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Abstract
Biodiversity can have cascading effects throughout ecosystems. While these effects are better understood at coarser taxonomic 
scales of biodiversity, there has been a resurgence in investigating how biodiversity within species may have cascading effects 
on communities and ecosystems. We investigate the broader trophic implications of intraspecific variation in the riparian 
tree, Alnus rubra, where immediately local or ‘home’ litter decomposes faster than ‘away’ litter in aquatic and terrestrial 
systems. With climate change shifting the distributions of plants across the globe, it is essential to understand how shifts in 
the intraspecific traits of leaf litter may have reverberating effects throughout ecosystems. Here, we find that intraspecific 
variation in leaf litter has fitness implications for invertebrate consumers, including the algivorous Dicosmoecus and det-
rivorous Psychoglypha caddisflies, which exhibited increased body size and muscle nitrogen content when incubated within 
in-situ river mesocosms supplied with local A. rubra litter. Litter source altered caddisfly gut microbiomes by increasing 
relative abundance of methanogens and methanotrophs among the non-local treatment group. Additionally, Dicosmoecus 
supplied with non-local litter may have shifted their diet towards a higher proportion of algae, as inferred from shifts in gut 
microbiome composition and isotopic ratios of muscle tissue. Overall, our study demonstrates that shifting distributions of 
plant genotypes across the globe may cause plant–microbe mismatches that will disrupt patterns of decomposition and may 
have consequences on the fitness and foraging behavior of consumers.

Keywords Cross-ecosystem subsidies · Trophic interactions · Microbiome · Alnus · Caddisflies

Introduction

Biodiversity at varying taxonomic scales can have broad 
ecosystem effects (Whitham et al. 2006). Emerging evi-
dence suggest that even intraspecific variation within plants 
can have wide ranging implications on communities and 
ecosystems (Madritch and Hunter 2002; Schweitzer et al. 
2005; Crutsinger et al. 2006). Leaf litter decomposition 
is a key ecosystem function, with broader implications on 
global carbon cycles (Cebrian 1999). Decomposition pro-
cesses are regulated by litter quality, including composition 
of nutrients, secondary defense compounds, and structural 

components such as lignin (Klotzbücher et al. 2011; Mith-
öfer and Boland 2012; Jackrel and Morton 2018). While cer-
tain components of litter quality have wide-spread value to 
decomposers, such as high N-content, quality can be highly 
dependent on the availability of resources in an environ-
ment and the metabolic capacities of a decomposer com-
munity. A notable example of this context dependency in 
litter decomposition has become known as the home-field 
advantage (HFA) (Gholz et al. 2000).

In this phenomenon, which must be demonstrated using 
reciprocal transplant experiments of leaf litter, decom-
poser communities are able to breakdown locally derived 
or ‘home’ leaf litter more rapidly than non-local or ‘away’ 
litter. The HFA may be driven in part by host-associated 
microbes inhabiting senescent leaf litter as well as free-liv-
ing microbes residing in soil and aquatic environments that 
receive leaf litter fall (Veen et al. 2019). The HFA appears 
widespread in forest ecosystems in Europe and the Americas 
(Ayres et al. 2009; Austin et al. 2014). In addition to studies 
that have documented accelerated decomposition of leaves 
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originating from local versus non-local tree species, sev-
eral studies have also demonstrated accelerated decomposi-
tion of litter from local tree genotypes (Lecerf and Chauvet 
2008; Madritch and Lindroth 2011), including a sizable HFA 
among genotypes growing less than 1 km apart (Jackrel and 
Wootton 2014). Whether such spatial variation in litter qual-
ity at the intraspecific scale may have broader implications 
on consumer fitness is unknown. One study by Fenoy et al. 
(2021) investigated the effects of intraspecific leaf litter vari-
ation on the fitness of aquatic shredder macroinvertebrates, 
but found little evidence of adaptive phenotype plasticity. 
Understanding the wider implications of spatially variable 
decomposition rates, particularly accelerated decomposi-
tion of local litter, is particularly timely as the distributions 
of plant species and genotypes are shifting due to climate 
change, habitat destruction, and reforestation.

Here, we test for cascading trophic effects of intraspecific 
variation in leaf litter in freshwater streams of the Pacific 
Northwest. In this system, we have documented a consistent 
pattern of the HFA for local genotypes of red alder, Alnus 
rubra, using reciprocal transplant experiments (Jackrel and 
Wootton 2014; Jackrel et al. 2016, 2019). We therefore eval-
uated the implications of intraspecific variation in leaf litter 
on two species of consumers that occupy different trophic 
positions, including those feeding directly on leaf litter and 
those that may experience indirect effects of shifts in litter 
quality. Using in-river mesocosms, we tested larval Dicos-
moecus caddisflies and larval Psychoglypha caddisflies as 
the predominant grazers and decomposers in the system. 
Dicosmoecus spp. typically graze river stone for periphyton 
and Psychoglypha spp. feed in packs of decaying leaf litter, 
however, both genera have been frequently observed con-
suming leaves of A. rubra in association with and independ-
ent of our experimental leaf pack studies. Caddisflies and 
other invertebrates are thought to be the predominant cause 
of leaf mass loss in river ecosystems, followed by fungi and 
bacteria (Hieber and Gessner 2002).

For each species, we evaluated effects of leaf origin on 
correlates of organismal fitness, including survival, growth, 
and nutrient composition of muscle tissue. Furthermore, 
because invertebrate decomposers, including caddisflies, 
are aided by microbiota that thrive in their digestive sys-
tem, we probed the effects of intraspecific variation in leaf 
litter on caddisfly gut microbiomes. We specifically aimed to 
evaluate what metabolic pathways might be involved under 
local versus non-local leaf treatments, and how this in turn 
may translate into caddisfly fitness. The gut microbiomes of 
decomposers have been found to play key roles in processing 
litter in other systems. Recalcitrant structural compounds 
are often digested with the aid of bacteria residing in the 
digestive tract, such as methanogens that aid in cellulose 
breakdown in termites (Ohkuma et al. 1995). Further, varia-
tion in diet quality has been shown to affect the composition 

and function of gut microbial communities, such as shifts 
in methanogen communities and the quantity of methane 
emitted in both insects and ruminants (Zhou and Hernan-
dez-Sanabria 2010; Gijzen et al. 1994, 1991). Additionally, 
microbes within the insect digestive system may assist in 
detoxification of plant secondary defenses, which according 
to our prior work, play a key role in driving the HFA patterns 
previously documented among A. rubra genotypes (Hammer 
and Bowers 2015; Jackrel et al. 2016).

Lastly, we hypothesized that access to local versus non-
local leaf litter may shift trophic positions of our target taxa. 
For example, a shift in leaf litter origin may cause Dicos-
moecus spp. to shift their diet from predominantly alloch-
thonous to autochthonous primary productivity. We aimed 
to detect such shifts in diet via the isotopic signatures of 
animal tissue (Post 2002; Vander Zanden et al. 1997; Woot-
ton 2012b). A second indication of such trophic shifts is a 
change in gut microbiome composition, such as an increased 
consumption of bacteria as an alternative food resource. 
Some aquatic invertebrates when challenged with low-
resource environments shift to feeding directly on microbes, 
such as microbial biofilms on the surface of litter (Fredeen 
1964; Grey and Deines 2005; Goedkoop and Johnson 1992).

Methods

Study sites

We deployed in-situ river mesocosms on the South Fork 
of the Pysht River (48.167°N, 124.157°W) in the Olympic 
Peninsula of Washington State, USA. We used four deploy-
ment sites that each had a riparian zone consisting of early 
successional forest dominated by A. rubra (see Table S1 for 
additional baseline information about each site). We identi-
fied five A. rubra individuals growing immediately upstream 
of each deployment site for a total of 20 trees in total, that 
would be used for obtaining leaves for the local treatment. 
We also identified 20 riparian A. rubra trees growing along 
the Sekiu River (48.165°N, 124.245°W), which also has a 
riparian zone dominated by A. rubra and is located 30 km W 
of the Pysht River. These trees on the Sekiu River were used 
to source all leaves for the non-local treatment. According 
to baseline measures of %C, %N, %P, carbon and nitrogen 
isotopic ratios, and carbon to nutrient ratios of 20 trees col-
lected from across the Sekiu and Pysht Rivers in a prior 2012 
study, leaf nutrients did not differ between rivers (analysis 
of variance models, p > 0.10 for all metrics; Jackrel et al. 
2016). However, as we have previously reported in detail, 
the relative abundance of secondary metabolites in A. rubra, 
including ellagitannins and diarylheptanoids, varies signifi-
cantly across rivers in the Olympic Peninsula (see Jackrel 
et al. 2016).
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Experimental design

In July and August of 2016, we deployed 24 mesocosms 
that were each constructed from a plastic, lidded container 
with cut outs in each side lined with 0.64 cm plastic mesh 
to allow for water flow while retaining caddisflies within the 
enclosure. To construct a more natural riverbed, we weighed 
down the floor of each mesocosm with river stone sourced 
from the immediately adjacent river channel. We applied our 
leaf treatment to each of these mesocosms by deploying leaf 
packs of either local or non-local A. rubra genotypes. We 
constructed each leaf pack with ten leaves: two from each of 
the five local trees immediately upstream of the deployment 
site, or two from each of five trees on the Sekiu River for the 
non-local treatment. For these leaf packs, we hand-picked 
fresh, green leaves with little or no visible damage from her-
bivores or pathogens. Each river mesocosm received leaves 
from the same five A. rubra trees through the duration of 
the experiment. We added two leaf packs to each mesocosm 
and allowed leaves to incubate for seven days prior to adding 
caddisflies to the mesocosms, which ensured leaves at vary-
ing stages of decomposition were immediately available to 
caddisflies for feeding. We eliminated one mesocosm receiv-
ing the local leaf treatment from the study due to damage to 
the enclosure netting.

To assess the effects of leaf treatment on fitness of ani-
mals at varying trophic levels, we enclosed algivorous 
Dicosmoecus caddisflies and detritivorous Psychoglypha 
caddisflies. As juvenile caddisflies are challenging to iden-
tify definitively to species, we refer to each by the genus 
name. Our study likely included individuals of only one of 
the two species known to occur in Washington State, D. gil-
vipes or D. atripes, as co-occurrence of both species is rare. 
At our study sites, we frequently observed Dicosmoecus 
scraping periphyton from river rock, which is a foraging 
behavior more characteristic of D. gilvipes (Wiggins and 
Richardson 1982), however, we also frequently observed 
individuals clinging to the mesh bags of leaf packs and 
feeding within the mesh openings on the decaying leaves, 
which is more characteristic of D. atripes (Mihuc and Mihuc 
1995). Although these individuals may have been scraping 
microbial biofilms off of decaying leaves, we inferred they 
were eating the leaf itself because beneath Dicosmoecus 
clinging to the bags were hexagonal-patterned sections of 
skeletonized leaves that matched the hexagonal mesh net-
ting pattern, suggesting that the Dicosmoecus, which are too 
large to enter the bags, were removing leaf tissue accessible 
to them through the mesh openings.

At each deployment site, we collected baseline measure-
ments of caddisflies, including body mass, isotopic content 
of muscle tissue, and composition of the microbiome. We 
collected 20 Psychoglypha spp. and 20 Dicosmoecus spp. 
from across the four sites (i.e., 5 per caddisfly genus per 

site). Caddisfly larvae were removed from their cases, blot-
ted dry with paper towels and weighed to the nearest milli-
gram. Muscle tissue was excised from caddisflies, oven dried 
and stored until elemental and isotopic analyses described 
below. After harvesting muscle tissue, the gut from each 
caddisfly was removed and stored at – 80 °C at Argonne 
National Laboratory until DNA extraction for 16S rRNA 
gut microbiome analysis.

To each mesocosm, we added caddisflies collected locally 
from each deployment site, including 6 Dicosmoecus and 6 
Psychoglypha. Among the caddisflies we were able to col-
lect at each of the deployment sites, we selected the largest 
available individuals to reduce likelihood of escape through 
the mesocosm mesh netting. Due to the hard outer cases of 
caddisflies, it was not feasible to accurately measure initial 
body length. Instead, initial and final length and width were 
measured of caddisfly cases, and at the end of the experi-
ment, larvae were removed from their case and measured 
using calipers.

At the end of the 27-day enclosure period, recaptured 
individuals were sealed in individual WhirlPak bags filled 
with immediately adjacent river water and kept cool during 
transport to the lab. Recapture rates were recorded. Final 
body mass, width and length for caddisflies were recorded. 
Caddisfly case length and width were also recorded. Muscle 
tissue and the gut from each caddisfly was harvested and 
stored as described above.

We used the additional caddisflies collected at the same 
time and locations at the beginning of the experiment to con-
firm that caddisflies assigned to the two treatment groups did 
not differ. We found that Dicosmoecus case length was sig-
nificantly predictive of body mass (R2 = 0.63), and Psycho-
glypha case width was significantly predictive of body mass 
(R2 = 0.32). We found no differences in the length or width 
of caddisfly cases between leaf treatments for either species 
at the beginning of the experiment or among the individu-
als recovered at the end of the experiment (all LMER not 
significant). Based on our calculation of initial body mass 
using case dimensions and regression equations, we detected 
no differences at the beginning of the experiment (LMER: 
p = 0.28) or at the end of the experiment (LMER: p = 0.36), 
indicating that each treatment group received caddisflies of 
similar initial body mass and that recovered individuals were 
not size biased. Therefore, while size bias from the begin-
ning of the experiment remains a possibility because it is not 
possible to obtain an initial body mass without the caddisfly 
case, the above factors suggest this as unlikely.

In addition to the primary experiment, leaf packs were 
also deployed to confirm repeatability of the previously doc-
umented locally accelerated decomposition pattern in these 
rivers (Jackrel et al. 2019, 2016; Jackrel and Wootton 2014). 
We compared decomposition rates of leaf packs containing 
leaves from local and non-local genotypes of riparian A. 
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rubra. At each of the four sites along the Pysht River, we 
deployed two local and two non-local leaf packs in the river 
channel adjacent to the river mesocosms. Further, we used 
a subset of the leaf packs added to each river mesocosm 
to determine whether leaf origin influenced decomposition 
rate when caddisflies were enclosed within the mesocosms. 
One set of leaf packs that had been added to the mesocosms 
prior to adding the caddisflies were removed after 16 days 
to measure percent leaf mass remaining (i.e. days 1–7 of 
decomposition occurred in mesocosms without caddisflies, 
and days 8–16 of decomposition occurred in the presence 
of caddisflies).

Elemental and isotopic analyses

Oven dried muscle tissue collected from caddisflies was 
ground into a fine powder using a BioSpec Mini-BeadBeater. 
We packed ~ 1.25 mg of powdered tissue into 3.5 × 5 mm tin 
capsules. Samples were analyzed on a PDZ Europa ANCA-
GSL elemental analyzer interfaced to a PDZ Europa 20–20 
isotope ratio mass spectrometer for % N, %C, 15N/14N, and 
13C/12C at the University of California Davis Stable Iso-
tope Facility. The reproducibility was ± 0.08‰ for 15N and 
0.16‰ for 13C, with ten reference standards as isotopic 
controls.

Microbiome analyses

We extracted DNA from gut samples using PowerSoil DNA 
isolation kits (MoBio Laboratories, Carlsbad, CA, USA). 
We amplified the 254 base pair V4 region of extracted DNA 
using the Earth Microbiome Project universal primer 515F, 
806 GoLay-barcoded reverse primers (Walters et al. 2016). 
We sequenced DNA fragments in a MiSeq 2- by 151-bp 
run at the Environmental Sample Preparation and Sequenc-
ing Facility at Argonne National Laboratory and analyzed 
our bacterial sequencing data using the QIIME pipeline 
(Caporaso et al. 2010, 2012). We classified operational taxo-
nomic units (OTUs) from Illumina reads at the 97% similar-
ity level using open reference-based clustering with uclust. 
We assigned a taxonomy using the RDP taxonomic assign-
ment comparing the OTU sequences against the Greengenes 
database, version 13_8, and predicted metabolic function 
of the assigned communities with the functional annotation 
tool PICRUSt (Phylogenetic Investigation of Communities 
by Reconstruction of Unobserved States) (Langille et al. 
2013).

Statistical analyses

To determine whether the leaf origin treatment significantly 
affected leaf decomposition and body composition metrics, 
we used linear mixed effects models with leaf origin as our 

fixed effect and our blocking factors as our random effects. 
Caddisfly genus was also used as a fixed effect for models 
assessing body composition. Outliers were removed as nec-
essary to meet model assumptions of normality and homoge-
neity of variances. Frequency histograms and quantile–quan-
tile plots of all linear mixed effects models are reported in 
Fig. S1.

Microbial diversity, richness, and evenness metrics were 
calculated using the phyloseq package in R (McMurdie and 
Holmes 2013; Team 2000). Microbial community composi-
tion differences between treatments were assessed with prin-
cipal coordinates analyses using the non-phylogenetically 
based Bray–Curtis distance metric, the relative abundance-
weighted phylogenetically-based UNIFRAC distance metric, 
and the unweighted UNIFRAC distance metric. Distance 
matrices were calculated using the vegdist function in vegan 
and the UniFrac function in phyloseq. Beta-dispersion tests 
in the vegan package were used to confirm homogeneity 
of dispersion among groups. Adonis tests with caddisfly 
genus and leaf treatment as fixed effects and an interaction 
between genus and leaf treatment, as well as pairwise post-
hoc comparisons with false discovery rate corrections were 
completed using the adonis and pairwise.perm.manova func-
tions, respectively in the RVAideMemoire package in R.

All microbial relative abundance data were analyzed 
using the EdgeR package in R using standard operating pro-
cedures (Robinson et al. 2009). Specifically, raw relative 
abundance counts were normalized using the calcNormFac-
tors function and read counts for each OTU were fit with 
quasi-likelihood negative binomial generalized log-linear 
models using the glmQLFit function. Separate models were 
fit for Dicosmoecus and Psychoglypha caddisflies. Within 
the model for each caddisfly genus, model contrasts of the 
gut microbiome community were used to compare indi-
viduals enclosed in mesocosms receiving the local versus 
non-local leaf treatment. These contrasts generated log-
fold change values of each bacterial OTU in individuals 
given the local versus non-local leaf treatment. To probe 
for any functional implications of taxonomic shifts in the 
gut microbiome, we used the Kyoto Encyclopedia of Genes 
and Genomes (KEGG) database and the KEGG Orthology 
(KO) database of molecular functions, which are represented 
in terms of functional orthologs. Specifically, we tested 
whether any KEGG metabolic pathways, and KO terms 
within these pathways, differed significant by leaf treatment 
group using the PICRUST phylogenetically-based inference 
tool. These inferences regarding metagenome functions 
were derived from bacterial taxa within short evolutionary 
distances, thus yielding more accurate predictions (aver-
age nearest sequences taxon index = 0.050) (Langille et al. 
2013). To determine whether any of the pathways assigned 
to “Metabolism” under the KEGG hierarchy differed by 
leaf treatment, we used linear mixed effects models with 
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our blocking factors as random effects. Model results were 
corrected for multiple comparisons via Benjamini–Hochberg 
false discovery rate (Benjamini and Hochberg 1995). We 
then filtered our whole gene prediction table by those genes 
assigned to a specific metabolic pathway. For each of the 
ten metabolic pathways with the lowest corrected p-values 
for Dicosmoecus and Psychoglypha, we tested which genes 
within these pathways significantly differed by leaf treatment 
with the same type of linear mixed effect models.

Results

Documentation of intraspecific variation in leaf 
litter decomposition

Local leaves decomposed more than non-local A. rubra 
leaves when deployed within the main river chan-
nel (p < 0.001, n = 15, µlocal = 20.0% leaf mass lost, 
µnon-local = 3.2%) and when deployed within river meso-
cosms (n = 22, µlocal = 10.4% leaf mass lost, µnon-local = 6.3%) 
(Fig. 1). Without a full reciprocal transplant, this does not 
verify the HFA pattern that has been repeatedly documented 
in this system, however, these results are consistent with 
HFA patterns. Non-local leaf packs were greater in initial 
mass than local leaf packs, resulting in mesocosms assigned 

the non-local treatment to contain greater initial leaf mass 
than mesocosms assigned the local leaf pack treatment 
(Sekiu River leaf packs = 12.2 ± 0.328 SE, Pysht River leaf 
packs = 9.9 ± 0.332 SE, ANOVA  F1,20 = 8.4, p = 0.009). 
However, additional leaf packs were added throughout the 
experiment so that leaves were never limited in quantity in 
any mesocosm.

Intraspecific variation in leaf litter effects metric 
of consumer fitness

Caddisflies residing in mesocosms with the local leaf treat-
ment attained greater body mass than caddisflies receiving 
the non-local leaf treatment (Fig. 2a, LMER: Leaf Origin 
p = 0.033, n = 154; Dicosmoecus, Local: 0.357 ± 0.018 SE 
g, Non-local: 0.321 ± 0.014 SE g; Psychoglypha, Local: 
0.208 ± 0.006 SE g, Non-local 0.199 ± 0.005 SE g). Similar 
numbers of Dicosmoecus from each leaf treatment sealed 
their cases for metamorphosis (Local: n = 11, 29.7%, Non-
local: n = 13, n = 24.5%). These individuals were excluded 
from analyses because they would not have been feeding 
throughout the entirety of the experiment. Recapture rate 
of caddisflies also did not differ by leaf treatment (LMER: 
Leaf Origin p = 0.22).

Intraspecific variation in leaf litter effects elemental 
and isotopic composition of consumers

Percent Nitrogen tended to be higher among caddisflies 
in the Local rather than Non-local leaf litter treatment, 
particularly for Psychoglypha spp. (Fig.  2b, Δ = 1.92%, 
p = 0.101; Local litter: µ = 0.113 ± 0.00785; Non-local lit-
ter: µ = 0.110 ± 0.00797). Percent carbon also tended to be 
higher in caddisflies in the local rather than non-local leaf 
litter treatment (Fig. 2c, Δ = 1.02%, p = 0.0062; Local lit-
ter: µ = 0.495 ± 0.0167; Non-local litter: µ = 0.490 ± 0.0148). 
Due to this increase in both %N and %C among the local 
treatment, C:N was similar between the local and non-
local leaf litter treatment (Fig. 2d, p = 0.84; Local litter: 
µ = 4.41 ± 0.380; Non-local litter: µ = 4.53 ± 0.363).  N15/
N14 and  C13/C12 isotopic ratios did not statistically differ by 
treatment groups, but averaged higher among the non-local 
treatment group (Fig. 2e,  N15/N14: p = 0.69; Local litter: 
µ = 1.116 ± 0.920; Non-local litter: µ = 1.231 ± 1.128. Fig-
ure 2f,  C13/C12: p = 0.053; Local litter: µ = -25.228 ± 2.516; 
Non-local litter: -24.493 ± 2.513).

Body composition differed significantly between gen-
era of caddisfly. Percent Nitrogen of muscle tissue differed 
between genera of caddisflies (Fig. 2b, Δ = 6.92%, p < 0.001; 
Dicosmoecus: µ = 0.108 ± 0.00748, n = 87; Psychogly-
pha: µ = 0.115 ± 0.00658, n = 83). Percent Carbon in the 
muscle tissue of caddisflies differed significantly between 
genera (Fig.  2c, Δ = 1.81%, p < 0.001; Dicosmoecus: 

Fig. 1  Locally derived A. rubra leaves from the riparian zone of the 
Pysht River, WA decomposed more over a 16-day incubation period 
than non-locally derived A. rubra leaves from the riparian zone of 
the Sekiu River, WA. This pattern was evident both in leaf packs 
deployed in the main river channel (n = 15) and within enclosed in-
situ river mesocosms containing caddisflies that were deployed at 
four sites along the Pysht River (n = 22). A linear mixed-effects 
model accounts for blocks nested within each deployment site as a 
random effects term, and leaf origin and leaf pack location (i.e. either 
the river channel or mesocosms) as fixed effects
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µ = 0.497 ± 0.0180; Psychoglypha: µ = 0.488 ± 0.0113). The 
C:N ratio, as well as the isotopic ratios of  N15/N14 and  C13/
C12, also all differed significantly between genera (Fig. 2d 
C:N Δ = 9.44%, Dicosmoecus: µ = 4.66 ± 0.489, Psychogly-
pha: µ = 4.22 ± 0.213; Fig. 2e,  N15/N14 Δ = 91.6%, Dicos-
moecus: µ = 1.54 ± 1.26, Psychoglypha: µ = 0.806 ± 0.540; 
Fig. 2f,  C13/C12 Δ = 13.1%, Dicosmoecus: µ = -23.1 ± 2.41, 
Psychoglypha: µ = – 26.6 ± 0.944; all p-values < 0.001). Ini-
tial conditions for each of these metrics are summarized in 
Fig. S2.

Grazers and decomposers have a core gut 
microbiome

To test for the occurrence of a core microbiome, we used 
individuals collected during our initial surveys that would 
not have experienced a shift in the microbiome due to exper-
imental treatment. Both Dicosmoecus and Psychoglypha 
caddisflies had a core microbiome, in which 88.7% ± 1.1 
and 86.6% ± 3.7 of bacterial sequences belonged to core 
OTUs, which were defined as those OTUs occurring in the 
majority of congeners analyzed. Caddisfly gut microbiomes 
were dominated in relative abundance by several taxonomic 
groups: the Enterobacteriaceae family of γ-Proteobacteria 
(µ = 41.1 ± 2.6% SE in Dicosmoecus, 52.7 ± 2.2% in Psy-
choglypha), the Clostridiales and Lactobacillales orders of 
the Firmicutes (14.9 ± 1.4% in Dicosmoecus, 19.7% ± 1.4% 
in Psychoglypha, and 6.4 ± 0.8% in Dicosmoecus, 
9.5 ± 0.8% in Psychoglypha), and the Rhizobiales order of 
α-Proteobacteria (8.2 ± 0.9% in Dicosmoecus, 1.4 ± 0.2% in 
Psychoglypha) (Table S2). In initial surveys of the two cad-
disfly genera prior to the mesocosm experiment, both genera 
were similar in Shannon’s diversity and Pileou’s evenness, 
but differed slightly in taxonomic richness (Fig. S3). The 
two genera differed in gut microbiome community compo-
sition using either the non-phylogenetic β-diversity metric 
Bray–Curtis, or the phylogenetic metrics of abundance-
weighted UNIFRAC, and unweighted UNIFRAC metrics 
(Fig. 3, adonis pairwise post-hoc tests, p < 0.01).

Intraspecific variation in leaf litter alters the gut 
microbiome

Among individuals recaptured at the end of the mesocosm 
experiment, caddisflies given the non-local leaf treatment, 
particularly Dicosmoecus, exhibited significantly greater 
Shannon’s diversity, Pileou’s Evenness, and taxonomic 
richness (Fig. S4). Further, although caddisfly size was not 
predictive of diversity metrics in our initial pre-experiment 
survey (Fig. S3), larger caddisflies in the mesocosms tended 
to harbor gut microbiomes with lower diversity and even-
ness (Fig. S4). Dicosmoecus receiving the non-local leaf 
treatment harbored a significantly different microbiome 
compared to Dicosmoecus receiving the local leaf treat-
ment (Fig. 3, p < 0.01 for adonis pairwise post-hoc test using 
each of the three distance metrics). Psychoglypha exhibited 
weaker differences by leaf treatment (p = 0.042, 0.079, and 
0.14 for Bray–Curtis, abundance weighted UNIFRAC and 
unweighted UNIFRAC respectively).

In addition to community-wide metrics, caddisflies 
receiving the two leaf treatments were significantly over 
and under-represented in numerous taxa (Fig. 4, Table S3). 
Gut microbiomes of Dicosmoecus receiving the non-local 
leaf treatment were over-represented in certain OTUs of 
the Rhizobiales of the α-Proteobacteria, Lactobacillales 
and Clostridiales of the Firmicutes, and Enterobacteriales 
of the γ-Proteobacteria. Similarly, Psychoglypha receiving 
the non-local leaf treatment were over-represented in certain 
OTUs of the Clostridiales and Enterobacteriales, as well as 
Bacteroidetes. Dicosmoecus receiving the non-local treat-
ment were under-represented by OTUs in Bifidobacterium 
of the Actinobacteria and Dysgonomonas spp. of the Bac-
teroidetes, while Psychoglypha were under-represented in a 
diversity of Firmicutes and Proteobacteria.

Among Dicosmoecus, predicted gene content in the 
methane metabolism pathway was significantly elevated 
in the non-local leaf treatment group (Table S4). Increased 
methane metabolism within the non-local treatment group 
of Dicosmoecus was supported by significantly increased 
relative abundances of methanotrophic taxonomic groups 
(Fig. 5). Note that methanotrophs did not appear in the anal-
yses illustrated in Fig. 4 because methanotrophs were often 
absent entirely from the local leaf treatment group, whereas 
differential abundance analyses requires occurrence in both 
groups being compared. Additional pathways that differed 
by leaf treatment in Dicosmoecus were broad, but suggestive 
of pathways related to aromatic plant secondary metabolites, 
including pathways for certain categories of plant second-
ary metabolites (including terpenoids and polyketides), 
enzymes catalyzing the biosynthesis of aromatic amino acids 
(see K03856) that form the building blocks of secondary 
metabolites, and enzymes that may degrade aromatic rings 
(see K00074 and K00626) (Table S4). Further suggestive 

Fig. 2  Dicosmoecus and Psychoglypha caddisflies that were supplied 
with locally derived A. rubra leaves within in-situ river mesocosms 
within the Pysht River, WA versus caddisflies supplied with non-
locally derived A. rubra leaves from the riparian zone of the Sekiu 
River, WA, attained A greater body mass, and B tended to have a 
higher % N content and C higher % C content of their muscle tis-
sue. Muscle tissue of caddisflies supplied with local versus non-
local leaves tended to have similar D C:N, as well as E 15N/14N and 
F 13C/12C isotopic ratios. Linear mixed-effects models account for 
blocks nested within each deployment site as a random effects term, 
and leaf origin and caddisfly genus as fixed effects. Total sample 
size was 170 caddisflies. Yellow dashed lines indicate initial baseline 
measures of these metrics prior to the start of the mesocosm study 
(see Fig. S2 for illustrations of these data)

◂
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that A. rubra aromatic secondary metabolites may influence 
gut microbiome communities was the predicted higher pro-
portion of the enzyme caffeoyl-CoA O-methyltransferase in 
Dicosmoecus given the non-local versus local leaf treatment. 
This enzyme is key to the biosynthesis of diarylheptanoids, a 
group of aromatic secondary metabolites known in A. rubra 
to be abundant, structurally diverse, and spatially variable. 
Among Psychoglypha, PICRUST results suggested that the 

gut microbiomes of individuals differed by leaf treatment in 
gene content corresponding to Vitamin B6 and lipopolysac-
charide biosynthesis (Table S5).

Methanogens and methanotrophs were greater in relative 
abundance in Dicosmoecus given the non-local leaf treat-
ment but still rare overall. The most abundant families and 
genera of methanotrophs were Beijerinckiaceae (average 
occurrence of most common OTU: average 0.45%, maxi-
mum 3.85%), Methylocystaceae (avg. 0.10%, max. 1.20%), 
and Crenothrix (avg. 0.022, max. 0.22%). The most abun-
dant genera of methanogens were Methanobacterium (avg. 
0.020%, max. 0.22%), Methanobrevibacter (avg. 0.0045%, 
max. 0.18%), Methanoregula (avg. 0.0086%, max. 0.11%), 
Methanosarcina (avg. 0.0055%, max. 0.091%), and Metha-
nolinea (avg. 0.0054%, max. 0.091%).

One group of individuals within Dicosmoecus from the 
non-local leaf treatment group was notably divergent in their 
gut microbiome. This group consisted of 7 individuals used 
in the reported analyses, as well as 4 additional individuals 
that were removed due to their stone cases being closed. 
These 11 individuals had Shannon’s Diversity, Pileou’s 
Evenness and taxon richness notably higher than all others 
(Fig. S3). Their gut microbiome communities were distinct 
enough to form their own group in PCoA analyses (Fig. 3), 
and were particularly enriched in methanogenic and metha-
notrophic bacteria (Fig. 5). This group does not appear to 
be an artifact of the experiment design as these individuals 
occurred in 7 different mesocosms located across 3 of the 4 
deployment sites.

Discussion

While accelerated decomposition of local leaf litter has 
been documented in numerous ecosystems, few studies have 
investigated the broader consequences of this phenomenon. 
Our study demonstrates that intraspecific variation in leaf lit-
ter has physiological consequences for invertebrate consum-
ers. Using small streams that have previously been shown 
to exhibit a remarkably strong HFA pattern to individual 
tree genotypes, our results advance our understanding of 
the broader fitness consequences for the predominant mac-
roinvertebrate consumers in this system. In addition to sup-
pressed weight gain among these consumers receiving only 
non-local leaves, we observed a notable shift in their body 
condition and in their gut microbiomes.

Intraspecific variation in leaf litter effects correlates 
of fitness in consumers

Consumers inhabiting mesocosms with local leaves gained 
more mass over the course of the study and attained higher 
% N content, compared to those inhabiting mesocosms with 

Fig. 3  Gut microbiome composition of caddisflies enclosed within 
in-situ river mesocosms deployed at the Pysht River. Axes list taxo-
nomic differences in microbial community composition in terms of 
(A) Bray–Curtis distances, (B) abundance-weighted UNIFRAC dis-
tances, and (C) abundance-unweighted UNIFRAC distances from 
principal coordinate analyses. Significance of separation by caddisfly 
genus and leaf treatment were determined using analysis of variance 
on distance matrices (adonis), as well as adonis pairwise post-hoc 
tests, and visualized with 50% confidence ellipses. The assumption of 
homogeneity of dispersion for adonis tests were met, except for the 
abundance-unweighted UNIFRAC metric (p = 0.022). Dicosmoecus 
(n = 78) and Psychoglypha spp. (n = 97) depicted in separate panels 
(left and right, respectively) to minimize overlapping data points
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non-local leaves. These treatment effects on body condition 
may have resulted from (a) feeding directly on the local ver-
sus non-local leaves, (b) feeding on the microbes inhabiting 
these leaves, or (c) a dietary shift. For example, the physiol-
ogy of the caddisflies themselves or their gut microbiomes 
as discussed further below, may have affected how efficiently 
caddisflies could convert local versus non-local leaves into 
muscle tissue. Alternatively, free-living microbes could have 
also affected caddisfly fitness. While all leaves enter the 
detrital pool with a host-associated microbial community, 

in soil systems, it has been found that local leaves generally 
acquire a community of free-living microbes more rapidly 
and harbor higher densities of microbes (Altaf and Rashid 
2021). Whether this pattern holds in aquatic systems is not 
yet known, however, it has been found that most actively 
growing microbes inhabiting leaf litter in riverine systems 
colonized from the water column rather than entering the 
water in association with leaf litter (Hayer et al. 2022). 
Therefore, caddisflies supplied local leaves may have had 
the opportunity to consume a larger quantity of microbial 

Fig. 4  Relative to caddisflies supplied with local A. rubra leaves, the 
gut microbiomes of caddisflies enclosed in in-situ river mesocosms 
supplied with non-local A. rubra leaves were significantly under and 
over represented in numerous taxa. Positive logFC values indicate 
taxa significantly over-represented among algivorous Dicosmoecus 
(n = 66) or detrivorous Psychoglypha (n = 85) supplied with the non-
local leaf treatment relative to those supplied with the local leaf 

treatment. Negative logFC values indicate taxa significantly under-
represented in the non-local treatment group. Differential abundances 
calculated in edgeR with significance reported at p < 0.05 after false-
discovery rate correction. Relative abundance in the over-represented 
group indicated by point diameter (see Table  S3 for relative abun-
dances in each group)
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decomposers, which are generally richer in N and P rela-
tive to leaves (Enriquez et al. 1993). Lastly, these treatment 
effects for our dietary generalist, Dicosmoecus, could have 
ultimately been the result of a dietary shift between leaves 
and algae, as discussed further below.

Intraspecific variation in leaf litter effects gut 
microbiomes of consumers

Caddisflies feed on litter that is being actively decomposed 
by a rich array of microbes, and so undoubtedly consume 
sizable quantities of microbes. Therefore, it is important 
when interpreting shifts in the gut microbiome to first con-
sider whether caddisflies even have a resident community 
of microbes in their gut. Notably, the bacterial taxa that we 
found to dominate in relative abundance in the caddisfly 
gut microbiome were indeed well-known associates with 
the gastrointestinal tracks of animals. Further, approxi-
mately 88% of bacterial sequences in each gut microbiome 
belonged to a conserved core microbiome that was com-
mon across most surveyed individuals. This is in stark 
contrast to a study that found a general lack of a resident 
microbiome in caterpillars, which are the terrestrial coun-
terpart to larval caddisflies in aquatic systems (Hammer 
et al. 2017). Additionally, unlike in Hammer et al (2017), 
we found that the dominant taxa observed in association 
with the gut microbiome differed sharply from the domi-
nant taxa associated with decomposing leaf litter, which 
we had previously documented in this system as the orders 
Burkholderiales, Sphingomonadales, and Myxococcales 
of the Proteobacteria, as well as the orders Cytophagales 
and Flavobacteriales of the Bacteroidetes (Jackrel et al. 
2019). We infer therefore that the dominant orders of 
Enterobacterales and Clostridiales that we found in the 

gut were not transient taxa passing through the digestive 
system, but rather resident microbes. Resident microbes 
with more persistent associations with their host are more 
likely to confer fitness effects onto their hosts. A study 
of another stream macroinvertebrate detritivore, crane-
flies (Tipulidae), found that these larvae harbor diverse 
and dense communities of resident microbiomes within 
the lumen and directly attached to the gut wall (Klug and 
Kotarski 1980). Klug and Kotarski noted that Tipulidae 
larvae had an enlarged hindgut often referred to as a fer-
mentation chamber, with physiological similarities to ter-
mites and cockroaches (1980). Aquatic invertebrates from 
marine systems have also been shown to harbor resident 
gut microbiota that differ markedly from their surrounding 
environments (Harris 1993). Future studies could more 
conclusively identify the role of caddisfly microbiomes by 
measuring caddisfly growth with and without their intact 
microbiome through the use of antibiotics. Such types 
of experiments typically show limited growth effects in 
insects that have mostly a transient microbiome, such as 
ants, and more significant growth effects for bees, beetles 
and true bugs thought to have persistent resident micro-
biomes (Hammer et al. 2017; Salem et al. 2013; Ceja-
Navarro et al. 2015; Raymann et al. 2017).

A primary aim of evaluating the gut microbiome of cad-
disflies was to determine whether caddisfly endosymbionts 
may play a role in the degradation of aromatic secondary 
metabolites. Specifically, in the Pacific Northwest study 
system, we know that aromatic secondary metabolites are 
a key driver of locally accelerated decomposition patterns 
that have been repeatedly documented in these rivers. In 
A. rubra, two classes of secondary metabolites, the ellagi-
tannins and diarylheptanoids, were found to be highly geo-
graphically structured across home and away sites. Using 

Fig. 5  Dicosmoecus caddisfly 
gut microbiomes contained 
greater relative abundances of 
methanogens and methano-
trophs when individuals were 
given the treatment of non-local 
A. rubra leaves compared to 
local A. rubra leaves. Abun-
dance values shown are sums 
per individual (n = 64) across all 
OTUs within each taxonomic 
group. Separate linear mixed 
effects models were ran for 
methanogens versus methano-
trophs. Each model included 
fixed effects of Leaf Treatment 
and OTU, as well as a spatial 
blocking factor as a random 
effect
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leaf extracts of these secondary metabolites imbued into arti-
ficial diets, we observed a similar HFA pattern as observed 
with whole leaves (Jackrel et al. 2016). Further, we have 
started to resolve the free-living bacterial community asso-
ciated with decomposition with indicators that home leaves 
were inhabited by bacterial communities with distinct func-
tional capacities to degrade aromatic compounds (Jackrel 
et al. 2019). However, the breakdown of aromatic rings is 
fundamentally different in the presence versus absence of 
oxygen. Unlike free-living aerobic bacteria that use well-
studied oxygenases, the anaerobes that we might expect to 
dominant a caddisfly’s digestive system would use different 
enzymes (Fuchs et al. 2011; Boll et al. 2014). While we had 
previously observed significant differences in numerous KO 
terms involved in the degradation of aromatic compounds 
among communities of free-living bacteria that were decom-
posing home versus away A. rubra leaves, we did not see 
these terms significantly differ in relative abundance among 
the caddisfly microbiomes analyzed in this study. We also 
found no evidence that KO terms involved in the anaerobic 
degradation of aromatic compounds differed in predicted 
relative abundance by treatment. The only indication that A. 
rubra aromatic secondary metabolites may drive the struc-
ture of the caddisfly gut microbiome was that Dicosmoecus 
microbiomes differed by treatment in predicted relative 
abundance of K00588, or caffeoyl-CoA O-methyltrans-
ferase, which belongs to the “Stilbenoid, diarylheptanoid 
and gingerol biosynthesis” pathway (see Table S4).

Although we found limited evidence that the caddisfly 
microbiome plays a role in the degradation of aromatic 
compounds, we did observe two notable shifts in the gut 
microbiomes of Dicosmoecus by leaf treatment. Dicos-
moecus supplied non-local leaves contained higher relative 
abundances of methanotrophs and methanogens. Endosym-
biotic methanogens are most typically associated with chal-
lenging herbivorous diets, such as grass and wood (St-Pierre 
and Wright 2013). Although methanogens remained rare in 
Dicosmoecus given the non-local leaf treatment, low rela-
tive abundance is common among organisms noted for their 
endosymbiotic methanogens including termites and cows, 
where abundance rarely exceeds 4% of the total microbiome 
(Brauman et al. 2001; Wallace et al. 2015). Insects have 
been surveyed extensively for their ability to produce meth-
ane because despite small emissions per individual, due to 
their numerical abundance, insects could contribute sizably 
to atmospheric methane emissions. Although to our knowl-
edge, methane production has not been measured in cad-
disflies, methanogens are known to occupy the gut micro-
biomes of other detritivorous insects including millipedes, 
termites, cockroaches, and beetle larvae (Hackstein and 
Stumm 1994). While an alternative explanation of metha-
notrophic bacteria occurring in the gut is direct consump-
tion of these bacteria as a food resource, our isotopic results 

suggest this is unlikely the case. Aquatic macroinvertebrates 
have been found to compensate for poor diet by increasing 
consumption of methanotrophic bacteria, however such feed-
ing shifts results in muscle tissue with a markedly depleted 
13C isotopic signature because methane and methanogens 
are exceptionally light relative to other energy sources at the 
base of aquatic food webs (Deines and Fink 2011). Instead, 
caddisflies supplied with the non-local litter treatment in our 
study tended to have greater 13C content.

Intraspecific variation in leaf litter may cause 
dietary shifts in a consumer

Results from our study suggest the possibility that the non-
local litter treatment may have caused Dicosmoecus caddis-
flies to shift their diet away from A. rubra litter and towards 
an algivorous diet. While algae typically contain lower nitro-
gen content than A. rubra litter, and so such a shift might 
result in reduced caddisfly growth rate, this shift may still 
be advantageous if caddisflies are maladapted to the second-
ary chemistry of non-local A. rubra leaves. The structural 
components and secondary defense compounds of terrestrial 
leaf litter can substantially reduce the bioavailability of this 
potential energy resource to consumers that lack the neces-
sary enzymes to degrade the non-local signature of A. rubra 
secondary metabolites. Relatively labile freshwater eukary-
otic algae, which typically produce few secondary defenses, 
may therefore be a viable alternative resource (Brett et al. 
2017). We note several trends that are collectively sugges-
tive of a diet shift, but some of these trends are not statisti-
cally significant, and therefore should be investigated further 
with a targeted study on dietary behavior and inclusion of 
larger sample sizes. Additionally, we do not have archived 
samples of all potential food sources from the time of our 
study to generate quantitative predictions from isotope mix-
ing models. Prior work at the sites used in our study on the 
Pysht River indicate that algae have a less negative 13C and 
positive 15N, whereas A. rubra litter has a more negative 13C 
and a negative 15N (Wootton 2012a, 2012b). The directional 
shifts in the mean isotopic signatures of Dicosmoecus cad-
disflies, albeit non-significant, suggest this group may have 
incorporated more algae into their diets when supplied with 
non-local leaves. Considering the non-significant trends for 
the isotopic analyses, a larger scale study is needed to con-
clusively determine whether intraspecific variation in leaf 
litter may cause dietary shifts. Another potential line of evi-
dence of this diet shift can be seen in the gut microbiome. 
We found significant increases in the relative abundance 
of five OTUs within the Rhizobiales among Dicosmoecus 
receiving the non-local leaf treatment. The persistent pres-
ence of these Rhizobiales in both the local and non-local 
leaf litter treatments (i.e. see Table S2), indicates a treatment 
effect on the differential growth rates of Rhizobiales within 
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the caddisfly gut. If instead, presence/absence of these taxa 
had been observed, this would have suggested the introduc-
tion of novel microbes by diet type. Our result is in line with 
studies of the foraging ecology of ants, which are thought 
to overcome the limited nitrogen content of their herbivo-
rous diet by symbiotic associations with Rhizobiales (Stoll 
et al. 2007; Russell et al. 2009). Considering that A. rubra 
leaves are rich in nitrogen due to the tree’s association with 
N-fixing bacterial symbionts (Benson and Dawson 2007), 
a shift to a more algivorous diet may have necessitated that 
Dicosmoecus receiving the non-local leaf treatment com-
pensate for this diet by harboring microbiomes enriched in 
nitrogen-fixing bacteria.

There are however other factors that may explain the 
observed compositional shifts in caddisfly gut microbi-
omes. For example, our prior work has found that although 
A. rubra leaves contain many of the same chemical com-
pounds across multiple riparian zones of the Olympic Pen-
insula, the relative abundance of these compounds is highly 
geographically structured (Jackrel et al. 2016). Likely as a 
consequence of this geographic variation in chemistry, local 
versus non-local A. rubra leaves harbor different bacterial 
communities on their leaves during decomposition (Jackrel 
et al. 2019). Therefore, the observed shifts in the relative 
abundance of leaf secondary metabolites and bacterial com-
munities inhabiting the decomposing leaf surface, may also 
be causes of the observed shift in caddisfly gut microbial 
community composition.

Interestingly, we found limited treatment effects on the 
macroinvertebrate in our system that is more strongly asso-
ciated with decaying leaf litter. Psychoglypha are typically 
found in high densities feeding on decaying leaves that have 
settled in slow moving pools, while in contrast, Dicosmoecus 
are most notably associated with grazing on periphyton. 
Although, we have also observed Dicosmoecus feeding on 
A. rubra leaf litter in natural leaf packs, as well as com-
monly on our experimental leaf packs. These feeding dif-
ferences between genera were supported by our elemental 
and isotopic analysis of muscle tissue, as well as their gut 
microbiomes. Relative to Dicosmoecus, Psychoglypha had 
higher %N, lower 15N, and fewer Rhizobiales in their gut 
microbiomes, which are each indicative of a diet comprised 
largely of nitrogen rich A. rubra leaf litter. Therefore, as 
more of an obligate detritivore, Psychoglypha may have been 
relatively unaffected by leaf treatment due to a specialization 
on the consumption of more recalcitrant leaf litter. A more 
generalist consumer such as Dicosmoecus could presum-
ably shift to an alternative food resource when necessary. 
As such, Psychoglypha may have already undergone stronger 
selection for a broader capacity to consume A. rubra leaf 
litter regardless of quality, and so may have acquired a gut 
microbiome better able to consume leaf litter containing a 
broader range of secondary metabolites.

Limitations and conclusions

There are several limitations to our study. First, our measure 
of fitness differences by leaf treatment is dependent on no 
significant difference among individuals initially assigned to 
the local versus non-local leaf treatment group. By maintain-
ing large sample sizes, randomly assigning individuals to 
mesocosms, and having observed no significant difference in 
proxies of body mass, such as caddisfly case length and case 
width, it is unlikely but possible that caddisflies assigned the 
local leaf treatment were initially significantly larger. Addi-
tionally, our inferences regarding the metabolic capacity of 
the gut microbiome is inherently limited by the use of our 
inference tool, PICRUST. While PICRUST predictions were 
drawn from closely related bacterial reference genomes, 
these predictions are not a substitute for directly observing 
gene abundance in a metagenomics sample or directly meas-
uring a metabolic function. Further, several treatment effects 
may have been driven by increased variation in response 
rather than an overall shift in mean values. In particular, 11 
individuals of Dicosmoecus assigned to the non-local treat-
ment (7 with open cases, 4 with closed cases) demonstrated 
markedly distinct gut microbiomes. While linear mixed 
effects and adonis model assumptions, including homoge-
neity of variance, were still met for most metrics (but see 
Fig. 3C), we acknowledge this distinct subgroup that com-
prised 20% of the non-local Dicosmoecus individuals likely 
had a substantial effect on final results. Regardless, whether 
the non-local leaf treatment effected the variance versus 
mean values, this is an intriguing result that is likely to have 
real biological consequences on Dicosmoecus population 
biology. None of our metadata explained what may have 
caused this subgroup, which had individuals across three of 
our four experimental blocks. We cannot eliminate the pos-
sibility that this variance is caused by using two species that 
are known to occur in the state of Washington, because adult 
morphology is required to identify Dicosmoecus to species. 
However, considering that co-occurrence is rare and that 
these 11 individuals appeared only in the non-local treat-
ment group and neither in the local treatment group or our 
 Time0 control individuals, the odds that this pattern is due 
to chance assignment of one species to only one treatment 
group and not the consequence of the experimental treatment 
appears exceedingly unlikely.

Overall, our results point to the broader cascading impli-
cations of intraspecific variation in leaf litter on consumer 
communities. Further research in aquatic and terrestrial 
systems should investigate the potential community and 
ecosystem implications of this phenomenon, particularly in 
the context of anthropogenic global changes that are shift-
ing the historic ranges of plant genotypes and species. If 
global changes spur discordance between plants and their 
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consumers, nutrient and carbon cycles may be disrupted 
with cascading implications through an ecosystem.
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