, emer-
gence, and predator–prey interactions (Beard et al. 2002,
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Hoekman et al. 2011), so changes in consumer popula-
tion dynamics can have ecosystem-wide consequences.

Interactions between consumer species can alter nutri-
ent cycling and should be taken into account when con-
sidering how individual phenotypes may scale up to yield
changes at the ecosystem level. Detritivores historically
have been regarded as a group of redundant species, but
detritivore species often show strong complementary and
facilitative patterns when using leaf litter (Arsuffi and
Suberkropp 1989, Graça et al. 1993a, b, Cardinale et al.
2002, Zimmer et al. 2004). Such patterns may buffer litter-
based food webs from changes in forest composition. The
effect of changing litter composition on other detritivore
species and potential feedbacks to ecosystem processes
(e.g., litter decomposition) warrants further attention (Gess-
ner et al. 2010).

Field studies are necessary to assess whether our labora-
tory results are indicative of how differences in forest com-
position affect consumer populations and their ecosystems
in nature. Changes in forest composition may have weak
effects on wetland communities if consumer species can
switch to nonlitter resources or if shifts in forest composi-
tion are complex. For example, the effect of changing litter
species on amphipod populations may be mitigated by the
omnivory found in this group (MacNeil et al. 1997). More-
over, changes in forest composition may include shifts to
different groups of tree species rather than to mono-
cultures (Abrams 2003). If some species in the new group
are palatable, changes in forest composition may have weak
effects on consumers. However, many small wetlands are
likely to experience local dominance by a single tree species,
so our results are still suggestive of natural phenomenon.

Conclusions
Tremendous spatial and temporal variation exists in

the composition of tree species that contribute to the leaf
litter in wetlands (Ostrofsky 1997). Our work suggests that
natural and human-driven changes in forest composition
may alter the abundance and biomass of consumers and
trait-mediated ecological and social interactions. These
changes in forest composition have important implications
for conserving the biota of wetlands (Stoler and Relyea
2011), but they may present an opportunity to explore some
pressing ecological and evolutionary questions. For exam-
ple, the evolutionary responses of wetland organisms to
changes in forest composition are unexplored and may pro-
vide a powerful system to address the importance of rapid
evolutionary change on ecological time scales (Post and
Palkovacs 2009). Changes in the composition of leaf-litter
subsidies to wetlands may provide opportunities to assess
links between variation in resource quality and opportunity
for sexual selection in nature. These links are well estab-
lished in laboratory systems (e.g., David et al. 2000, Cot-
ton et al. 2004, Cothran and Jeyasingh 2010, Cothran et al.

2012), but few examples are available from nature (but see
Robinson et al. 2008).
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