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Abstract
Across resource quality gradients, primary consumers must regulate homeostasis and release of nutrients to optimize growth 
and fitness. Based primarily on internal body composition, the ecological stoichiometry theory (EST) offers a framework to 
generalize interspecific patterns of these responses, yet the predictions and underlying assumptions of EST remain poorly 
tested across many species. We used controlled laboratory feeding experiments to measure homeostasis, nutrient release, 
and growth across seven field-collected aquatic invertebrate detritivore taxa fed wide resource carbon:nitrogen (C:N) and 
carbon:phosphorus (C:P) gradients. We found that most invertebrates exhibited strict stoichiometric homeostasis (average 
1/H = − 0.018 and 0.026 for C:N and C:P, respectively), supporting assumptions of EST. However, the stoichiometry of new 
tissue production during growth intervals (growth stoichiometry) deviated − 30 to + 54% and − 145 to + 74% from initial 
body C:N and C:P, respectively, and across species, growth stoichiometry was not correlated with initial body stoichiometry. 
Notably, smaller non- and hemimetabolous invertebrates exhibited low, decreasing growth C:N and C:P, whereas larger 
holometabolous invertebrates exhibited high, often increasing growth C:N and C:P. Despite predictions of EST, interspecific 
sensitivity of egestion stoichiometry and growth rates to the resource gradient were weakly related to internal body composi-
tion across species. While the sensitivity of these patterns differed across taxa, such differences carried a weak phylogenetic 
signal and were not well predicted by EST. Our findings suggest that traits beyond internal body composition, such as feed-
ing behavior, selective assimilation, and ontogeny, are needed to generalize interspecific patterns in consumer growth and 
nutrient release across resource quality gradients.
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Introduction

Homeostasis is a fundamental property of life which 
describes the ability of a system to maintain consistent 
internal conditions despite variation in external conditions 
(Cooper 2008). Characterizing the degree and consequences 
of homeostasis across living systems is an important step to 
understand responses to environmental change (Lovelock 
and Margulis 1974; Meunier et al. 2014). Ecological stoichi-
ometry theory (EST) uses the homeostasis concept to infer 
organismal responses to varying resource elemental ratios; 
this “stoichiometric homeostasis” can predict organism 
feedbacks on the availability of resources through altered 
uptake, storage, and release of limiting nutrients like nitro-
gen (N) and phosphorus (P), as well as carbon (C), during 
metabolism (Sterner and Elser 2002; Frost et al. 2005; Small 
et al. 2009). For example, EST uses homeostasis to predict 
the ratios at which organisms selectively retain and release 
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elements to maintain homeostasis of body C:N:P across 
resource gradients (Frost et al. 2005). Despite its central 
role in EST, stoichiometric homeostasis has been quantified 
among few consumer taxa, and EST models often assume 
consumers do not change body elemental composition across 
resource stoichiometry gradients (Sterner and Elser 2002). 
Yet, some consumer taxa can flexibly change their inter-
nal body composition (Persson et al. 2010) and the lack of 
empirical assessments of homeostasis, attributable to a his-
torical focus on a few model organisms as well as methodo-
logical challenges among slow-growing and difficult-to-rear 
taxa with complex life histories (Persson et al. 2010; Hal-
vorson and Small 2016), hampers understanding of species 
responses to resource stoichiometry, and consequent links 
between organismal stoichiometry and ecosystem processes 
(Welti et al. 2017; Atkinson et al. 2017).

The concept of strict homeostasis is focal to EST as 
the basis of predicting interspecific organismal stoichi-
ometry and nutrient demands for regulation and growth 
(Fig. 1; Sterner and Elser 2002; Frost et al. 2005; Sperfeld 

et al. 2017). By definition, strictly homeostatic consum-
ers maintain internal body stoichiometry independent of 
resource stoichiometry (Sterner and Elser 2002) and, given 
significant elemental imbalances with their resources, 
must adjust feeding, assimilation, and excretion to release 
excess and retain limiting elements (Frost et al. 2005; 
Liess 2014). Most predictions are based on simplifying 
assumptions of strict homeostasis and tight correlation of 
organism initial body stoichiometry with the stoichiom-
etry of tissue production (growth) during an interval of 
time (Fig. 1a, b). Early EST models predicted that among 
organisms fed similar resource stoichiometry gradients, 
taxa of lower body C:P or C:N should subsequently release 
(egest or excrete and respire) at higher C:P and C:N ratios, 
and show lower resource sensitivity of release C:P and 
C:N, expressed as slope responses to resource stoichiom-
etry, due to greater retention of N and P to support N- and 
P-rich growth (Fig. 1c, d; Sterner 1990; Elser and Urabe 
1999). Because lower C:P and C:N taxa should also dis-
play greater growth sensitivity to C:P and C:N, these taxa 

Fig. 1  Conceptual summary of 
ecological stoichiometry theory 
regarding interspecific variation 
in homeostatic regulation and 
organismal stoichiometry of 
two elements, carbon (C) and 
nutrient X, under X-limited 
growth. Three taxa of increasing 
internal C:X composition (spe-
cies 1, 2, and 3, respectively) 
are compared. Across C:X 
gradients, organisms are pre-
dicted to exhibit strict homeo-
stasis of body C:X (a), minimal 
ontogenetic deviation of growth 
C:X from initial body C:X 
(b), flexible release C:X that is 
more sensitive to resource C:X 
among high C:X taxa (c, d), 
and increased growth rates on 
lower C:X resources, as well 
as greater growth sensitivity of 
low C:X taxa (e, f)
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are also expected to increase growth to a greater degree 
on lower resource C:P and C:N, including due to faster 
maximal growth rates of P-rich taxa (Fig. 1e, f; Elser et al. 
2003; da Ferrão-Filho et al. 2007). Despite a robust theo-
retical basis offered from many of the above case studies 
and synthesis of these studies toward foundational con-
cepts of EST (Sterner and Elser 2002), recent empirical 
tests show mixed support for these predictions and under-
lying assumptions across taxa (Torres and Vanni 2007; 
Alves et al. 2010; Hood and Sterner 2014). For example, 
body N and P contents only weakly predict interspecific 
animal N and P excretion, perhaps because some taxa devi-
ate from strict homeostasis (Allgeier et al. 2015; Vanni and 
McIntyre 2016).

Organisms may deviate from the above assumptions and 
predictions of EST either due to non-strict homeostasis, 
or due to inaccurate characterization of elemental growth 
demands, diets, and assimilation. Such deviation is impor-
tant to investigate across taxa, because it may relate to 
general, non-stoichiometric traits that can improve EST 
models (Prater et al. 2017; Meunier et al. 2017). First, 
some taxa may be weakly homeostatic, deviating from 
strict homeostasis and permitting flexible adjustment of 
body stoichiometry, leading to storage instead of release 
of excess elements, such as to increase nutrient use effi-
ciency (Woods et al. 2002; Persson et al. 2010; Benstead 
et al. 2014). Second, many taxa show ontogenetic shifts 
during growth, which causes growth stoichiometry over an 
interval to differ from initial or final body stoichiometry, 
respectively, measured prior or after the interval (Back 
and King 2013; Hood and Sterner 2014; Richard and de 
Roos 2018). These ontogenetic shifts can change both P 
excretion and growth sensitivity during growth, such as 
among vertebrates investing in P-rich bone (El-Sabaawi 
et al. 2016; Stephens et al. 2017). Finally, taxa may devi-
ate from EST predictions when individuals exhibit selec-
tive feeding or assimilation, which can weaken expected 

relationships between the stoichiometry of available 
resources and growth rates or nutrient release (Hood et al. 
2014; Urabe et al. 2018).

Among the studies testing EST predictions across taxa, 
most either focus on a select few taxa, constraining broader 
inference, or use exclusively field-collected organisms, per-
mitting less control of confounding variation (but see Hood 
and Sterner 2014). Additional comparisons across a suite 
of taxa, reared under controlled laboratory settings, would 
provide robust assessments of homeostasis and subsequent 
predictions of EST (Halvorson and Small 2016). Such com-
parisons are particularly needed from non-model organisms, 
to test the generality of EST predictions. An understudied 
trophic group with respect to EST (Martinson et al. 2008), 
detritivores are slow growing and face significant con-
sumer–resource elemental imbalances compared to well-
studied herbivorous zooplankton, and may therefore respond 
strongly to resource ratio gradients (Cross et al. 2003; Frost 
et al. 2006; Demi et al. 2018). Moreover, detritivores may 
deviate from EST predictions due to selective feeding and 
assimilation of N- and P-rich detrital microbial biomass, 
potentially confounding EST predictions (Hood et al. 2014; 
Dodds et al. 2014). Detritivores play crucial roles channeling 
detrital/microbial energy and nutrients into the food web, 
and in processing detrital nutrients via production of nutrient 
wastes (Moore et al. 2004; Zou et al. 2016; Parr et al. 2019). 
Detritivores thus represent a novel, potentially sensitive, and 
important trophic group in which to test assumptions and 
deviation from several predictions of EST.

Here, we tested general predictions of EST among seven 
field-collected aquatic invertebrate detritivore taxa (Table 1) 
reared in the laboratory on resource stoichiometry gradi-
ents of oak (Quercus stellate) and maple (Acer saccharum) 
leaf litter. In a recent analysis, we showed that growth, con-
sumption, and assimilation by all taxa changed in response 
to resource N and P contents and leaf type (Halvorson 
et al. 2018). We sought to further investigate interspecific 

Table 1  Taxonomic order, family, genus, and abbreviated names of seven aquatic invertebrate taxa used in feeding experiments and reared at 
designated temperatures

Initial molar body C:N, C:P, and individual dry mass are presented as mean ± SE. Taxa are arranged according to non-metamorphic (Isopoda), to 
hemimetabolous (Plecoptera), to holometabolous (Trichoptera/Diptera) development

Order Family Genus Abbreviation Initial body C:N Initial body C:P Initial dry mass (mg) Rearing 
temperature 
(°C)

Isopoda Asellidae Lirceus LI 5.70 (0.14) 86 (2) 0.978 (0.287) 10
Plecoptera Capniidae Allocapnia AL 4.35 (0.11) 126 (13) 0.178 (0.068) 10
Plecoptera Nemouridae Amphinemura AM 5.16 (0.09) 110 (3) 0.343 (0.020) 10
Plecoptera Taeniopterygidae Strophopteryx ST 4.30 (0.13) 149 (23) 0.228 (0.126) 5
Trichoptera Lepidostomatidae Lepidostoma LE 8.37 (0.16) 141 (5) 2.384 (0.920) 10
Trichoptera Limnephilidae Pycnopsyche PY 5.66 (0.10) 82 (3) 1.469 (0.383) 10
Diptera Tipulidae Tipula TI 5.07 (0.24) 190 (29) 3.90 (3.16) 15
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differences underlying these findings, presenting stoichio-
metric homeostasis and ontogenetic shifts of body stoichi-
ometry to examine how general patterns across taxa are 
related to interspecific egestion stoichiometry and growth 
rates across the resource gradient. We predicted that (H1) 
consistent with Fig. 1a, invertebrates would exhibit strict 
homeostasis, indicating no response of body C:N or C:P to 
resource C:N or C:P, as is most common among other ani-
mals (Persson et al. 2010). However, we predicted (H2) C:P 
of new tissues (referred to as growth C:P) would exceed ini-
tial body C:P, because organisms reduce growth rates as they 
develop, causing newer tissues to contain less P-rich ribo-
somal RNA and resulting in lower P tissues during ontoge-
netic change (Elser et al. 2003; Gillooly et al. 2005; Hood 
and Sterner 2014), but we predicted that growth C:N would 
reflect initial body C:N during growth, because invertebrate 
tissue N contents tend to remain constant during ontogeny 
(Fig. 1b; Back and King 2013). As a reflection of strict 
homeostasis and minimal changes in assimilation C:N and 
C:P across resource gradients, we predicted (H3) egestion 
C:N and C:P would decrease on lower C:N and C:P diets, 
as shown previously among three taxa included in this study 
(Fig. 1c; Halvorson et al. 2015a), and we expected higher 
C:P and C:N taxa would show greater sensitivity (steeper, 
higher slopes) of egestion stoichiometry to resource stoichi-
ometry (Fig. 1d). Finally, because growth rates increased on 
lower C:P and C:N resources across all seven taxa (Halvor-
son et al. 2018), we further predicted (H4) the slopes would 
be more sharply negative (greater growth sensitivity) among 
lower C:N and C:P taxa, compared to higher C:N and C:P 
taxa (Fig. 1e, f).

Materials and methods

Feeding experiments

We collected recently abscised sugar maple (Acer saccha-
rum) and post oak (Quercus stellate) leaves in Washington 
County, Arkansas, USA in the fall of 2010, air-dried leaves, 
and stored them in a greenhouse. These two leaf species were 
chosen to provide contrasting recalcitrance and responses to 
increased dissolved nutrient concentrations in association 
with initial experiments (Scott et al. 2013). Before experi-
ments, we cut maple and oak leaves into 13.5 mm diam-
eter disks for feeding to Pycnopsyche and Tipula. We used 
whole leaves of each leaf species and tore them into large 
sections for feeding to Lirceus, Strophopteryx, Allocapnia, 
Amphinemura, and Lepidostoma. To establish gradients 
of litter resource stoichiometry, leaves were leached for 
2–3 days and underwent microbial conditioning in coarse 
mesh bags for a minimum of 7 and maximum of 12 weeks in 
tubs containing 20 L aerated dechlorinated tap water under 

1000 µg  L−1 N–NO3 as  KNO3 and one of four dissolved P 
amendments as  Na2HPO4: 0, 50, 100, or 500 µg P  L−1 at 
room temperature (~ 23 °C). Water was flushed and nutri-
ents re-amended every 2–3 days during conditioning. Leaf 
litter incubation tubs were inoculated with microbes using 
mixed detrital slurry collected, homogenized, and subsam-
pled (50 mL of slurry added to each tub) from Mullins and 
Scull Creeks in Fayetteville, Arkansas.

Conditioned litter was fed ad libitum to each of the seven 
field-collected shredder-detritivore invertebrate taxa in 
the laboratory (Table 1). We collected all taxa from Ozark 
Highlands streams between 2012 and 2014. Prior to each 
experiment, individuals were collected from the same stream 
reach, given mixed litter, and returned to the laboratory. We 
determined initial dry mass from a subset of gut clearance 
individuals using head capsule width (Pycnopsyche), blot-
ted mass (Tipula), or dry mass across a random subset of 
individuals of a set range in body length. We cleared guts 
of subsampled gut clearance individuals by allowing them 
to sit without food for 24 h prior to freezing, reducing but 
not completely eliminating the amount of material within 
the gut. All other experimental individuals were randomly 
assigned growth chambers (1 or 5 individuals per chamber) 
containing 100 mL stream water and mesh inserts (0.5 or 
1 mm, depending on body size). We used differing densi-
ties of individuals to ensure measurable accumulation of 
egesta (i.e., we needed more individuals from small-bodied 
taxa) within each growth chamber. Growth chambers were 
constantly aerated and were assigned litter from one of the 
two leaf species incubated under one of the four P amend-
ments. We assigned individuals separate leaf species diets to 
investigate effects of leaf type on responses to nutrients (see 
Halvorson et al. 2018). Individuals were fed fresh litter every 
2–3 days (leaf disks) or every week (whole leaf sections) and 
growth chamber water was changed every 5 days. On each 
feeding date, we collected and oven dried (50 °C) a subset of 
litter to determine C, N, and P contents (see below).

Growth experiments ranged in duration from 14 to 
33 days and also differed in temperature, based on the tem-
peratures at which we could successfully rear individuals 
(see Table 1). At the end of each experiment, individuals 
underwent 24-h gut clearance and were frozen. Individuals 
were thawed, subsequently oven dried (50 °C), and weighed 
to determine dry mass.

Growth and egestion measurements

We conducted trials to measure egestion rates once weekly 
during each experiment with each taxon. Egestion trials took 
place between feeding events. At the beginning of trials, 
growth chambers were provided with fresh filtered stream 
water, and egesta were allowed to collect below mesh inserts 
over a 2–3 days period. Egestion trial duration was similar 
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across all taxa. At the end of each egestion trial, accumulated 
egesta were filtered onto pre-combusted (500 °C, 2 h) and 
pre-weighed glass fiber filters (1 µm, Pall, Inc.), and oven 
dried (50 °C) prior to desiccation and weighing. Our method 
of measuring egestion also captured small fragments of leaf 
litter derived from feeding activity, which would overesti-
mate egestion rates, but we estimate leaf fragments con-
tributed < 10% of dry mass to fine particulates measured as 
egesta.

We calculated growth rates based on the change in dry 
mass during each experiment. We calculated instantaneous 
growth rates using the equation

where DM represents final or initial dry mass, respectively, 
and time is experiment duration in days.

Elemental content analysis

Leaf litter samples, egestion filters, and initial and final indi-
viduals were measured for C, N and P contents. Leaf litter 
was ground using a Wig-L-Bug (Crescent Manufacturing, 
Elgin, IL). Egestion filters were cut in half, and each half 
was re-weighed and assigned analysis for either C/N or P 
content. Individual Tipula, Pycnopsyche, and Lepidostoma 
were homogenized into fine powder using a spatula and sub-
sampled for C/N and P, whereas individuals from all other 
taxa were randomly assigned whole for either C/N or P anal-
ysis, due to insufficient mass to homogenize individuals into 
powder. All samples were analyzed for C/N contents using a 
Thermo Flash 2000 elemental analyzer (Thermo Scientific, 
Inc., Waltham, MA). Sample P contents were determined by 
combustion at 500 °C for a minimum of 2 h, digestion in hot 
hydrochloric acid (85 °C, 30 min), and analysis for soluble 
reactive phosphorus (APHA 2005). All elemental ratios are 
reported in molar units.

Calculations

We calculated per capita C-, N-, and P-specific egestion 
rates on each measurement date for each growth chamber. 
We then calculated average element-specific egestion rates 
across all egestion trials, providing a mean per capita rate 
for each chamber, and we used these element-specific rates 
to determine the average growth chamber C:N and C:P of 
egestion throughout each experiment.

For each growth chamber, we also calculated total per 
capita C-, N-, and P-specific growth during the growth inter-
val using the equation

growth rate (day−1) =
log(DMfinal − DMinitial)

time
,

GrowthX = [DM × QX]final − [DM × QX]initial,

where DM is individual dry mass and  QX is the proportion 
of element X in body tissues among initial or final individu-
als. We subsequently calculated the C:N and C:P ratios of 
growth among individuals that showed net positive growth 
in both C and N or C and P, respectively. Of 378 total growth 
chambers, 332 (88%) showed survival to experiment end; 
257 and 244 growth chambers (65–68%) showed positive 
growth in C and N or C and P, respectively, permitting cal-
culation of growth C:N and C:P. Some chambers exhibited 
negative element-specific growth, which indicates net loss 
of elements during the experiment, such as due to molt-
ing, excretion, and respiration. The majority of these growth 
chambers also exhibited negative instantaneous growth rates 
(mean − 0.0015  day−1) mostly on high C:N or C:P resources 
(Figs. S7, S8).

Data analysis

Previous analyses of datasets associated with these experi-
ments showed that leaf species does not affect organismal 
growth, consumption, or assimilation responses to resource 
C:N or C:P (Halvorson et al. 2018). For this reason, because 
EST makes explicit predictions about resource C:N and C:P 
but not leaf species, and because our primary interest was 
testing EST across detritivore taxa, the present analysis did 
not include leaf species as a factor.

To assess H1 that organisms would exhibit strict stoichio-
metric homeostasis, we calculated C:P and C:N stoichio-
metric homeostasis coefficients (1/H) for each taxon using 
the equation

where body C:X and resource C:X represent final measured 
body C:N or C:P and litter C:N or C:P, respectively (Pers-
son et al. 2010). We conducted this test using least-squares 
linear regression using a significance threshold of α = 0.10 
(Persson et al. 2010). We adjusted α up to 0.10 to increase 
the sensitivity of detecting shifts of body stoichiometry in 
response to resource stoichiometry (e.g., deviation from 
strict homeostasis). All other analyses used a significance 
threshold of α = 0.05 or lower.

To test H2 that growth C:P but not C:N would deviate 
from initial body C:P and C:N, respectively, for each taxon 
we compared mean growth C:N and C:P across all individu-
als to initial body C:N or C:P using two-tailed, one-sample 
t tests. We subsequently used Pearson’s correlations to test 
whether body size, and initial body C:N or C:P, were related 
to growth C:N or C:P across taxa. Because we found growth 
stoichiometry diverged from initial body stoichiometry among 
most taxa (see “Results”), we considered growth C:N and C:P 
as the more appropriate indicator of elemental demands across 

log10 body C:X =
1

H
× log10 resource C:X + log10 c,
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taxa, and we therefore used these terms in tests of subsequent 
hypotheses.

We used general linear models preliminary to ANCOVA, 
with taxon as a factor and litter C:N or C:P as covariates, to 
investigate factor × covariate interactions associated with H3 
that egestion C:N and C:P sensitivity (slopes) would be steeper 
and more positive among higher C:P and C:N taxa, and to 
test H4 that growth sensitivity (slopes) would be more sharply 
negative among lower C:N and C:P taxa. Prior to analysis, we 
adjusted growth rates of Strophopteryx and Tipula from 5 and 
15 °C, respectively, to rates at 10 °C based on temperature 
scaling of invertebrate metabolic rates reported by Gillooly 
et al. (2001).

While conducting analyses preliminary to ANCOVA, we 
first tested factor × covariate interactions to indicate whether 
slope responses to resource stoichiometry differed across taxa; 
where significant, slopes were contrasted pairwise with Bon-
ferroni correction to determine differences across taxa, and we 
subsequently conducted Pearson’s correlations to test whether 
slopes correlated with growth C:N or C:P, as well as body size 
(average individual dry mass). Where factor × covariate inter-
actions were not significant, we removed the factor × covari-
ate interaction term and used ANCOVA to determine whether 
ANCOVA-adjusted rates or ratios (e.g., growth rates adjusted 
for effects of resource C:P) differed, using Tukey’s honestly 
significant difference test to conduct pairwise comparisons 
across taxa. Response variables and covariates were log trans-
formed as necessary to improve equality of variances and lin-
earity for ANCOVA. All statistical analyses were conducted 
in R version 3.3.1.

Finally, we investigated the role of phylogeny in observed 
taxonomic differences in stoichiometric traits based on phylo-
genetically independent contrasts using the K statistic (Blomb-
erg et al. 2003; González et al. 2018). We constructed a phylo-
genetic tree among the seven taxa used in our study following 
the most recently updated phylogeny of Arthropods (Thomas 
et al. 2000; Misof et al. 2014). Because Arthropod lineages 
are poorly dated at levels of family and genus divergence, we 
assumed branch lengths of  log10 the number of tips originating 
from each source node in the phylogeny (Purvis 1995). We 
used the R packages ‘ape’ (Paradis et al. 2004) and ‘picante’ 
(Kembel et al. 2010) to calculate K statistics for the mean taxo-
nomic traits growth C:N and C:P, egestion C:N and C:P slopes, 
growth C:N slopes, and C:P-adjusted growth rates. Statistical 
significance of phylogenetic signal was determined by compar-
ing to a null model which randomly shuffled taxa across tips 
of the phylogeny using 1000 permutations.

Results

Resource stoichiometry gradients ranged widely, from 
overall minimum litter C:N = 26.5 and C:P = 663 to 
maximum litter C:N = 57.1 and C:P = 4727, with differ-
ences driven by changes of leaf litter %N and %P across 
P amendment levels (Fig. 2, Fig. S1 in Online Resource 
1). The range of C:N and C:P gradients differed slightly 
for each taxon, due to natural variance of leaf litter stoi-
chiometry across incubations prior to feeding. Across the 
resource stoichiometry gradients, most taxa exhibited strict 
homeostasis in C:N and C:P (Fig. 2, Table 2, Figs. S2,S3), 
with the exception of Strophopteryx in C:N (1/H = − 0.274; 
P = 0.010) and Tipula in C:P (1/H = 0.092; P = 0.055). 
Across all taxa, mean ± SE 1/H was − 0.018 ± 0.075 (C:N) 
and 0.026 ± 0.020 (C:P).
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Fig. 2  Summary linear regressions of final body C:N (a) and C:P (b) 
of seven invertebrate taxa fed gradients of litter C:N and C:P in the 
laboratory. Only least-squares regression fits are presented for each 
taxon. Gray lines indicate taxa exhibiting strict homeostasis (slope 
indistinguishable from zero, P > 0.10) and black lines indicate taxa 
exhibiting non-strict homeostasis (slope ≠ 0, P < 0.10). See Table  2 
for statistics, Table 1 for abbreviated taxa names, and Figs. S2, S3 for 
associated scatterplots for each taxon



235Oecologia (2019) 190:229–242 

1 3

Growth stoichiometry deviated from initial body stoi-
chiometry among the majority of taxa, often separating 
holometabolous vs. non- and hemimetabolous taxa and 
separating taxa by body size (Figs. 3, S4, S9). All six 
insect taxa exhibited growth C:N divergent from initial 
body C:N (t test, P < 0.05). Hemimetabolous Plecoptera 
exhibited lower, consistently decreasing growth C:N, 
whereas holometabolous Trichoptera and Diptera showed 
comparatively higher, usually increasing growth C:N 
(Fig. 3a). Similarly, all taxa except Amphinemura showed 
growth C:P divergent from initial C:P, with non- and hem-
imetabolous taxa showing significantly lower growth C:P 
and holometabolous taxa exhibiting significantly greater 
growth C:P compared to initial body C:P (Fig. 3b). Across 
taxa, growth C:N and C:P were not significantly corre-
lated with initial C:N (r = 0.63, P = 0.132) or C:P (r = 0.32, 
P = 0.489), respectively. However, across taxa, growth C:N 
and C:P were both positively correlated with body size 

(P < 0.05), indicating lower growth C:N and C:P among 
smaller-bodied taxa (Fig. S9).

Egestion C:N declined on lower C:N resources among 
most taxa, with the exception of Strophopteryx (Fig. 4a), 
resulting in positive C:N egestion slopes (Figs. 4a, S5). Sen-
sitivity (slopes) of egestion C:N to resource C:N differed 
across taxa (P < 0.001; Table 3) and was significantly dif-
ferent between Strophopteryx and all other taxa, but slopes 
were only weakly related to growth C:N (r = 0.73, P = 0.062; 
Fig. 4b). Egestion C:P consistently declined on lower C:P 

Table 2  Summary of stoichiometric homeostasis in C:P and C:N of 
seven invertebrate taxa fed litter stoichiometry gradients

The term 1/H is the inverse of the homeostasis coefficient H and 
indicates the degree of deviation from homeostasis, calculated as the 
least-squares regression slope between  log10-transformed litter stoi-
chiometry and final body stoichiometry (Persson et al. 2010; see also 
Fig. 2)
a Bold P values designate slopes statistically different from zero 
(P < 0.10)

Response Taxon 1/H 
(slope)

Slope SE P  valuea Residual df

Body C:P Lirceus 0.024 0.039 0.535 33
Allocap-

nia
− 0.027 0.034 0.437 14

Amphine-
mura

− 0.039 0.028 0.163 37

Strophop-
teryx

− 0.003 0.068 0.965 37

Lepidos-
toma

0.033 0.043 0.446 35

Pycnopsy-
che

0.099 0.066 0.140 58

Tipula 0.092 0.047 0.055 62
Body C:N Lirceus 0.138 0.092 0.142 33

Allocap-
nia

0.232 0.174 0.197 18

Amphine-
mura

0.013 0.036 0.730 37

Strophop-
teryx

− 0.274 0.101 0.010 37

Lepidos-
toma

0.078 0.068 0.265 35

Pycnopsy-
che

− 0.294 0.298 0.329 58

Tipula − 0.019 0.139 0.891 62

Fig. 3  Scatterplot of mean ± SE initial body and growth C:N (a) and 
C:P (b) of seven invertebrate taxa fed gradients of litter stoichiom-
etry in the laboratory. Taxa exhibiting significantly different growth 
vs. initial C:N or C:P are designated by asterisks (t test, P < 0.05). 
Solid black lines in each panel designate a 1:1 relationship between 
initial body stoichiometry and the stoichiometry of growth. Across 
taxa, neither growth C:N nor growth C:P were significantly correlated 
to initial body C:N (r = 0.63, P = 0.132) or C:P (r = 0.32, P = 0.489), 
respectively. See Fig. S4 for boxplots and scatterplots of growth C:N 
and C:P for each taxon
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resources (Fig. 4c), signified by consistent positive egestion 
C:P slopes (Figs. 4c, S6). Similar to C:N, slopes of egestion 
responses to resource C:P differed across taxa (P < 0.001; 
Table 3). Lirceus exhibited a significantly lower egestion C:P 
slope compared to Lepidostoma and Pycnopsyche (Fig. 4d) 
and slopes were not significantly correlated with growth C:P 
(r = 0.44; P = 0.318 Fig. 4d). Egestion C:N and C:P slopes 
were not correlated with body size across taxa (Fig. S9).

Temperature-corrected growth rates generally increased 
on low C:N litter, as indicated by negative slopes between 
growth rates and resource C:N among most taxa (Figs. 5a, 
b, S7). These growth slopes differed significantly across 
taxa (P = 0.002; Table 3) and growth of Tipula and Pyc-
nopsyche responded more strongly than growth of Lepi-
dostoma, with Pycnopsyche also responding more strongly 
than Lirceus (Fig. 5b). Growth sensitivity to resource C:N 
was not correlated with growth C:N (r = − 0.09, P = 0.857; 
Fig. 5b). Similarly, growth rates often increased on lower 
C:P litter (Fig. S8), but unlike growth slopes with resource 

C:N, growth slopes with resource C:P were statistically 
similar across taxa (P > 0.05; Table 3). After account-
ing for uniform effects (slopes) of litter C:P on growth 
across taxa, growth rates were significantly higher among 
Allocapnia compared to Tipula, which grew faster than 
Pycnopsyche, and Pycnopsyche grew faster than Lepidos-
toma and Strophopteryx (Fig. 5d). ANCOVA C:P-adjusted 
growth rates (growth rates adjusted for differences in lit-
ter C:P) were not correlated with growth C:P across taxa 
(r = 0.03, P = 0.949). Neither growth C:N slopes nor 
C:P-adjusted growth rates were correlated with body size 
across taxa (Fig. S9).

The analysis of phylogenetic signal (K statistics) sug-
gested that phylogeny plays the greatest role in growth C:N 
differences across taxa (K = 0.79), followed by growth C:P 
and C:N egestion slopes (K = 0.52 and 0.53, respectively; 
Fig. S10). Phylogenetic signal was minimal among all other 
traits, and K did not statistically differ from zero among any 
of the six traits analyzed across taxa (P > 0.05).
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Fig. 4  Relationships between egesta C:N and litter C:N (a) and egesta 
C:P and litter C:P (c) across seven invertebrate taxa. In a, c, least-
squares regression fits are displayed as black lines for each taxon 
(abbreviations as in Table 1) relative to theoretical 1:1 relationships 
of no selective assimilation in C:N or C:P (light gray line). Slopes 
differed significantly across taxa (ANCOVA P < 0.05; Table  3) and 
mean ± SE slopes and growth C:N and C:P of each taxon are pre-

sented in b, d, respectively. Letters in (b) and (d) designate statisti-
cally different taxa based on Bonferroni-corrected pairwise compari-
sons (P < 0.0024). Across taxa, C:N and C:P egestion slopes were 
not significantly related to growth C:N (r = 0.73, P = 0.062) or C:P 
(r = 0.44, P = 0.318), respectively. See Figs. S5, S6 for associated 
scatterplots for each taxon
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Discussion

Our study shows taxonomic variation in the stoichiometry of 
homeostasis, growth, and nutrient release of aquatic inverte-
brates across resource stoichiometry gradients, highlighting 
support of some principles tempered by weak support of 
several hypotheses based on EST predictions across spe-
cies. Broadly, we found support for the assumption of strict 
stoichiometric homeostasis of most taxa across resource 
C:N and C:P gradients (H1). This finding may apply broadly 
across invertebrate detritivores given we used multiple 
species, and our study was conducted using robust meth-
ods including replication in a controlled laboratory setting 
among organisms at similar initial life stages, as recom-
mended previously (Persson et al. 2010; Halvorson and 
Small 2016). Despite maintenance of homeostasis across 
resource gradients, we did not find support of H2 because 
most taxa exhibited growth C:N and C:P deviating from 
initial measured body C:N and C:P, indicating ontogenetic 
changes in body stoichiometry likely explained by species-
specific ontogeny and body size. While growth C:N and C:P 

Table 3  Analysis of covariance table testing litter C:N and C:P 
(covariate) effects on egestion C:N, egestion C:P, and temperature-
corrected growth rates across seven invertebrate taxa (factor)

Significant factor × covariate interactions indicate heterogeneous 
slopes; the interaction term was removed from the model when not 
significant (P > 0.05). See also Figs. 4 and 5
a Bold P values indicate statistical significant (P < 0.05)
b Log10-transformed prior to analysis

Response Predictor F value P  valuea

Egestion C:Nb Litter C:Nb 76.21,309 < 0.001
Taxon 4.26,309 < 0.001
Interaction 5.26,309 < 0.001

Egestion C:Pb Litter C:Pb 322.91,315 < 0.001
Taxon 2.46,315 0.026
Interaction 3.26,315 0.004

Growth rate Litter C:Nb 34.81,318 < 0.001
Taxon 3.96,318 < 0.001
Interaction 3.76,318 0.002

Growth rate Litter C:Pb 12.31,324 < 0.001
Taxon 47.26,324 < 0.001
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Fig. 5  Relationships between growth rates and litter C:N (a) and litter 
C:P (c) across seven invertebrate taxa. In a, c, least-squares regres-
sion fits are displayed for each taxon (abbreviations as in Table  1). 
In a, slopes differed significantly across taxa (P < 0.001; Table  3) 
and mean ± SE slopes and growth C:N are presented in b. In c, taxa 
displayed statistically similar slopes (no factor × covariate interac-
tion) and ANCOVA indicated significant differences in growth rates 

after adjusting for litter C:P ( P< 0.001), displayed in d. Letters in (b) 
and (d) designate statistically different taxa based on pairwise com-
parisons. Across taxa, growth C:N slopes and mean adjusted growth 
rates were not related to growth C:N (r = − 0.09, P = 0.857) or C:P 
(r = 0.03, P = 0.949), respectively. See Figs. S7, S8 for associated 
scatterplots for each taxon



238 Oecologia (2019) 190:229–242

1 3

should provide relative indicators of organism demands for 
growth, we found these terms weakly predicted interspe-
cific patterns in the sensitivity of organism nutrient release 
and growth rates across resource gradients (H3 and H4, 
respectively). Our tests of EST suggest an additional need 
for models that consider other components of species-level 
variation such as feeding behavior, selective assimilation, 
and ontogeny, to accurately predict interspecific variation in 
stoichiometric traits (Dodds et al. 2014; Allgeier et al. 2015; 
Vanni and McIntyre 2016; Meunier et al. 2017).

The degree of organism homeostasis indicates how body 
storage or depletion of excess or limiting elements, respec-
tively, may change flexibly with variable resource C:N or 
C:P (Persson et al. 2010). In our study, the majority of seven 
taxa displayed strict homeostasis, because 1/H did not dif-
fer from zero (Fig. 2). Among taxa deviating from strict 
homeostasis, the 1/H values indicate that Tipula exhib-
ited homeostasis in C:P and Strophopteryx exhibited weak 
homeostasis in C:N, based on classifications of Persson et al. 
(2010). The mean strength of homeostasis across all taxa 
(1/H = − 0.018 and 0.026 for C:N and C:P, respectively) was 
consistent with other animals’ strict homeostasis (Sterner 
and Elser 2002). Yet, compared to other aquatic macroinver-
tebrates (exclusively herbivorous Mollusca) showing mean 
unweighted 1/H = 0.21 and 0.11 in C:N and C:P, respec-
tively, and zooplankton (Cladocerans) exhibiting 1/H = 0.17 
and 0.12 in C:N and C:P, respectively, detritivores in our 
study were consistently more homeostatic (Persson et al. 
2010). Because we assessed homeostasis over physiologi-
cal and ecological timeframes of days to weeks, our results 
suggest short-term stoichiometric flexibility is an unlikely 
explanation for increased aquatic invertebrate nutrient con-
tents associated with nutrient enrichment in the field (Cross 
et al. 2003; Small and Pringle 2010; Feijoó et al. 2014). 
Instead, longer-term processes, such as phenotypic plasticity 
(e.g., altered development from extended rearing) or evolu-
tionary adaptation, may drive increased animal storage of 
excess N or P in nutrient-rich environments (Prater et al. 
2017; Leal et al. 2017). Maintenance of homeostasis across 
wide resource gradients would require significant changes 
at other levels of regulation, such as flexible ingestion, eges-
tion, respiration, and excretion (Frost et al. 2005; Moody 
et al. 2015; Halvorson et al. 2018).

While organisms may regulate internal body stoichiom-
etry across resource gradients, the stoichiometry of tissue 
growth may differ from existing tissues due to dynamic 
ontogenetic changes that require specific allocation of ele-
ments to new tissues (Hood and Sterner 2014; Richard and 
de Roos 2018). These ontogenetic changes are well docu-
mented for many taxa including invertebrates, fish, and 
amphibians, in which investment in bone or lipid storage 
alters organismal stoichiometry (Pilati and Vanni 2007; Back 
and King 2013; Zhang et al. 2016; Stephens et al. 2017). 

Across our focal species, ontogenetic deviation of stoichi-
ometry was not consistent, and we show that instantaneous 
measures of initial body stoichiometry are poor predictors 
of growth stoichiometry over an interval, both within and 
across species (Fig. 3). Growth limitation models, including 
classic models of EST (Sterner and Elser 2002), frequently 
assume organism growth stoichiometry matches tissue 
stoichiometry measured prior to a growth interval. Because 
growth C:N and C:P diverged − 30 to + 54% and − 145 to 
74% from initial body C:N and C:P, these models may be 
sensitive to the assumption of no change in organismal stoi-
chiometry during growth (Halvorson et al. 2015b). Stoichio-
metric models would therefore benefit from additional study 
and consideration of dynamic organismal stoichiometry 
during growth (Bullejos et al. 2014; Stephens et al. 2017; 
Richard and de Roos 2018). Specifically, our study suggests 
models applied across multiple species would benefit from 
considering body size, which across taxa was positively cor-
related with growth C:N and C:P.

Our findings did not support EST assumptions that 
growth stoichiometry would reflect initial body stoichiom-
etry. However, our study does show interspecific patterns 
may reflect broad phylogenetic differences across inverte-
brates, attributable to life history or body size (González 
et al. 2018). Patterns in growth C:N and C:P differed notably 
between smaller, non- and hemimetabolous taxa (Isopoda, 
Plecoptera) versus larger holometabolous taxa (Trichoptera, 
Diptera; Fig. 3). For example, all Plecoptera exhibited low, 
declining C:N of growth, whereas Trichoptera and Diptera 
exhibited high, increasing (except Lepidostoma) C:N of 
growth during experiments. This pattern may reflect invest-
ment in high C:N fat body (lipids) during prepupal larval 
stages among holometabolous taxa (Sun et al. 2013; Nes-
tel et al. 2016); in turn, Plecoptera may exhibit low C:N 
growth to invest in muscle tissues to support wing devel-
opment. Indeed, both Allocapnia and Amphinemura larvae 
were in terminal instars with wingpads, or emerging as 
winged adults, at the end of their respective experiments. 
Likewise, Lepidostoma was closest to pupation among the 
holometabolous taxa, and may have exhibited growth C:N 
below initial C:N, because individuals were beginning lipid 
mobilization prior to pupation. We observed similar gen-
eral patterns in growth C:P, suggesting major invertebrate 
phylogenetic groups could differ in the stoichiometry of 
growth limitation and nutrient release. These patterns were 
correlated with body size, indicating smaller-bodied taxa 
synthesize N- and P-rich tissues compared to larger-bodied 
taxa. Additionally, growth C:N exhibited the greatest phylo-
genetic signal across all traits, consistent with an evolution-
ary signal recently illustrated for %C, %N, and C:N across a 
broader interspecific study of invertebrates at global scales 
(González et al. 2018). As an implication, smaller hemi- 
and non-metabolous larvae may exhibit lower C:N and C:P 
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growth demands compared to larger holometabolous larvae, 
because the latter group exhibits greater C demands for lipid 
storage (Sun et al. 2013; Nestel et al. 2016). Factors which 
affect aquatic invertebrate assemblage traits, such as stream 
intermittency selection for high adult mobility and shorter 
aquatic larval life spans (Townsend et al. 1997; Cañedo-
Argüelles et al. 2015), could favor lower C:N and -C:P tissue 
investment, in turn affecting ecosystem nutrient dynamics by 
increasing nutrient limitation and enhancing animal nutrient 
retention relative to recycling (Meunier et al. 2017; Atkinson 
et al. 2017).

Interspecific variation in organismal stoichiometry should 
drive variable stoichiometry of nutrient release and growth 
rates across resource gradients (Fig. 1; Elser and Urabe 1999; 
Hood and Sterner 2014). In our study, growth C:N and C:P 
did not strongly relate to interspecific patterns in C:N or C:P 
egestion in response to resource C:N and C:P (Fig. 4). As pre-
dicted, most taxa exhibited lower C:N and C:P egestion on 
lower C:N and C:P diets (positive slopes), indicating flexibil-
ity in the stoichiometry of assimilation and nutrient release 
necessary to maintain homeostasis (Frost et al. 2005). Nota-
bly, Strophopteryx did not follow other interspecific trends 
in egestion stoichiometry, exhibiting a negative slope in C:N 
release and a high C:P egestion slope given its low growth C:P 
(Fig. 4b, d). Strophopteryx may be an outlier because indi-
viduals exhibited the slowest (often negative) growth rates and 
were likely N-limited, given low growth C:N. With exclusion 
of Strophopteryx, C:P egestion slopes were strongly positively 
related to growth C:P (r = 0.89, P = 0.018), indicating lower 
C:P taxa exhibit lower sensitivity of egestion C:P to resource 
C:P gradients, likely due to greater P assimilation to support 
P-rich growth, resulting in less efficient release of P (Elser 
et al. 2000). We note that our study was limited by consider-
ing only egestion stoichiometry, reflective of regulation during 
assimilation, when the stoichiometry of other forms of release, 
namely respiration, excretion, and exuviation, may also con-
tribute to homeostatic regulation post-assimilation (Anderson 
et al. 2005). Such data would provide a more thorough test 
of EST predictions, offering complete elemental budgets and 
addressing the comparative importance and flexibility of pre- 
versus post-assimilatory pathways of homeostasis. Still, our 
findings affirm that diet and organism stoichiometry can both 
control the stoichiometry of egestion, the dominant pathway 
of nutrient release among our study organisms, and more work 
should investigate mechanisms of species-specific patterns 
(Vanni et al. 2002; Dalton et al. 2017; Halvorson et al. 2017).

Organism growth rates may also respond to resource stoi-
chiometry gradients depending on taxonomic traits such as 
organism stoichiometry (da Ferrão-Filho et al. 2007; Hood 
and Sterner 2014). We found that most taxa increased 
growth rates on lower C:N and C:P resources, indicating 
N- and P-limited growth. Co-limitation by N and P may 
have contributed to these responses because N and P in litter 

increased simultaneously, rendering it difficult to deter-
mine which element was most limiting for growth. Further, 
growth rates may have also increased due to greater fungal 
or bacterial biomass (higher C quality) on low C:N and C:P 
litter (Manning et al. 2015), a response to be investigated 
further by controlling for microbial biomass or N content 
(see Danger et al. 2013). While taxa differed in their growth 
responses to resource C:N, growth C:N was not a strong 
predictor of these taxonomic differences. Growth responses 
to resource C:P were similar across taxa, but overall growth 
rates spanned a wide range across species and were not 
related to growth C:P nor body size, as would be expected by 
the growth rate hypothesis (Elser et al. 2003; Gillooly et al. 
2005; Hood and Sterner 2014) (Fig. 5). This weak correla-
tion may reflect different life stages or ability to assimilate 
nutrients from leaf litter across taxa. Overall, species-spe-
cific stoichiometry of assimilation or selective feeding, not 
growth stoichiometry, may be most important to determining 
taxonomic variation in growth rates and growth sensitivity to 
resource stoichiometry (Hood et al. 2014; Urabe et al. 2018). 
For example, Urabe et al. (2018) recently showed that meas-
uring feeding and assimilation rates improves the prediction 
of Daphnia growth responses to diet C:P. Accounting for the 
stoichiometry of species-specific feeding and assimilation 
may therefore improve explanation of interspecific growth 
rates across taxa fed resource gradients.

While all focal species in our study are shredder detri-
tivores, some of our results suggest the degree of selective 
feeding on N- and P-rich litter microbes, namely fungi, 
may differ across major phylogenetic groups and explain 
interspecific differences (Arsuffi and Suberkropp 1989). 
Fed a given resource C:N:P, Isopoda and Plecoptera species 
consistently egested at lower C:P and C:N ratios compared 
to Trichoptera and Diptera species (Fig. 4a, c), indicating 
N- and P-enrichment of egesta which may indicate greater 
selective feeding on microbes by the former two taxonomic 
groups (Hood et al. 2014) and/or greater assimilation of lim-
iting N and P by the latter two groups (Clissold et al. 2010). 
Based on our observation of feeding behavior, certain taxa 
(Plecoptera) tend to “scrape” biofilm off leaves, leaving a 
skeleton of leaf matrix and ingesting lower C:N and C:P 
diets compared to bulk litter, in contrast to Pycnopsyche 
and Tipula that “chew” leaf litter in bulk and thus feed less 
selectively on leaf litter microbes. These taxa also differ in 
mobility, ranging from highly mobile feeders which may be 
able to selectively forage (Lirceus, Plecoptera) to less mobile 
case-making caddisflies (Lepidostoma and Pycnopsyche) 
and Tipula that cannot forage as selectively (Arsuffi and 
Suberkropp 1989). These strategies of greater selective feed-
ing by Isopoda and Plecoptera may also support the demands 
of comparatively N- and P-rich growth. Still, our study 
indicates a weak phylogenetic signal among most of these 
stoichiometric traits, possibly due to the limited number of 
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taxa we studied, as well as our restriction to specific life 
stages which prevents an integrated measure of whole lifes-
pan taxonomic traits. Additional analysis of traits, such as 
of gut contents or mouthpart electron microscopy analysis, 
would resolve species-level differences, providing greater 
accuracy of ingestion stoichiometry, but gut contents would 
be difficult to extract from some small taxa used in this study 
(Lauridsen et al. 2012). Overall, the taxonomic differences 
in egestion and growth stoichiometry point to substantial 
diversity among shredder detritivores, to be investigated as a 
basis for divergent nutritional niches and responses to nutri-
ent enrichment (Evans-White et al. 2009; Prater et al. 2015; 
González et al. 2017).

Conclusions

We quantified changes in the stoichiometry of growth, 
homeostasis, and nutrient release (egestion) across resource 
nutrient gradients among seven detritivorous invertebrate 
taxa. Our findings show support for strict homeostasis of 
most taxa, but indicate organismal stoichiometry can change 
during growth, with patterns differing across species and 
carrying weak phylogenetic signal, but coarsely related to 
major phylogenetic groups. Growth limitation models may 
therefore lose accuracy by assuming organism growth stoi-
chiometry matches initial stoichiometry among species with 
complex ontogeny (see also Richard and de Roos 2018). 
Interestingly, growth stoichiometry was further related 
only weakly to interspecific patterns in growth and nutri-
ent release, with the exception that lower C:P taxa tended 
to exhibit lower sensitivity of C:P egestion to resource C:P. 
Consideration of additional stoichiometric and non-stoichi-
ometric traits (e.g., feeding, assimilation, and ontogeny) may 
improve prediction of interspecific patterns in growth and 
nutrient release. Notably, taxa in our study may be ranked 
along a continuum of overall sensitivity to resource stoi-
chiometry; Lirceus and Allocapnia exhibited low whereas 
Tipula and Pycnopsyche exhibited high growth and egestion 
sensitivity across the resource gradients. These groupings 
in sensitivity may be associated with other traits, namely 
the degree of selective feeding, as the former two taxa also 
produced comparatively N- and P-rich egesta indicative of 
ingesting N- and P-rich microbes, which may “buffer” organ-
ismal sensitivity to resource nutrient composition (Meunier 
et al. 2016; Sperfeld et al. 2017). Because growth and nutri-
ent acquisition are intimately linked through homeostasis 
(Sterner and Elser 2002), degrees of resource sensitivity of 
these organismal processes are likely to be interconnected 
and affect community- and ecosystem-level processes across 
wide resource nutrient gradients (Jochum et al. 2017; Farrell 
et al. 2018).
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