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Abstract. Understanding the amount of variation in functional traits between closely related species
within guilds is critical for understanding links between community composition and ecosystem pro-
cesses. Nutrient excretion is an important link between animals and their environments, and aquatic
invertebrate communities can supply a considerable proportion of ecosystem nutrient demand via
excretion. We quantified nitrogen (N) and phosphorus (P) excretion rates of 10 species of larval caddis-
flies that inhabit high-elevation ponds and wetlands to determine the magnitude of variation in nutrient
excretion within this guild. We found considerable interspecific variation in biomass-specific excretion
of nitrogen (eightfold differences), phosphorus (sevenfold differences), and the stoichiometric N:P ratios
(fivefold differences). Through a meta-analysis, we compared the variation within this guild to the vari-
ation found in other family-level species assemblages to determine the overall range in the variation of
nutrient excretion that could be expected across guilds and to determine whether the variation in this
caddisfly guild is comparatively extreme, average, or low. The meta-analysis revealed a large range in
variation among guilds, and comparatively, the variation within this caddisfly guild is high for N excre-
tion and intermediate for P excretion. The considerable variation within guilds revealed by our meta-
analysis suggests that functional redundancy among guild members is difficult to predict. Thus, some
natural or human-caused species gains or losses within biological groupings such as guilds and trophic
levels could have little or no effect on ecosystem processes, whereas others could have very large
effects.
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INTRODUCTION

Combining taxonomically or functionally
related species into groups, such as trophic
levels, functional groups, and guilds, is often
used to explore the relationships between biolog-
ical diversity and ecosystem function (Tilman
1997, Boyero et al. 2007, Slade et al. 2007, O’Con-
nor et al. 2017). Species richness, dominance,

evenness, and identity can all contribute to dif-
ferences in functional diversity within and
among groups that can in turn influence ecosys-
tem functions (e.g., Hooper et al. 2005, Cardinale
et al. 2006). Many studies have demonstrated
that particular species (e.g., dominant, keystone,
or foundational species, and ecosystem engi-
neers) within groups can strongly regulate
ecosystem processes (Symstad et al. 1998, Bruno
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et al. 2005, Hooper et al. 2012, Schmitz et al.
2014), but few studies have considered the
degree to which closely related species are func-
tional equivalents in terms of their effects on
basic ecosystem functions such as nutrient
cycling and energy flow. Understanding the
range of variation within taxonomic or functional
groupings is important because human activities
at local, regional, and global scales often lead to
shifts in species relative abundances within
guilds or cause species range shifts, introduc-
tions, or extinctions.

Numerous studies find that aquatic inverte-
brate communities can make significant contri-
butions to ecosystem nutrient demand via
excretion and closely related species are often
assumed to make similar contributions (e.g.,
Grimm 1988, Vanni 2002, Hall et al. 2003, Alves
et al. 2010, Ozersky et al. 2013). Vanni (2002)
argues that of all the direct (excretion, inges-
tion, egestion, production) and indirect (compe-
tition and physical modification of the
environment) effects that animals can have on
nutrient cycling, excretion is the most impor-
tant because dissolved inorganic forms of
excreted nutrients (e.g., NHþ

4 and PO3�
4 ) are

readily assimilated by primary producers and
microbial decomposers that form the trophic
base of food webs. Perhaps because taxonomy
so frequently succeeds at explaining interspeci-
fic variation in nutrient excretion (e.g., Allgeier
et al. 2015), it is occasionally assumed that
there will be redundancy in nutrient cycling
among closely related species (Grimm 1995,
Vanni et al. 2002). However, other studies have
found that species are not functionally equiva-
lent, and there are many examples of how the
loss or addition of a single species can dramati-
cally affect carbon flow and nutrient cycling
(e.g., Hall et al. 2003, Taylor et al. 2006, McIn-
tyre et al. 2007, Small et al. 2011). This suggests
that within assemblages of closely related spe-
cies, which are commonly grouped into ecolog-
ical guilds and assumed to fulfill similar
functional roles in ecosystems, there could be
substantial variation in traits such as nutrient
excretion. This variation could arise from
underlying differences in body size, tissue stoi-
chiometry, strength of stoichiometric homeosta-
sis, elemental resource allocation, development
rate, activity, and environmental factors such as

dietary resource quality and temperature, and/
or a plethora of other factors, all of which
could be magnified by differences in popula-
tion-level biomass. But, this also implies that
animal guilds that directly influence nutrient
cycling in different ecosystems are not equal,
and it is therefore reasonable to expect that the
variation in nutrient excretion might differ
among guilds and ecosystems. Thus, the pur-
pose of this study was to compare the variation
in nutrient excretion among species within
guilds of aquatic animals to explore the range
in variation in this particular functional trait.
Larval case-making caddisflies (Trichoptera:

Limnephilidae) are aquatic insects whose detri-
tivorous larvae are commonly found in shallow
standing water habitats at temperate and boreal
latitudes across the Northern Hemisphere. At
our study sites near the Rocky Mountain Biologi-
cal Laboratory (RMBL), Colorado, there are 10
species that occur in high-elevation ponds and
wetlands. As a consequence of trade-offs
between traits that facilitate coexistence with
predators and those that facilitate the completion
of larval development before ponds dry, the par-
ticular combinations of species vary among pond
permanence types (temporary vs. permanent;
Wissinger et al. 2003, 2006). These closely related
caddisfly larvae (Ruiter et al. 2013) are the bio-
mass-dominant processors of coarse detritus in
these habitats (Wissinger et al. 1999) and are
among the biomass-dominant prey resource for
top predators in small lakes, ponds, and wet-
lands (salamanders or fish; Wissinger et al.
1999). Experimental studies that relate detritus
processing to nutrient regeneration in this system
have demonstrated that nutrients released dur-
ing detritus processing by this caddisfly guild
can stimulate algal growth (Klemmer et al.
2012). Further, because long-term survey data
demonstrate climate change-related shifts in spe-
cies composition along both a hydrologic perma-
nence gradient and an elevational gradient
(Wissinger et al. 2003, 2016; Appendix S1:
Fig. S1), it is important to understand how
changes in species composition will affect the
rate at which nutrients are excreted by these
detritivorous animals.
Our first objective was to quantify species-

specific and mass-specific excretion rates for ten
species of larval caddisflies and determine how
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this key functional trait varied within this guild,
especially across habitats (pond permanence)
and along an elevational gradient. Over four
years (2014–2017), we measured ammonium-
nitrogen (NHþ

4 -N), soluble reactive phosphorus
(SRP), and total dissolved phosphorus (TDP)
excretion rates for larvae of each species in the
field. These data were used to test the following
predictions: (1) Different species of larval caddis-
flies excrete different amounts of N and P, (2)
species-specific excretion rates are consistent
throughout the day and among sites that vary in
hydrologic permanence and elevation, (3) spe-
cies’ mass-specific excretion rates scale pre-
dictably with larval instars, and (4) variation in
excretion rates can be predicted by species iden-
tity as well as specific intrinsic species traits such
as tissue stoichiometry, diet, and body size, as
well as extrinsic factors such as water tempera-
ture, pond permanence classification, and eleva-
tion. We found considerable variation among
species, but low variation within each species
both within and among habitats, and this varia-
tion provides the opportunity to explore how
intrinsic and extrinsic traits of these animals
affect nutrient excretion.

These results stimulated our second objective,
which was to compare the variation in nutrient
excretion rates within this caddisfly guild to the
variation in excretion rates found in other inver-
tebrate and vertebrate guilds. Using the aquatic
animal excretion database compiled by Vanni
et al. (2017), we conducted a meta-analysis of the
variation in ammonium and phosphorus excre-
tion found in other aquatic animals. This meta-
analysis allowed us to (1) predict the range in
variation of excretion rates that could be
expected across guilds and (2) determine
whether the variation in nutrient excretion by
this particular guild is typical or extreme. By
exploring the variation in nutrient excretion rates
found within and among guilds, we assess the
extent to which species can be considered func-
tionally redundant at the guild level. We found
that differences among guilds can explain much
of the variation in animal nutrient excretion, and
that within a guild of caddisflies, variation in
nutrient excretion was intermediate for P and
high for N compared to the variation in excretion
within guilds of other aquatic invertebrates and
vertebrates.

METHODS

Site selection
Ponds and wetlands were selected across an

elevational gradient from montane (~2900 m)
to upper montane (~3200 m) to subalpine
(~3500 m) in the upper East River valley near the
RMBL in central Colorado (Appendix S1: Fig. S1;
38°60 N, 106°60 W) based on historical species
distribution data (Wissinger et al. 2003, 2016).
The subalpine sites were located in the Mexican
Cut Nature Preserve (39°10 N, 107°40 W). At
montane elevations, ponds have higher levels of
nutrients, in part because of cattle grazing on
public lands, whereas at subalpine elevations
ponds are oligotrophic (nutrient-poor) and co-
limited by phosphorus and nitrogen (Elser et al.
2009). At all elevations, pond permanence ranges
from ephemeral (temporary) to semi-permanent
to permanent (Wissinger et al. 1999, 2003). At all
elevations, the available development time for
temporary habitat species is very short, starting
after snowmelt (e.g., late April–June depending
on the elevation) and ending either when tempo-
rary ponds dry (e.g., June–July) or at the onset of
new snowpack (e.g., October–November; Wis-
singer et al. 2003).
Annual censuses of the invertebrate communi-

ties in these habitats since 1990 indicate that
cased caddisflies (nine species of Limnephilidae,
one of Phryganeidae) dominate the animal bio-
mass in these habitats, increasing from 30% to
70% of animal biomass along a gradient from
permanent to semi-permanent to temporary len-
tic habitats (Wissinger et al. 1999, unpublished
data). These caddisflies are the only taxa that are
explicitly described as shredders of vascular
plants (e.g., Merritt et al. 2008). Other taxa that
are typically assumed to be biofilm grazers that
might act as cryptic detritivores by breaking
down CPOM as a result of scraping epidetrital
biofilm include the snail Stagnicola elodes and tad-
poles of montane chorus frogs (Pseudacris mon-
tanus; Brady and Turner 2010, Stoler et al. 2016).
The other biomass-dominant invertebrate taxa
are either predators (dragonflies, damselflies,
dytiscid beetles, water bugs) or consumers of fine
particular organic matter (chironomid and culi-
cid fly larvae; Wissinger et al. 1999).
All but two of the ten caddisfly species (Nemo-

taulius hostilis, Agrypnia deflata) overwinter in
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high-elevation ponds as diapausing eggs that
hatch in early spring when inundated with
snowmelt water. Larval development (five
instars) occurs from May to August with upslope
delays within a species and temporary-pond spe-
cies completing development before permanent
pond species (Wissinger et al. 2003, Wissinger,
unpublished data). Agrypnia deflata (family: Phry-
ganeidae) complete development in late summer
with adults immediately laying eggs in perma-
nent habitats, where larval development begins
in fall and finishes during the following summer.
Similarly, adults of the recent upslope migrant,
N. hostilis, emerge in early spring and exhibit a
short adult diapause during summer before lay-
ing eggs that do not diapause during winter;
rather larvae begin development in fall, overwin-
tering under the ice as 2nd–4th instars, and com-
pleting development in late spring of the
following year (Winterbourn 1971, Inkley et al.
2008). Because of these staggered life cycles, syn-
optic excretion measurements were not possible
and we focused on final instars at appropriate
times in the year based on interspecific differ-
ences in phenology.

Experimental design
We measured excretion rates of final (5th) instar

larvae of each of the 10 species of caddisflies (sum-
mer 2014, Asynarchus nigriculus, Grammotaulis lor-
ettae, Limnephilus externus, Limnephilus picturatus;
2015, Limnephilus secludens, Limnephilus sublunatus,
Limnephilus tarsalis, Hesperophylax occidentalis,
Agrypnia deflata; and 2017, N. hostilis). For each
species, pond-side excretion incubations were con-
ducted for one hour in the shade to maintain
ambient temperature. This duration was selected
as a compromise between capturing ambient
excretion rate and minimizing stress or starvation
effects on metabolic or excretion rates. For each
incubation, five final instar caddisflies of a single
species were placed into a Ziploc bag pre-filled
with 315 mL of filtered pond water. To test for a
time-of-day effect, triplicate incubations were
repeated in the morning, midday, and early after-
noon, yielding nine excretion measurements for
each species. At the beginning of each time block,
water and air temperature were recorded. Because
four species have broad elevational ranges (A. ni-
griculus, G. lorettae, L. externus, and L. picturatus),
we were also able to test for a site-specific or

elevational effect by repeating excretion measure-
ments at three elevations; montane, upper mon-
tane, and subalpine, yielding 27 excretion
measurements for each of these four species. The
remaining six species are more narrowly dis-
tributed, with three species restricted to the mon-
tane (L. secludens, L. sublunatus, and L. tarsalis)
and three to the subalpine (A. deflata, H. occiden-
talis, andN. hostilis). Thus, we collected nine excre-
tion measurements for each of these six species.
In summer 2016 and 2017, we measured instar-

specific excretion rates of several biomass-domi-
nant species with broad distributions in elevation
and pond hydroperiod (A. nigriculus, L. externus,
and L. picturatus) to test whether excretion rates
differed among instars within a species. Melt
water below the snow in early spring triggers egg
hatching in most of these species, and because 1st
instar larvae last only a few days, larvae have typ-
ically reached the 2nd instar by the time ponds
are ice free (Wissinger et al. 2003). Thus, instar-
specific measurements were obtained for instars
2nd–5th. For each species, five replicate excretion
measurements were conducted for one hour with
five individuals of a given instar per bag. Addi-
tionally, for several species with large cases (A. de-
flata, G. lorettae, L. externus, and L. picturatus), we
used five empty cases from 5th instar animals to
test for empty-case microbe uptake or excretion
during one-hour incubation periods.
To estimate species-specific excretion, we mea-

sured the differences in ammonium-nitrogen
(NHþ

4 -N), SRP, and TDP in filtered water col-
lected before and after one hour of incubation.
This technique has been used in previous studies
on macroinvertebrates (e.g., Grimm 1988, Hall
et al. 2003) as well as with fish (e.g., Brabrand
et al. 1990, Wheeler et al. 2015) and amphibians
(Whiles et al. 2009). All water samples were col-
lected and filtered using a syringe and inline fil-
ter holder containing a 25-mm Gelman AE glass
fiber filter. Following excretion measurements,
caddisflies were retained to measure body mass
and tissue stoichiometry (see Caddisfly Body Mass
and Body Stoichiometry Methods).

Excretion nutrient analyses
Ammonium was measured for each excretion

sample using quadruplicate 20 mL filtered water
samples collected in amber Nalgene bottles. Sam-
ples were chilled in the field and frozen upon
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returning to the laboratory. Samples were
thawed and measured following a fluorometric
method using a Turner Designs Trilogy Fluorom-
eter (Sunnyvale, California, USA; Taylor et al.
2007). The method uses standard additions to
determine a precise and matrix-corrected concen-
tration of NHþ

4 -N (Taylor et al. 2007).
Phosphorus was measured using 20 mL fil-

tered water samples collected in glass test tubes.
Samples were chilled in the field and stored in a
refrigerator upon returning to the laboratory. Sol-
uble reactive phosphorus samples were analyzed
as quickly as possible (immediately or the next
day) to prevent sample degradation. Total dis-
solved phosphorus samples were digested with
0.2 g K2S2O8 in a pressure cooker for one hour to
oxidize all reactive P to PO3�

4 . Both SRP and TDP
were measured following a standard colorimetric
method (Ostrofsky and Rigler 1987) using a
Thermo Scientific GENESYS 10S UV-VIS Spec-
trophotometer (Waltham, Massachusetts, USA).
Because SRP was measured for only five species
(A. nigriculus, L. externus, L. picturatus, G. lorettae,
and N. hostilis) and was 80 � 15% of TDP excre-
tion with paired differences not significantly
different from zero (T78 = �1.58, P = 0.12), mass-
specific P excretion was reported and analyzed
as TDP.

Caddisfly body mass and body stoichiometry
In 2014 and 2015, caddisfly larvae were pre-

served in 95% EtOH and later oven dried for
48 h at 60°C to obtain dry mass. These samples
could not be used for body stoichiometry analy-
ses due to suspected lipid loss. In 2016 and 2017,
all caddisfly larvae were preserved by freezing at
�80°C. Because we did not conduct instar-speci-
fic or 5th instar case-only excretion measure-
ments for all species, we collected representative
5th instars of L. secludens, L. sublunatus, and
L. tarsalis for stoichiometric analysis. Body tissue
samples were sent to UC Davis Stable Isotope
Facility for C:N. Remaining tissue was com-
busted in a muffle furnace at 500°C for 2 h and
used to measure body tissue P following the
digestion and colorimetry protocols for TDP.

Calculation of mass and species-specific
excretion rates

Rates of N or P excretion, in units of
lg�mg�1�d�1, were calculated as the difference

between final and initial concentrations (lg/L) of
nutrient in the bags divided by total caddisfly
dry mass in bag (mg) and incubation time (h),
and multiplied by 24 h and 0.315 L.

Statistical analyses: variation within a family
Factorial analysis of variance (ANOVA) was

used to test for differences in excretion among
the final (5th) instar of the 10 species across time
of day and site/elevation. Simple linear regres-
sion was also used to test for an effect of water
or air temperature on excretion rate. These anal-
yses allowed us to generate mean final instar
excretion rates with n = 9 or n = 27 replicates
per species by combining measurements across
temperature, time, and location (e.g., elevation).
ANOVA was also used to compare body mass-
specific excretion rates among species. Tukey’s
HSD was used to detect differences in mean
excretion rates among species.
T-tests were used to determine whether mean

nutrient excretion or uptake by empty caddisfly
cases differed from zero. General linear models
(GLM) were used to test for a relationship
between developmental instar and mass-specific
excretion for A. nigriculus, L. externus, and L. pic-
turatus. Separate models tested for differences in
the mass-specific excretion rates of N or P for
each species, with developmental instar treated
as an independent categorical variable in all
models. General linear models were also used to
test for an effect of temperature on excretion
rates for each species and across all species.
A series of GLMs with single continuous pre-

dictors, including body size, average tissue sto-
ichiometry, and previously collected dietary
data (Wissinger et al. 1999), was used to test
for relationships between species’ intrinsic traits
and excretion rates. Dietary data were collected
using methods described in Wissinger et al.
(1996); briefly, these included extracting the
entire digestive tract, staining with Congo Red,
and using a Sedgewick-Rafter cell to visually
quantify the percent contribution of plant detri-
tus, amorphous material, algal cells, and chitin-
stained invertebrate exoskeletons. Predictors
that were significantly related to either N or P
excretion were subsequently used as fixed
effects in trait-based GLMs to compare species
traits and species identities as predictors of
per-individual nutrient excretion. Trait models
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also included species’ ranked activity levels
(most mobile to most sedentary), primary case
material, and extrinsic traits (pond permanence
and elevation) as fixed effect predictors
(Appendix S1: Table S1). A correlation matrix
was used to identify multicollinearity between
traits and refine model selection; when two
traits were highly correlated (r > 0.5), the trait
that individually better predicted excretion was
used. Variance inflation factors (VIFs) were also
used to inform final trait model selection, with
VIF < 3.5 considered acceptable. After minimiz-
ing model VIFs, the trait models with the low-
est Akaike Information Criteria (AIC) were
selected. Species-based models of N and P
excretion only included species identity as a
fixed effect predictor. We used AIC to compare
species-based and trait-based models. All statis-
tical analyses were performed using R Statisti-
cal Software (version 3.3.1; R Foundation for
Statistical Computing, Vienna, Austria).

Meta-analysis: variation among families
We used the aquatic animal excretion database

published by Vanni et al. (2017) to conduct a
meta-analysis of the variation in nutrient excre-
tion among families and feeding guilds. The
database includes invertebrate and vertebrate
species representing several feeding guilds (alga-
vore/detritivore, invertivore, carnivore, piscivore,
and omnivore) in freshwater and marine sys-
tems. Excretion measurements excluded from the
analysis were those with unknown family-level
taxonomic resolution and those that had fewer
than four species per family guild. Species-level
excretion measurements were grouped by their
original data source, taxonomic family, and feed-
ing guild before calculating the coefficient of
variation (CV) for mass-specific N and P excre-
tion rates and molar N:P excretion ratio. Original
data source was used to restrict family and feed-
ing guild groupings to specific systems. Coeffi-
cients of variation were calculated by family and
feeding guild to separate the variation attributed
to taxonomy among feeding guilds and to facili-
tate comparing the variation within the lim-
nephilid caddisfly feeding guild to variation
within guilds of other invertebrate and verte-
brate families.

Coefficients of variation were used to quan-
tify family-guild variation because SDs scaled

with mean family-guild excretion rates (N,
R2 = 0.84, F1,25 = 141.8, P < 0.001; P, R2 = 0.97,
F1,24 = 858.2, P < 0.001; N:P, R2 = 0.79, F1,24 =
95.34, P < 0.001), whereas CVs did not scale
with mean N excretion rates or N:P excretion
ratios (N, R2 = 0.09, F1,25 = 3.48, P = 0.073; N:P,
R2 = 0.076, F1,24 = 1.98, P = 0.173). Coefficients
of variation did not scale with mean P excretion
rates after removing four family guilds that
were outliers in P excretion (outliers defined
by 1.5 times interquartile range; R2 = 0.05,
F1,20 = 1.09, P = 0.308). SDs of log-transformed
excretion data were not used because they were
highly correlated with CVs of non-transformed
excretion data (McArdle and Gaston 1995; N,
R2 = 0.71, F1,25 = 66.14, P < 0.001; P, R2 = 0.54,
F1,24 = 30.3, P < 0.001; N:P, R2 = 0.55, F1,24 =
29.16, P < 0.001).

RESULTS

Final larval instar excretion
Excretion rates measured at three different

times during the day were not different for any
of the caddisfly species (Appendix S1: Table S2).
For species with broad distributional ranges
(Asynarchus nigriculus, Limnephilus externus, Lim-
nephilus picturatus, Grammotaulis lorettae), excre-
tion rates did not differ across elevations
(Appendix S1: Table S2). Thus, for each species
we combined excretion rates measured across
different times during the day and across differ-
ent elevations to calculate mean mass-specific
excretion rates (N or P lg�mg�1�d�1). Mass-spe-
cific final instar excretion rates of nitrogen (N)
and phosphorus (P) differed among species (N,
F9,177 = 2657, P < 0.01, Fig. 1A; and P, F9,176 =
756.6, P < 0.01, Fig. 1B).
Patterns of excretion rates among species were

different for N vs. P (Fig. 1A, B). For example,
Agrypnia deflata had the 2nd highest N excretion
but the lowest P excretion. In contrast, Lim-
nephilus tarsalis and Nemotaulius hostilis had the
highest P excretion, but moderate N excretion.
Limnephilus picturatus had the highest N excre-
tion rates and the 3rd highest P excretion. Differ-
ences among the other species in their rankings
for N vs. P excretion rates were more moderate
than those described above (Fig. 1A, B). Molar
ratios of N:P excretion also differed among spe-
cies (N:P, F9,176 = 323.5, P < 0.01, Fig. 1C).
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Instar-specific and case-only excretion
Developmental instar explained some of the

variation in mass-specific nutrient excretion for
A. nigriculus, L. externus, and L. picturatus. For
A. nigriculus, GLM models using instar as an
independent categorical variable and either
mass-specific N or P excretion as the dependent
variable were significant with instar explaining
74% of the variation in mass-specific TDP excre-
tion and 27% of the variation in mass-specific N
excretion (Appendix S1: Fig. S2). For L. externus,
both GLM models were significant with instar
explaining 23% of the variation in mass-specific
TDP excretion and 27% of the variation in mass-
specific N excretion (Appendix S1: Fig. S2). For
L. picturatus, only the GLM model for mass-spe-
cific N excretion was significant, with instar
explaining 11.5% of the variation (Appendix S1:
Fig. S2). Unlike mass-specific excretion, molar N:
P excretion ratios did not vary with instar for any
of the three species (A. nigriculus, F3,16 = 3.19,
P = 0.052; L. externus, F3,16 = 2.29, P = 0.117;
L. picturatus, F3,16 = 0.255, P = 0.857).

Nutrient release or uptake from caddisfly cases
of four species with either large cases (L. exter-
nus, G. lorettae) and/or high excretion rates
(A. deflata, L. picturatus) was not significantly dif-
ferent than 0 lg�mg�1�case d�1 (Appendix S1:
Table S3).

Stoichiometric theory and caddisfly nutrient
excretion

Mean N excretion per individual increased as
a function of mean body size (mass) within this
guild of caddisflies (R2 = 0.36, F1,8 = 6.07,
P = 0.04; Appendix S1: Fig. S3A). However, there
was no significant relationship between mean P
excretion and body size (R2 = 0.15, F1,16 = 2.79,
P = 0.11). Mean body size also did not predict
body tissue N or P content. Body tissue percent P
was negatively associated with P excretion
(R2 = �0.64, F1,7 = 15.29, P < 0.01; Appendix S1:
Fig. S3B). There was no relationship between
body tissue percent N and N excretion
(R2 = 0.05, F1,15 = 0.29, P = 0.60).

Previously collected species-level dietary data
(Wissinger et al. 1999) explained some of the
variation in mass-specific P excretion, but not
mass-specific N excretion or body tissue N and P.
Although algae represents a small portion (0.7–
6.2%) of this guild’s diet, there is a strong positive

relationship between percent filamentous algae
in the diet and mass-specific P excretion
(R2 = 0.86, F1,6 = 44.4, P < 0.01; Appendix S1:

Fig. 1. Mean (� 1 SE) (A) nitrogen excretion rates
and (B) phosphorus excretion rates of the final larval
instars in a 10-species guild of lentic limnephilid cad-
disflies. Values are expressed as nutrient excreted (lg)
per unit body mass (mg) per day (d) of each species.
(C) Mean (� 1 SE) molar N:P excretion ratios for final
larval instars of nine limnephilid caddisfly larvae.
Agrypnia deflata is not shown; mean N:P excretion ratio
of 81.07 (� 5.18). For species with broad distributions,
n = 27, whereas for species studied at only one eleva-
tion n = 9 (denoted by �). Tukey groupings indicate no
significant difference in mean excretion rates at the
95% confidence level. (A, F9,177 = 2657, P < 0.01; B,
F9,176 = 756.6, P < 0.01; C, F9,176 = 323.5, P < 0.01).
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Fig. S4A). Similarly, percent total algae in the
diet were positively related to mass-specific
P excretion (R2 = 0.71, F1,6 = 18.44, P < 0.01;
Appendix S1: Fig. S4B). Detritus generally repre-
sented a much larger portion (68–94%) of this
guild’s diet, but did not significantly predict
either N or P mass-specific excretion (N,
R2 = 0.25, F1,6 = 3.29, P = 0.12; P, R2 = 0.08,
F1,6 = 0.44, P = 0.53). However, the percent detri-
tus in the diet did predict the molar N:P mass-
specific excretion ratio (R2 = �0.68, F1,6 = 14.17,
P < 0.01; Appendix S1: Fig. S4C). None of the
other dietary components explained significant
amounts of variation in excretion or body tissue
chemistry.

Ambient water temperature did not explain
within-species variation in mass-specific N or P
excretion for the broadly distributed taxa (A. ni-
griculus, L. externus, L. picturatus, or G. lorettae),
and neither did ambient air temperature
(Appendix S1: Table S4). Because excretion mea-
surements were blocked by time of day, there
were only three temperature measurements (one
measurement per time block) for each of the nar-
rowly distributed species (Hesperophylax occiden-
talis, A. deflata, L. tarsalis, Limnephilus secludens,
Limnephilus sublunatus, and Nemotaulius hostilis);
thus, we could not test for an effect of tempera-
ture within each of those species. Across all trials
for all species, water and air temperature (rang-
ing 18° and 16.1°C, respectively) did not signifi-
cantly explain variation in mass-specific N or
P excretion rates (N, R2 = 0.09, F1,25 = 2.37,
P = 0.14; P, R2 < 0.01, F1,24 = 0.49, P = 0.49).

Traits vs. species identity as predictors of nutrient
excretion

After identifying body size, tissue stoichiome-
try, and diet as significant individual predictors of
excretion rates, we fitted GLMs for N and P excre-
tion and molar N:P excretion ratio that combined
several intrinsic traits including, species’ ranked
activity, primary case material, preferred pond
permanence type, and pond elevation as fixed
effect predictors. Following model selection, the
final trait-based model of per-individual N excre-
tion included body mass, body N:P, percent detri-
tus in diet, activity, and pond permanence
(AIC = 948.23, F5,163 = 338.81, P < 0.001). The
final trait-based model of per-individual P excre-
tion included body mass, body N:P, percent algae

in diet, activity, and pond permanence
(AIC = 708.11, F5,163 = 240.40, P < 0.001), the
same predictors as for N except percent algae in
diet. The final trait-based model for molar N:P
excretion included body N:P, percent detritus in
diet, activity, and case material (AIC = 1257.91,
F5,163 = 173.49, P < 0.001). These trait-based mod-
els were then compared to species-based models
of excretion using AIC. For N excretion and molar
N:P excretion, the species-based models (N,
AIC = 813.14, F9,163 = 737.51, P < 0.001; Molar N:
P, AIC = 1160.65, F9,163 = 323.46, P < 0.001) were
superior to the trait-based models (N, DAIC
= 134.83; Molar N:P, DAIC = 97.26), while for P
excretion, the trait-based model was superior to
the species-based model (AIC = 800.33, F9,163
= 1040.34, P < 0.001; DAIC = 92.22).

Meta-analysis
Family-level CV for mass-specific N and P

excretion rates and molar N:P excretion ratios
did not scale with sample size (N, R2 = 0.03,
F1,25 = 0.93, P = 0.34; P, R2 = 0.02, F1,24 = 0.51,
P = 0.48; N:P, R2 = 0.03, F1,24 = 0.70, P = 0.41).
Coefficients of variation were not significantly
different among trophic levels (N, F3,23 = 1.16,
P = 0.35; P, F3,22 = 0.755, P = 0.53; N:P, F3,23 =
0.21, P = 0.88). Coefficients of variation for mass-
specific N excretion ranged from 17.2 (Characi-
dae) to 172.9 (Baetidae) and from 26.4 (Salpidae)
to 300.1 (Baetidae) for mass-specific P excretion
(Fig. 2A, B). Coefficients of variation for molar
N:P excretion ratios ranged from 21.7 (Salpidae)
to 265.1 (Leptophlebiidae; Fig. 2C). The CV for
the limnephilid caddisflies’ mass-specific N
excretion ranked 5th out of 27 family guilds,
while their CV for P excretion ranked 10th out of
26 families and 15th out of 26 for N:P excretion
ratio.

DISCUSSION

Variation in nutrient excretion by detritivorous
caddisflies
To explore the variation in nutrient excretion

within a guild of closely related species, we
quantified mass-specific N and P excretion rates
of ten biomass-dominant detritivorous caddisfly
species in high-elevation ponds. We found that
(1) different species of larval caddisflies excrete
different amounts of N and P (Fig. 1), (2)
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Fig. 2. (A) Coefficients of variation (CV) for family-level mass-specific nitrogen excretion, (B) for family-level
mass-specific phosphorus excretion, and (C) for family-level molar N:P excretion ratio. Within each panel, fami-
lies are ranked in order of decreasing CV. Color codifies data source and shape codifies trophic guild. Numbers
below points correspond to number of species sampled in each guild.
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species-specific excretion rates are not different
throughout the day or among locations
(Appendix S1: Table S2), and (3) species’ mass-
specific excretion rates tend to decline with
instar (Appendix S1: Fig. S2). Differences across
species-specific instars were small relative to the
differences among species. Our excretion data
were consistent with some, but not all predic-
tions from ecological stoichiometry (e.g.,
Appendix S1: Fig. S3; see Taxonomic, Size, and
Trait-based Linkages with Ecological Stoichiometry).

The consistency in species-specific excretion
rates across habitats suggests that for these
organisms, valid predictions can be made about
the ecosystem consequences of species gains or
losses that arise through range or distributional
shifts, extinctions, or introductions. The large
variation in nutrient excretion (e.g., 0.4–7.4 lg
N�mg�1�d�1 and 0.2–6.6 lg P�mg�1�d�1) by these
species reveals that they differ in key functional
traits despite being closely related, with 9 of the
10 species from the same family. This guild has
been shown to increase detritus decay rates and
ambient water-column N and P concentrations,
which have been posited to increase algal pro-
ductivity (Klemmer et al. 2012). Therefore, if
these excretion rates scale to the whole-pond
level and supply a substantial percentage of
nutrient demand, community reassembly associ-
ated with species gains or losses within this guild
could change inorganic nutrient availability dur-
ing the short growing season and consequently
affect ecosystem productivity.

The differences in mass-specific excretion rates
across instars were small relative to the differ-
ences in mass-specific excretion rates among spe-
cies. This suggests that N and P allocation is
nearly constant across larval development stages
within a species, but is variable among closely
related species. Within each species, the small
differences in mass-specific excretion rates across
instars of Asynarchus nigriculus, Limnephilus exter-
nus, and Limnephilus picturatus (except for P) gen-
erally adhered to the stoichiometric prediction
that smaller and faster growing animals (here,
earlier instars) should have higher mass-specific
excretion rates (Sterner and Elser 2002). We sug-
gest that A. nigriculus 5th instar N excretion is
higher than expected given this prediction
(Appendix S1: Fig. S2) because this species is
highly aggressive and cannibalistic during the

final instar, and thus, they may be consuming
more N-rich protein than their earlier instars
(Wissinger et al. 1996, 2004).
Excretion measurements of empty Agrypnia

deflata, G. lorettae, L. externus, and L. picturatus
cases revealed no significant external microbial
contribution (i.e., net nutrient release or uptake)
to these caddisfly excretion estimates. While
uptake by case-associated microbes is certainly a
plausible nutrient flux and has been demon-
strated in other systems (e.g., Kahlert and Baun-
sgaard 1999, Mooney et al. 2014), it appears to
have negligible influence on the mass-specific
excretion rates presented here.

Taxonomic, size, and trait-based linkages with
ecological stoichiometry
Allometry or body size can exert a strong con-

trol on metabolism, which is closely related to
excretion (Kleiber 1947). Because smaller animals
have faster metabolism, smaller animals should
generally have higher mass-specific excretion
rates (Sterner and Elser 2002, Hall et al. 2007).
Across species and instars, our data support the
hypothesis that larger (heavier) animals excrete
more N on a per-individual basis, but there was
no significant relationship with P excretion. Allo-
metric scaling for excretion of only one nutrient
is not unusual, as Schindler and Eby (1997) also
reported allometric scaling for N excretion of len-
tic fish, but not for P excretion. In that study, after
resource quality was added to the model, allo-
metric scaling of P excretion did become signifi-
cant, demonstrating that consumer-driven
nutrient recycling is a complex interaction of
ecology and physiology.
The growth rate hypothesis (Elser et al. 1996)

provides a possible stoichiometric explanation
for why the generalized relationship between
body size and P excretion might be confounded,
and more broadly, why there is so much varia-
tion in N and P excretion among taxa. For
instance, this guild includes taxa adapted to tem-
porary pond habitats that consequently have
very rapid larval growth rates (e.g., A. nigriculus,
Limnephilus tarsalis) as well as taxa that are
adapted to permanent ponds with much slower
larval growth rates (e.g., L. externus, L. pictura-
tus) (Wissinger et al. 2003). Organisms with
higher growth rates should have high cellular
ribosome concentrations, leading to greater
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tissue rRNA content (Elser et al. 1996). Since
RNA is P rich, organisms with higher growth
rates should have lower tissue N:P ratios and
higher P demand, and hence excrete less P. We
do not have tissue rRNA data for these caddis,
but body tissue elemental composition can also
be used to predict an organisms’ excretion rates
(Frost et al. 2006). We could make that prediction
for P body content and P excretion, but not for N.

Differences in life history strategies among
these taxa may also explain variation in nutrient
excretion. For example, B€arlocher and Porter
(1986) reported that functional differences in
feeding strategies and digestion among aquatic
detritivores result in the differential incorpora-
tion of nutrients from detrital-microbial sub-
strates, and Halvorson et al. (2016) recently
demonstrated that different biofilm nutrient
incorporation efficiencies can lead to species-spe-
cific differences in caddisfly body stoichiometry.
Species-level digestive function and metabolic
demand have not been studied within this guild,
but previously collected dietary data (Wissinger
et al. 1999) and our measurements of the stoi-
chiometry of potential dietary sources have
allowed us to identify several possible mechanis-
tic drivers of this guild’s nutrient excretion.

Dietary composition data did not predict body
tissue chemistry and N excretion, but the per-
centage of filamentous algae and total algae in
the diet predicted P excretion. This positive rela-
tionship is stoichiometrically intuitive because
the nutritional value of detritus is attributed to
microbial colonization, including epidetrital
algae (B€arlocher 1985, Moore et al. 2004, Kuehn
2016). For instance, biofilms on submerged sedge
contained more P (87.8 lg/mg) and twice as
much N (21.3 lg/mg) than the sedge itself
(51.1 lg P/mg and 9.52 lg N/mg). Notably, in
this system both sedge detritus and their biofilms
have extremely low N:P ratios (0.10 and 0.08,
respectively). This provides a possible explana-
tion for the absence of any relationship between
caddis diet and N excretion or body N content.
Additionally, the strong negative relationship
between percent detritus consumed and caddis-
fly N:P molar excretion ratios further supports
the hypothesis that caddisflies feeding primarily
on detritus and detrital biofilms will excrete
more P relative to N. However, an important
caveat is that this mechanistic conclusion is being

made without diet and excretion data from the
same individuals.
A complementary hypothesis for why we do

not see any dietary or stoichiometric explana-
tions for N excretion rates is that there could be
species-specific differences in silk composition
and production rates. The silk spun by larval
caddisflies for case construction is composed of
N-rich proteins and calcium (Ashton et al. 2013).
The cases built by these particular caddisfly taxa
are diverse in shape, structure, size (relative to
body mass), and materials used (Wissinger et al.
2006), and therefore, it is reasonable to expect
that their silk composition and production rates
reflect that diversity. Therefore, it is possible that
species-specific differences in silk composition
and production could explain this guild’s N
excretion rates. For example, L. picturatus, which
has the highest mean N excretion rate, builds rel-
atively flimsy cases, while L. externus and A. ni-
griculus, which have the two lowest N excretion
rates, both build very complex and robust cases.
Thus, we posit that some taxa allocate more diet-
ary N to silk, while others do not, thereby alter-
ing the relationship between body tissue N and
N excretion. This kind of phenotypic variation in
biomaterial could also be used to explain inter-
specific stoichiometric variation within other
families, but to our knowledge has not been
explored. For example, spiders (order: Araneae)
also spin silk and have tremendous interspecific
variation in rates, quantities, and qualities
(Swanson et al. 2009). Many fish taxa secrete a
glycoprotein mucus with antimicrobial and
defensive properties, but the quantity of secre-
tion gland cells and mucus chemistry vary
among species (Sadovy et al. 2005). Likewise,
bees (order: Hymenoptera) produce beeswax
that exhibits considerable interspecific variation
in its strength, which suggests underlying varia-
tion in chemistry (Buchwald et al. 2006). Thus,
the production and export of biomaterials repre-
sents an understudied pool of stoichiometric
resource allocation that could help explain the
resource demands and nutrient excretion of
many taxa.
It is well established that temperature influ-

ences metabolism (Gillooly et al. 2001), which
could in turn influence excretion (Sterner and
Elser 2002). In this study, however, ambient
water temperature did not affect excretion rates.
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During excretion measurements, ambient water
temperatures varied by <3°C within each species
except for G. lorettae, which varied by <5°C. Tem-
perature variation was small within each species
because all experiments spanned the same six-
hour period from morning to early afternoon
and because we held animals in shaded areas of
the pond to maintain ambient temperature dur-
ing excretion measurements. Further, diel water
temperature changes in these ponds are not
much larger, averaging 6.5°C across the season,
so it is unlikely that we did not detect an effect of
temperature because of the time periods chosen
for measuring excretion.

Ambient water temperatures varied by almost
18°C across excretion measurements for all spe-
cies, but this variation in temperature did not
explain variation in mass-specific excretion of N
or P. Temperature variation across excretion mea-
surements can be attributed to differences in ele-
vation and time of year (i.e., early June vs. late
July). For broadly distributed species, thermal
adjustment could help explain consistent excre-
tion rates among populations along an elevational
gradient. A recent study with damselflies found
that thermal adjustment could be explained by
either genetic changes or phenotypic plasticity, or
both (Stoks et al. 2014). Nevertheless, transplant-
ing individuals across elevational (and therefore
thermal) gradients has never been attempted with
this guild of caddisflies, so the degree to which
thermal adjustments might affect the ecosystem-
level consequences associated with excretion is
unclear. An understanding of the degree to which
thermal adjustments impact excretion warrants
further study given recent range shifts by some of
these caddisflies and many other animals.

Our comparison of trait-based and species-
based models of nutrient excretion suggests that
traits can predict excretion as well as or better
than species identity alone. Our best trait-based
model for P excretion had a lower AIC
(DAIC = 92.22) and required fewer parameters
(df = 5) than the species-based model (df = 9).
The two models make similar predictions (trait-
based R2 = 0.88, species-based R2 = 0.98), but the
trait-based model is preferred because it is sim-
pler. Further, the species-based model implicitly
contains all species’ traits in aggregate, even those
traits that are not required to predict excretion. In
our trait-based model, we identified and included

only those traits that were most important for
predicting P excretion. Although the species-
based model for N excretion had a much lower
AIC (DAIC = 134.83) than our best trait-based
model, it again required more parameters (df = 9
for species-based model and df = 5 for trait-based
model) and model fits were comparable (species-
based R2 = 0.97, trait-based R2 = 0.91). While
species identity provides a generalized linkage
between organisms’ functional traits and ecosys-
tem processes (Vanni et al. 2002, Allgeier et al.
2015), our analysis suggests that trait-based mod-
els could also be highly successful at explaining
variation in nutrient excretion and other func-
tional traits among taxa.
These predictions were foreshadowed by our

analysis of individual traits as predictors of
excretion. Body chemistry and diet both success-
fully predicted P excretion, suggesting that we
have identified several good traits for explaining
variation in P excretion. Meanwhile, body size
was the only successful predictor of N excretion.
Thus, it follows that our trait-based model of P
excretion is superior to the species model by
comparison of AIC, whereas our trait-based
model of N excretion is only simpler by number
of parameters required. The simplest explanation
for why our trait-based models for N excretion
and molar N:P excretion do not perform as well
as the species-based models is that we did not
include the most important traits for predicting
N excretion within this guild. For example, cad-
disfly silk is N rich, and as explained previously
either the quantity or quality of silk produced by
each species could be critical for predicting N
excretion. Therefore, we would argue that even
intrinsic traits linked to species’ extended pheno-
type (Dawkins 1984) could be useful for explain-
ing variation in functional traits.

Meta-analysis of variation in nutrient excretion
among guilds
Our meta-analysis suggests that (1) there is

considerable stoichiometric variation in nutrient
excretion across family guilds, and (2) that rela-
tive to these metadata, the caddisfly guild we
studied is highly variable in N excretion and
moderately variable in P excretion and N:P excre-
tion ratios. By extension, this suggests that while
taxonomy (e.g., family groupings or species; All-
geier et al. 2015) can explain some of the
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variation in nutrient excretion and other stoichio-
metric traits found across broad levels of biologi-
cal organization, variation within groupings,
such as guilds, might provide an inaccurate
approximation of the functionally relevant varia-
tion in these traits.

The magnitude of variation in mass-specific
excretion rates among these caddisfly species
(eightfold for N and sevenfold for P) suggests
there could be low functional redundancy within
this guild in terms of their contribution to nutri-
ent regeneration. Although differences in mass-
specific excretion could be offset by differences
in other species-specific traits, such as population
density and larval development time (or how
long they are excreting in a pond), it nonetheless
reinforces the conclusion that species are not
equal, even within a genus of organisms in the
same feeding guild. We conclude that informa-
tion on specific traits within a guild will be para-
mount for linking diversity and function, and
thus for conservation or management of native
or invading species.

Ranges in the variation of functional traits
have been demonstrated previously among plant
clades, functional groups, and growth forms
(Diaz et al. 1998, Reich et al. 2003, Swenson and
Enquist 2007, Wright et al. 2016). Some plant
functional groups have low variation in % leaf N
(e.g., conifers), whereas others have higher varia-
tion (e.g., woody climbers and herbs) (Reich
et al. 2003). The ranges of variation in functional
traits across plant groups are related to environ-
mental conditions and are considered evidence
of abiotic forces driving the evolution of plant
form, function, and diversity. Environmental
nutrient availability has been implicated as a
potential driver of gene expression and animal
evolution (Elser et al. 2000, Jeyasingh and Wei-
der 2007); thus, abiotic forces might also play a
role in the evolution of between-species variabil-
ity in nutrient excretion by caddisflies that is
mediated by their nutrient requirements.

By extension, the range in the variation of
nutrient excretion rates among guilds revealed
by the meta-analysis suggests that low func-
tional redundancy in nutrient excretion might
be the norm in other systems as well. An impor-
tant caveat is that the ratio of nutrient demand
to supply from consumer-driven nutrient recy-
cling varies from system to system, and

therefore, the relevancy of this functional redun-
dancy—and more generally, the variation in a
guild’s nutrient excretion—also varies from sys-
tem to system. Ecological redundancy is known
to vary from system to system and community
to community (e.g., Walker 1992, Wellnitz and
Poff 2001). Regardless, the within-guild varia-
tion among closely related species in functional
traits like excretion has rarely been considered.
Work by Post et al. (2008) demonstrated the
importance of considering both intraspecific and
interspecific variation in traits for ecological
interactions and ecosystem function, and cer-
tainly variation within and among guilds is
informative because guilds summarize their con-
stituents’ interspecific variation and facilitate
comparisons to other systems. An among-guild
perspective provides a foundation for identify-
ing new questions about particular species, pro-
cesses, and abiotic factors that could drive the
evolution of functional trait variation.
A final caveat for interpreting this meta-analy-

sis is that the number of species sampled within
each family guild is not necessarily the total
number of species in that family guild. In our
study, we have comparative data for all caddisfly
species that have been encountered in shallow
lentic habitats in the region for the past 30 yr.
Although there was not a significant relationship
between the number of species sampled per fam-
ily guild and the family-guild’s CV, the variation
within each could be larger or smaller than pre-
sented here if each family guild was sampled
exhaustively.

CONCLUSIONS

Here, we have shown that there is substantial
variation in nutrient excretion rates for ten clo-
sely related species of larval caddisflies that inha-
bit high-elevation ponds and wetlands. Within
species, these excretion rates are consistent
throughout the day, and for taxa with broad dis-
tributions, rates are consistent at different sites
along an elevational gradient from montane (e.g.,
2800 m) to subalpine (e.g., 3400 m). Although
mass-specific excretion rates decline with instar,
the variation among instars is trivial relative to
the amount of variation among species. We were
able to explain some, but not all, of the variation
in nutrient excretion among taxa using ecological
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stoichiometry theory. It is likely this variation is
fundamentally trait-based, even if we are cur-
rently unable to ascribe it to particular traits.
Variation within this guild is high for N excretion
and intermediate for P excretion and N:P molar
excretion ratio compared to that measured for
other families and guilds of invertebrates and
vertebrates. Our excretion data suggest climate-
driven changes in caddisfly community composi-
tion could affect nutrient cycling and productivity
in ponds if caddisfly driven nutrient recycling is
relevant at the pond-scale. We think this is a rea-
sonable prediction given that (1) this guild of
caddisflies are the biomass-dominant detritivores
in this system (Wissinger et al. 1999, 2003), (2)
previous work has linked their detritus process-
ing with algal biomass (Klemmer et al. 2012),
and (3) in other systems, the biomass-dominant
aquatic invertebrates have been shown to supply
a significant proportion of an ecosystem’s nutri-
ent demand (e.g., Grimm 1988, Vanni 2002, Hall
et al. 2003). Thus, as functional traits, these spe-
cies-specific excretion rates provide the basis for
a mechanistic understanding of the ecosystem
consequences of range shifts and could have
wide application for understanding how changes
in community composition (from climate change,
species introductions, extinctions, etc.) will affect
ecosystem processes. Indeed, high-elevation spe-
cies are particularly vulnerable to climate-
induced range shifts, and some of these caddisfly
species (e.g., Nemotaulius hostilis) have been
recently found for the first time in high-elevation
ponds and, hence, knowing the variation in func-
tional traits within this guild could have direct
application to understanding impacts of species
range shifts on ecosystem processes in small
ponds that are numerically dominant inland len-
tic habitats globally (Downing et al. 2006). More
generally, these functional differences suggest
that even among closely related taxa within the
same guild, species replacements associated with
any human stressor could drive changes in rates
of ecosystem processes.

ACKNOWLEDGMENTS

We thank Amanda Klemmer, Hamish Greig, Jef-
frey Marcus, Maria Smith, Brook Jeffery, Anna Ross-
wog, Liana Leja, and Michelle Woods for field
assistance. Milt Ostrofsky provided advice on

nutrient and statistical analysis. Amanda DelVecchia,
Derek West, and two anonymous reviewers pro-
vided valuable comments for improving the manu-
script. Thanks to Dave Ruiter for confirming species
identifications from associated larval and adult mate-
rial. The Nature Conservancy provided access to the
Mexican Cut Nature Preserve and The Rocky Moun-
tain Biological Laboratory facilitated access to other
ponds on private lands. Balik was supported by a
Beckman Scholar Fellowship from the Arnold and
Mable Beckman Foundation, NSF Grants 125764 and
1556914 to Taylor, a NC State University Provost
Fellowship, a NSF Graduate Research Fellowship,
and a RMBL Graduate Fellowship. Washko was sup-
ported by a Harold State Fellowship from Allegheny
College and NSF Grant 1557015 to Wissinger. This
work was initially proposed and conducted as part
of Balik’s undergraduate senior thesis at Allegheny
College.

LITERATURE CITED

Allgeier, J. E., S. J. Wenger, A. D. Rosemond, D. E.
Schindler, and C. A. Layman. 2015. Metabolic the-
ory and taxonomic identity predict nutrient recy-
cling in a diverse food web. Proceedings of the
National Academy of Sciences of the United States
of America 112:E2640–E2647.

Alves, J. M., A. Caliman, R. D. Guariento, M. P. Fig-
ueiredo-Barros, L. S. Carneiro, V. F. Farjalla, R. L.
Bozelli, and F. A. Esteves. 2010. Stoichiometry of
benthic invertebrate nutrient recycling: interspeci-
fic variation and the role of body mass. Aquatic
Ecology 44:421–430.

Ashton, N. N., D. R. Roe, R. B. Weiss, T. E. Cheatham,
and R. J. Stewart. 2013. Self-tensioning aquatic cad-
disfly silk: Ca2+-dependent structure, strength,
and load cycle hysteresis. Biomacromolecules
14:3668–3681.

B€arlocher, F. 1985. The role of fungi in the nutrition of
stream invertebrates. Botanical Journal of the Lin-
nean Society 91:83–94.

B€arlocher, F., and C. W. Porter. 1986. Digestive
enzymes and feeding strategies of three stream
invertebrates. Journal of the North American Ben-
thological Society 5:58–66.

Boyero, L., R. G. Pearson, and M. Bastian. 2007. How
biological diversity influences ecosystem function:
a test with a tropical stream detritivore guild. Eco-
logical Research 22:551–558.

Brabrand, A., B. A. Faafeng, and J. Nilssen. 1990. Rela-
tive importance of phosphorus supply to phyto-
plankton production: fish excretion versus external
loading. Canadian Journal of Fisheries and Aquatic
Sciences 47:364–372.

 ❖ www.esajournals.org 14 May 2018 ❖ Volume 9(5) ❖ Article e02205

BALIK ET AL.



Brady, J. K., and A. M. Turner. 2010. Species-specific
effects of gastropods on leaf litter processing in
pond mesocosms. Hydrobiologia 651:93–100.

Bruno, J. F., K. E. Boyer, J. E. Duffy, S. C. Lee, and J. S.
Kertesz. 2005. Effects of macroalgal species identity
and richness on primary production in benthic
marine communities. Ecology Letters 8:1165–1174.

Buchwald, R., M. D. Breed, A. R. Greenberg, and G.
Otis. 2006. Interspecific variation in beeswax as a
biological construction material. Journal of Experi-
mental Biology 209:3984–3989.

Cardinale, B. J., D. S. Srivastava, J. Emmett Duffy, J. P.
Wright, A. L. Downing, M. Sankaran, and C. Jou-
seau. 2006. Effects of biodiversity on the function-
ing of trophic groups and ecosystems. Nature
443:989–992.

Dawkins, R. 1984. The extended phenotype: the gene
as the unit of selection. University of Oxford, New
York, New York, USA.

Diaz, S., M. Cabido, and F. Casanoves. 1998. Plant func-
tional traits and environmental filters at a regional
scale. Journal of Vegetation Science 9:113–122.

Downing, J. A., et al. 2006. The global abundance and
size distribution of lakes, ponds, and impound-
ments. Limnology and Oceanography 51:2388–
2397.

Elser, J. J., T. Andersen, J. S. Baron, A.-K. Bergstrom,
M. Jansson, M. Kyle, K. R. Nydick, L. Steger, and
D. O. Hessen. 2009. Shifts in lake N: P stoichiome-
try and nutrient limitation driven by atmospheric
nitrogen deposition. Science 326:835–837.

Elser, J. J., D. R. Dobberfuhl, N. A. Mackay, and J. H.
Schampel. 1996. Organism size, life history, and N:
P stoichiometry: toward a unified view of cellular
and ecosystem processes. BioScience 46:674–684.

Elser, J. J., R. W. Sterner, E. Gorokhova, W. F. Fagan, T.
A. Markow, J. B. Cotner, J. F. Harrison, S. E. Hob-
bie, G. M. Odell, and L. W. Weider. 2000. Biological
stoichiometry from genes to ecosystems. Ecology
Letters 3:540–550.

Frost, P. C., J. P. Benstead, W. F. Cross, H. Hillebrand, J.
H. Larson, M. A. Xenopoulos, and T. Yoshida.
2006. Threshold elemental ratios of carbon and
phosphorus in aquatic consumers. Ecology Letters
9:774–779.

Gillooly, J. F., J. H. Brown, G. B. West, V. M. Savage,
and L. Eric. 2001. Effects of size and temperature
on metabolic rate. Science 293:2248–2251.

Grimm, N. B. 1988. Role of macroinvertebrates in
nitrogen dynamics of a desert stream. Ecology
69:1884–1893.

Grimm, N. B. 1995. Why link species and ecosystems?
A perspective from ecosystem ecology. Pages 5–23
in J. H. Lawton and C. G. Jones, editors. Linking

species and ecosystems. Springer, Boston, Mas-
sachusetts, USA.

Hall, R. O., B. J. Koch, M. C. Marshall, B. W. Taylor,
and L. M. Tronstad. 2007. How body size mediates
the role of animals in nutrient cycling in aquatic
ecosystems. Pages 286–305 in A. G. Hildrew, R.
Edmonds-Brown, and D. Raffaelli, editors. Body
size: the structure and function of aquatic ecosys-
tems. Cambridge University Press, New York,
New York, USA.

Hall, R. O., J. L. Tank, and M. F. Dybdahl. 2003. Exotic
snails dominate nitrogen and carbon cycling in a
highly productive stream. Frontiers in Ecology and
the Environment 1:407–411.

Halvorson, H. M., G. White, J. T. Scott, and M. A.
Evans-White. 2016. Dietary and taxonomic controls
on incorporation of microbial carbon and phospho-
rus by detritivorous caddisflies. Oecologia
180:567–579.

Hooper, D. U., E. C. Adair, B. J. Cardinale, J. E. K.
Byrnes, B. A. Hungate, K. L. Matulich, A. Gon-
zalez, J. E. Duffy, L. Gamfeldt, and M. I. O’Con-
nor. 2012. A global synthesis reveals biodiversity
loss as a major driver of ecosystem change. Nature
486:105–108.

Hooper, D. U., et al. 2005. Effects of biodiversity on
ecosystem functioning: a consensus of current
knowledge. Ecological Monographs 75:3–35.

Inkley, M. D., S. A. Wissinger, and B. L. Baros. 2008.
Effects of drying regime on microbial colonization
and shredder preference in seasonal woodland
wetlands. Freshwater Biology 53:435–445.

Jeyasingh, P. D., and L. J. Weider. 2007. Fundamental
links between genes and elements: evolutionary
implications of ecological stoichiometry. Molecular
Ecology 16:4649–4661.

Kahlert, M., and M. T. Baunsgaard. 1999. Nutrient
recycling: a strategy of a grazer community to
overcome nutrient limitation. Journal of the North
American Benthological Society 18:363–369.

Kleiber, M. 1947. Body size and metabolic rate. Physio-
logical Reviews 27:511–541.

Klemmer, A. J., S. A. Wissinger, H. S. Greig, and M. L.
Ostrofsky. 2012. Nonlinear effects of consumer
density on multiple ecosystem processes. Journal
of Animal Ecology 81:770–780.

Kuehn, K. A. 2016. Lentic and lotic habitats as templets
for fungal communities: traits, adaptations,
and their significance to litter decomposition
within freshwater ecosystems. Fungal Ecology
19:135–154.

McArdle, B. H., and K. J. Gaston. 1995. The temporal
variability of densities: back to basics. Oikos
74:165–171.

 ❖ www.esajournals.org 15 May 2018 ❖ Volume 9(5) ❖ Article e02205

BALIK ET AL.



McIntyre, P. B., L. E. Jones, A. S. Flecker, and M. J.
Vanni. 2007. Fish extinctions alter nutrient recy-
cling in tropical freshwaters. Proceedings of the
National Academy of Sciences of the United States
of America 104:4461–4466.

Merritt, R. W., K. W. Cummins, K. Hunt, P. Company,
and J. B. Wallace. 2008. An introduction to the
aquatic insects of North America. Fourth edition.
Kendall/Hunt, Dubuque, Iowa, USA.

Mooney, R. J., E. A. Strauss, and R. J. Haro. 2014.
Nutrient recycling by caddisflies alleviates phos-
phorus limitation in case periphyton. Freshwater
Science 33:1086–1092.

Moore, J. C., et al. 2004. Detritus, trophic dynamics
and biodiversity. Ecology Letters 7:584–600.

O’Connor, M. I., et al. 2017. A general biodiversity–
function relationship is mediated by trophic level.
Oikos 126:18–31.

Ostrofsky, M. L., and F. H. Rigler. 1987. Chlorophyll–
phosphorus relationships for subarctic lakes in
Western Canada. Canadian Journal of Fisheries
and Aquatic Sciences 44:775–781.

Ozersky, T., D. R. Barton, R. E. Hecky, and S. J. Guild-
ford. 2013. Dreissenid mussels enhance nutrient
efflux, periphyton quantity and production in the
shallow littoral zone of a large lake. Biological
Invasions 15:2799–2810.

Post, D. M., E. P. Palkovacs, E. G. Schielke, and S. I.
Dodson. 2008. Intraspecific variation in a predator
affects community structure and cascading trophic
interactions. Ecology 89:2019–2032.

Reich, P. B., I. J. Wright, J. Cavender-Bares, J. M.
Craine, J. Oleksyn, M. Westoby, and M. B. Walters.
2003. The evolution of plant functional variation:
traits, spectra, and strategies. International Journal
of Plant Sciences 164:S143–S164.

Ruiter, D. E., E. E. Boyle, and X. Zhou. 2013. DNA bar-
coding facilitates associations and diagnoses for
Trichoptera larvae of the Churchill (Manitoba,
Canada) area. BMC Ecology 13:5.

Sadovy, Y., J. E. Randall, and M. B. Rasotto. 2005. Skin
structure in six dragonet species (Gobiesociformes;
Callionymidae): interspecific differences in glandu-
lar cell types and mucus secretion. Journal of Fish
Biology 66:1411–1418.

Schindler, D. E., and L. A. Eby. 1997. Stoichiometry of
fishes and their prey: implications for nutrient
recycling. Ecology 78:1816–1831.

Schmitz, O. J., et al. 2014. Animating the carbon cycle.
Ecosystems 17:344–359.

Slade, E. M., D. J. Mann, J. F. Villanueva, and O. T.
Lewis. 2007. Experimental evidence for the effects
of dung beetle functional group richness and com-
position on ecosystem function in a tropical forest.
Journal of Animal Ecology 76:1094–1104.

Small, G. E., C. M. Pringle, M. Pyron, and J. H. Duff.
2011. Role of the fish Astyanax aeneus (Characidae)
as a keystone nutrient recycler in low-nutrient
neotropical streams. Ecology 92:386–397.

Sterner, R. W., and J. J. Elser. 2002. Ecological stoi-
chiometry: the biology of elements from molecules
to the biosphere. Princeton University Press,
Princeton, New Jersey, USA.

Stoks, R., A. N. Geerts, and L. De Meester. 2014. Evolu-
tionary and plastic responses of freshwater inverte-
brates to climate change: realized patterns and
future potential. Evolutionary Applications 7:42–55.

Stoler, A. B., M. N. Golembieski, J. P. Stephens, and T.
R. Raffel. 2016. Differential consumption and
assimilation of leaf litter by wetland herbivores:
alternative pathways for decomposition and
trophic transfer. Freshwater Science 35:178–187.

Swanson, B. O., S. P. Anderson, C. DiGiovine, R. N. Ross,
and J. P. Dorsey. 2009. The evolution of complex bio-
material performance: the case of spider silk. Inte-
grative and Comparative Biology 49:21–31.

Swenson, N. G., and B. J. Enquist. 2007. Ecological and
evolutionary determinants of a key plant func-
tional trait: wood density and its community-wide
variation across latitude and elevation. American
Journal of Botany 94:451–459.

Symstad, A. J., D. Tilman, J. Wilson, and J. M. Knops.
1998. Species loss and ecosystem functioning:
effects of species identity and community composi-
tion. Oikos 81:389–397.

Taylor, B. W., A. S. Flecker, and R. O. Hall. 2006. Loss
of a harvested fish species disrupts carbon flow in
a diverse tropical river. Science 313:833–836.

Taylor, B. W., C. F. Keep, R. O. Hall, B. J. Koch, A. S.
Flecker, and A. J. Ulseth. 2007. Improving the fluo-
rometric ammonium method: matrix effects, back-
ground fluorescence, and standard additions.
Journal of the North American Benthological Soci-
ety 26:167–177.

Tilman, D. 1997. The influence of functional diversity
and composition on ecosystem processes. Science
277:1300–1302.

Vanni, M. J. 2002. Nutrient cycling by animals in fresh-
water ecosystems. Annual Review of Ecology and
Systematics 33:341–370.

Vanni, M. J., a. S. Flecker, J. M. Hood, and J. L. Head-
worth. 2002. Stoichiometry of nutrient recycling by
vertebrates in a tropical stream: linking biodiver-
sity and ecosystem function. Ecology Letters 5:285–
293.

Vanni, M. J., et al. 2017. A global database of nitrogen
and phosphorus excretion rates of aquatic animals.
Ecology 98:1475.

Walker, B. H. 1992. Biodiversity and ecological redun-
dancy. Conservation Biology 6:18–23.

 ❖ www.esajournals.org 16 May 2018 ❖ Volume 9(5) ❖ Article e02205

BALIK ET AL.



Wellnitz, T., and N. L. R. Poff. 2001. Functional redun-
dancy in heterogeneous environments: implica-
tions for conservation. Ecology Letters 4:177–179.

Wheeler, K., S. W. Miller, and T. A. Crowl. 2015. Migra-
tory fish excretion as a nutrient subsidy to recipient
stream ecosystems. Freshwater Biology 60:537–550.

Whiles, M. R., A. D. Huryn, B. W. Taylor, and J. D.
Reeve. 2009. Influence of handling stress and fast-
ing on estimates of ammonium excretion by tad-
poles and fish: recommendations for designing
excretion experiments. Limnology and Oceanogra-
phy: Methods 7:1–7.

Winterbourn, M. J. 1971. The life histories and trophic
relationships of the Trichoptera of Marion Lake,
British Columbia. Canadian Journal of Zoology
49:623–635.

Wissinger, S., A. Bohonak, H. Whiteman, and W.
Brown. 1999. Subalpine wetlands in Colorado.
Pages 757–790 in S. A. Wissinger and R. B. Rader,
editors. Invertebrates in freshwater wetlands of
North America: ecology and management. Wiley,
New York, New York, USA.

Wissinger, S. A., W. S. Brown, and J. E. Jannot. 2003.
Caddisfly life histories along permanence gradients
in high-altitude wetlands in Colorado (U.S.A.).
Freshwater Biology 48:255–270.

Wissinger, S. A., B. Oertli, and V. Rosset. 2016. Inverte-
brate communities in alpine ponds. Page 55–103 in
D. Batzer and D. Boix, editors. Invertebrates in
freshwater wetlands: an international perspective
on their ecology. Springer, Boston, Massachusetts,
USA.

Wissinger, S. A., G. B. Sparks, G. L. Rouse, W. S.
Brown, and H. Steltzer. 1996. Intraguild predation
and cannibalism among larvae of detritivorous
caddisflies in subalpine wetlands. Ecology
77:2421–2430.

Wissinger, S., J. Steinmetz, J. S. Alexander, and W.
Brown. 2004. Larval cannibalism, time constraints,
and adult fitness in caddisflies that inhabit tempo-
rary wetlands. Oecologia 138:39–47.

Wissinger, S. A., J. C. Whissel, C. Eldermire, and W. S.
Brown. 2006. Predator defense along a permanence
gradient: roles of case structure, behavior, and
developmental phenology in caddisflies. Oecologia
147:667–678.

Wright, J. P., G. M. Ames, and R. M. Mitchell. 2016.
The more things change, the more they stay the
same? When is trait variability important for stabil-
ity of ecosystem function in a changing environ-
ment. Philosophical Transactions of the Royal
Society B: Biological Sciences 371:20150272.

SUPPORTING INFORMATION

Additional Supporting Information may be found online at: http://onlinelibrary.wiley.com/doi/10.1002/ecs2.
2205/full

 ❖ www.esajournals.org 17 May 2018 ❖ Volume 9(5) ❖ Article e02205

BALIK ET AL.

http://onlinelibrary.wiley.com/doi/10.1002/ecs2.2205/full
http://onlinelibrary.wiley.com/doi/10.1002/ecs2.2205/full

	2018-05-21_Wissinger_High_Interspecific_Cover
	2018-05-21_Wissinger_High_Interspecific_Article

