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Selective feeding determines patterns of nutrient release

by stream invertebrates

James M. Hood"3, Camille McNeely?*, Jacques C. Finlay®®, and Robert W. Sterner-®

1Department of Ecology, Evolution and Behavior, University of Minnesota, St. Paul, Minnesota 55108 USA
2Department of Biology, Eastern Washington University, Cheney, Washington 99004 USA

Abstract: One common stoichiometric approach to predicting patterns of nutrient release (excretion + egestion)
by animals in aquatic ecosystems is to base predictions on elemental mass-balance constrained by homeostatic
maintenance. An easily measured resource composite (i.e., seston, epilithon, or leaf litter) often is used to rep-
resent ingested stoichiometry, but whether such a composite is a good indicator of food actually ingested is a
relatively unexplored assumption. We examined the application of a stoichiometric model to the diets of 4 gen-
eralist stream invertebrates. We fed 3 trichopteran and 1 amphipod taxa rations consisting of cultured algae,
stream epilithon, and several species of conditioned leaf litter. The rations ranged widely in C: N from 10 to 69
(molar) and in C: P from 165 to 3500. After a 2-d feeding period, we measured NH," and PO,>" excretion, and
C, N, and P egestion rates. The relationships observed between the stoichiometries of release and ration were
unexpected. Total N: P release rates conformed to stoichiometric predictions for only 1 taxon. Excretion and
egestion rates and ratios were generally similar across diets and rarely varied with ration stoichiometry. These
patterns were the result of smaller-than-expected responses to leaf-litter rations, which were the most imbal-
anced relative to body stoichiometry. Analysis of the C: N stoichiometry of foregut material for 2 taxa showed
selective ingestion of an N-rich fraction of leaf litter, in 1 case reducing an apparent 8.4:1 C: N imbalance be-
tween diet and body composition to 1.5 : 1. Our results show that selective feeding can reduce potential stoichio-
metric imbalances, altering patterns of nutrient release relative to expectations based on bulk-diet stoichiometry.
Assuming that stream invertebrates consume materials stoichiometrically similar to a resource composite can
obscure understanding of stoichiometric imbalances and the role of invertebrates in nutrient cycles.
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feeding

Animals play many important roles in freshwater nutri-
ent cycles (Vanni et al. 2002). One important pathway in-
volves the release of nutrients in solid and soluble waste
products. In benthic habitats, nutrient excretion by ani-
mals can influence soluble N : P ratios and can be an im-
portant source of nutrient regeneration (Grimm 1988,
Hall et al. 2003, Mclntyre et al. 2008, Liess and Kahlert
2009, Benstead et al. 2010). Fecal particles also can consti-
tute an important contribution to benthic fine particulate
organic matter (FPOM) pools (Grimm 1988, Wallace et al.
1991, Mulholland et al. 1995), creating a high-quality sub-
strate for animals and microbes. Animal waste products
link animals, basal resources, and nutrient cycles. There-
fore, predicting nutrient release rates and ratios has been
a long-standing goal of ecologists (Peters and Rigler 1973,
Olsen and Ostgaard 1985, Sterner 1990, Elser and Urabe
1999).

Nutrient-release models vary from empirical (Sereda
et al. 2008) to relatively simple mass-balance models (Sterner
1990, Olsen and Ostgaard 1985) to physiologically explicit
(Darchambeau 2005). A mass-balance model formalized by
Sterner (1990; homeostatic consumer model) has been ap-
plied widely as a framework for predicting and understand-
ing nutrient release rates (Elser and Urabe 1999, Vanni et al.
2002, James et al. 2007, Rothlisberger et al. 2008, McMana-
may et al. 2011). The homeostatic consumer model uses a
mass-balance approach (i.e., excretion + egestion = ingestion
— growth) and an assumption of strict homeostatic main-
tenance (no change in animal tissue nutrient content in re-
sponse to variation in diet nutrient content) to predict how
diet and body stoichiometry influence total release ratios
(excretion + egestion). Predicting either excretion or eges-
tion alone requires a different approach (e.g., Darchambeau
2005) or additional assumptions (e.g., excretion dominates
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total release rates; McManamay et al. 2011). When body
elemental content is tightly regulated, total nutrient release
ratios reflect consumer nutrient stoichiometry and diet nu-
trient content. In the range of diet stoichiometry where X:Y
indicates relative deficiency of Y, a positive relationship with
slope > 1 is predicted (Fig. 1). These predicted relationships
between nutrient release and body and diet stoichiometry
provide one framework for interpreting the role of animals
in nutrient cycles (e.g., McCarthy et al. 2006, Taylor et al.
2012). The validity of these predictions and their ramifica-
tions have been examined mainly in pelagic (Andersen and
Hessen 1991, Elser and Urabe 1999) and benthic systems
(Vanni et al. 2002, Frost and Tuchman 2005, Evans-White
and Lamberti 2006, James et al. 2007, Rothlisberger et al.
2008). However, successful application of the homeostatic
consumer model may still be hindered by 2 underexamined
simplifications related to selective feeding and how homeo-
static regulation is expressed in egestion and excretion.
The 1* simplification concerns the stoichiometry of the
ingested material. The mass-balance model requires as in-
put the stoichiometry of the material entering the gut of the

Y

(excretion and egestion)

p. #3

Release X

Diet X:Y

Figure 1. The homeostatic consumer model predicts that if
animals maintain strong elemental homeostasis the relationship
between total release X : Y (excretion + egestion) and food X : Y
should be positive and nonlinear. This relationship has 2 regions
demarcated by the threshold X : Y ratio separating X and Y defi-
ciency. When X is deficient, X : Y release is predicted to be low
and not to vary with diet X: Y (not shown). When Y is deficient,
X :Y release increases linearly with diet X : Y with a slope > 1.
Solid lines represent 3 species, consuming a diet deficient in Y,
differing in body X :Y stoichiometry (sp. 1 X:Y <sp. 2 X:Y <
sp. 3 X:Y). The dotted gray line is the 1: 1 line. The influence of
body X :Y on release X :Y is shown for completeness. We did
not examine the influence of body X : Y or make interspecific
comparisons. X and Y are any element. Figure adapted from
Sterner and George (2000).

animal. Users of this framework (e.g., Elser and Urabe 1999,
Balseiro and Albarifio 2006, McManamay et al. 2011) fre-
quently make the simplifying assumption that animals in-
gest material stoichiometrically similar to an easily measured
resource composite (e.g., seston, epilithon, or leaf litter). A
large literature exists concerning selective feeding by fresh-
water invertebrates (e.g., Cummins and Klug 1979, Kleppel
1993, Graga 2001), but few stoichiometric applications to
field situations include careful measurement of the ingested
food material or an evaluation of this assumption (but see
Vanni 1996, Higgins et al. 2006).

The assumption of similarity between bulk diets and
ingested material holds reasonably well for some inverte-
brates in pelagic systems. Composite or bulk seston stoi-
chiometry often appears to be a reliable predictor of the
stoichiometry of material ingested by certain zooplankton
because release ratios of these organisms relate to diet
stoichiometry as predicted (Sterner 1990, Elser and Urabe
1999). However, even in these environments, many zoo-
plankton species selectively ingest narrow particle-size frac-
tions or even individual particles (Kleppel 1993). Animal
diets in pelagic systems are stoichiometrically variable, but
often not as structurally complex as benthic organic mat-
ter sources (i.e., benthic epilithon, leaves, or detritus) where
food selection may play an even larger role in influencing
stoichiometric imbalances.

In benthic systems, correspondence between the stoi-
chiometry of a measured composite resource and ingested
material may be weak because of the complex, structured
nature of benthic basal substrates (Cummins and Klug
1979, Lock et al. 1984). This situation is more analogous
to that found in terrestrial systems than in pelagic sys-
tems. Terrestrial systems contain multiple potential diets
items that are stoichiometrically variable (e.g., bark, leaf
shoots, phloem, and microbial communities). Just as some
invertebrates select specific resources in a forest, some
benthic grazers (scrapers) often selectively ingest just a por-
tion of the epilithic matrix (Hall et al. 1998, Mulholland
et al. 2000, Tank et al. 2000, Parkyn et al. 2005, McNeely
et al. 2006). Stream detritivores (shredders) often selec-
tively ingest or assimilate the microbes growing on leaf
litter instead of the leaves (Arsuffi and Suberkropp 1989,
Graga et al. 1993, Chung and Suberkropp 2009a). The
potential stoichiometric implications of selective feeding
for benthic nutrient cycles have been noted (Cross et al.
2005, Evans-White and Lamberti 2005, 2006), but the in-
fluence of selective feeding on stoichiometric imbalances
or nutrient release have received little attention (but see
Higgins et al. 2006).

A 2 challenge in the application of this framework to
nutrient release involves our understanding of how eges-
tion and excretion are separately influenced by homeo-
static regulation, food digestibility, and other factors in-
fluencing nutrient assimilation, use, and loss. In spite of the
fact that the homeostatic consumer model is based on to-



tal nutrient input and output from consumers, most fresh-
water uses of this framework have examined excretion and
not egestion (but see Elser et al. 1995, Sterner and George
2000, Hood et al. 2005, Balseiro and Albarifio 2006). This
simplification raises a number of questions. Does homeo-
static regulation occur both in the gut and postassimila-
tion so that egestion and excretion, respectively, relate to
food stoichiometry as predicted by Sterner (1990)? Are there
differences among elements (i.e., C, N, or P) in the expression
of homeostatic regulation in egestion and excretion? Var-
iation in the influence of homeostatic regulation on excre-
tion and egestion will influence the role animals play in
freshwater nutrient cycles. This makes it important to fully
examine how both excretion and egestion are influenced
by food stoichiometry.

We examined experimentally the relationships between
nutrient release and resource stoichiometry for 4 common
stream shredders. We offered these 4 taxa several stoichio-
metrically contrasting rations (algae, epilithon, and leaf
litter) and measured N and P egestion and excretion rates
and the C: N stoichiometry of a subset of the material in-
gested. We used these data to test 3 stoichiometric predic-
tions, developed by Olsen and Ostgaard (1985) and Sterner
(1990), concerning nutrient release and food stoichiome-
try. 1) Variation in the stoichiometry of nutrient release
should be greater than the stoichiometric variation of the
ingested material (Sterner 1990). 2) Release and ingested
material stoichiometries scale positively with a slope > 1,
but this relationship may be curvilinear at the low range of
the data (Fig. 1; Sterner 1990). 3) Release rates of N and P
decline with C: nutrient stoichiometry of ingested material
(Olsen and Ostgaard 1985). To test these predictions, we
used and assessed the simplifying assumption that bulk
ration stoichiometry is an accurate representation for the
stoichiometry of ingested material.

METHODS
Study sites

We measured N and P release (excretion and egestion)
by 2 common shredder taxa in Elder Creek (Mendocino
County, California) and 2 taxa from Valley Creek (Wash-
ington County, Minnesota). Both streams are cool-water,
moderately shaded, and have stable base flow during the
summer (McNeely and Power 2007, Zimmerman and
Vondracek 2007). Elder Creek is a 3"-order steam in the
Angelo Coast Range Reserve (watershed area = 17 km” at
our study site). The region’s climate is Mediterranean with
warm, dry summers and cool, wet winters. The riparian com-
munity includes bay (Umbellularia californica), madrone
(Arbutus menziesii), Douglas fir (Pseudotsuga mencziesii), al-
der (Alnus rhombifolia), and maple (Acer macrophyllum).
A thin, heavily grazed layer of diatoms dominates epilithic
communities during the summer months (McNeely and
Power 2007).
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The Elder Creek experiments focused on individuals in
the genera Lepidostoma and Psychoglypha, common ben-
thic invertebrates in this system. Ongoing taxonomic re-
search suggests that multiple species of both Lepidostoma
(CM, unpublished data) and Psychoglypha (Psychoglypha
bella and Psychoglypha leechi) can be found in the Angelo
Coast Range Reserve. Unfortunately, larval Lepidostoma
and Psychoglypha individuals cannot be identified to spe-
cies in the field. We took care to use only the dominant mor-
photypes of both taxa. Stable C and N isotopes suggest that
Psychoglypha primarily consumes epilithon in Elder Creek,
but it consumes allochthonous detritus at other locations
in this system (JMH, unpublished data). Isotopic evidence
also suggests that the diet of Lepidostoma in Elder Creek
shifts ontogenetically from epilithon to allochthonous de-
tritus (JMH, unpublished data).

Valley Creek is a 1*-order, groundwater-fed stream (wa-
tershed area = 161 km? Zimmerman and Vondracek 2007).
We collected samples within the Belwin Reserve (www
.belwin.org), where a narrow riparian zone and a grass lawn
bound the stream. Riparian trees are primarily willow (Salix
sp.) and eastern cottonwood (Populus deltoides), but few
trees are found in the riparian area. Gammarus pseudolim-
naeus and Lepidostoma (VC [Valley Creek] Lepidostoma)
are common shredders in Valley Creek (Ruetz et al. 2002).
As for the Elder Creek site, we could not visually distin-
guish among Lepidostoma species present at Valley Creek.
Therefore, it is possible that experiments at both sites in-
volved closely related Lepidostoma species rather than a sin-
gle taxon, although all larvae used were very similar in ap-
pearance.

Elder Creek experiments

Feeding trials for Elder Creek experiments used Elder
Creek epilithon, South Fork Eel River epilithon (Psycho-
glypha sp. experiment only), and conditioned bay, ma-
drone, maple, and oak (Quercus wislizenii) litter (Table 1).
We collected freshly fallen litter and conditioned it in
flow-through chambers (0.3 x 0.6 x 0.4 m, 2-mm nylon
screen on all sides) incubated in a riffle in Elder Creek for
>1 mo before experiments. We collected epilithon just be-
fore initiation of feeding experiments from typical habitats
for Elder Lepidostoma and Psychoglypha in Elder Creek or
the South Fork Eel River.

We conducted Psychoglypha and Elder Lepidostoma ex-
periments in July and early September 2007, respectively.
Immediately prior to each experiment, we collected mid-
sized Psychoglypha (3.5 + 0.4 mg [SD]) or Elder Lepidos-
toma (4.0 + 0.5 mg) from Elder Creek and took care to
minimize the range in animal size used in the experiment.
We distributed animals to 24 flow-through chambers con-
taining 1 of the 5 (Elder Lepidostoma) or 6 (Psychoglypha)
ration types. We placed 10 Elder Lepidostoma or 8 Psy-
choglypha in each container. Epilithon treatments were
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Table 1. Mean (+1 SE) ration C: N, C: P, and N : P stoichiometry. NA = not available.

Species Ration C:N C:P N:P

Elder Lepidostoma Range 11.0-54.5 362.8-1654.0 28.2-33.2
Bay 34.1 (0.5) 1159.3 (17.8) 31.5 (1.0)
Madrone 54.5 (1.8) 1654.0 (25.0) 28.2 (0.6)
Maple 21.2 (0.4) 651.8 (77.0) 284 (2.8)
Oak 53.3 (0.6) 1574.1 (111.3) 27.3 (2.2)
Elder epilithon 11.0 (0.4) 362.8 (7.5) 33.2 (0.9)

Psychoglypha Range 11.1-59.5 287.2-3020.6 24.8-156.5
Bay 47.0 (3.4) 3020.6 (399.8) 65.2 (13.2)
S. Fork Eel epilithon 11.1 (0.2) 326.8 (13.9) 29.5 (1.6)
Elder epilithon 11.6 (0.4) 287.2 (23.6) 24.8 (1.8)
Madrone 59.5 (3.7) 2804.0 (40.9) 47.3 (3.6)
Maple 19.2 (NA) 3010.4 (NA) 156.5 (NA)
Oak 53.6 (0.3) 1640.7 (505.2) 30.6 (9.2)

Valley Creek experiments Range 10.8-69.1 165.7-3513.4 15.4-49.8
Maple 54.8 (3.4) 2014.4 (514.3) 36.3 (7.1)
Oak 45.8 (0.4) 1387.2 (111.5) 30.3 (2.5)
Pine 69.1 (5.2) 3513.4 (788.5) 49.8 (7.1)
Scenedesmus obliquus 10.8 (1.0) 165.7 (13.4) 15.4(0.5)
Willow 38.1 (1.1) 1338.7 (75.0) 35.3 (2.5)

two 5- to 10-cm-diameter rocks placed in each chamber.
Flow-through chambers were 1.9-L rectangular, Gladware®
containers with the narrow ends replaced with 2-mm nylon
screen. We placed chambers in Elder Creek in a pool with
intermediate flow that ran through the chambers for a 48-
h acclimation period prior to nutrient-release measure-
ments. We considered the 48-h acclimation period long e-
nough for the organisms to begin feeding on the new rations
and for that material to move through their guts several
times before nutrient-release measurements were made.
All Elder Creek nutrient release measurements followed
the same protocol adapted from Vanni et al. (2002). After
the 48-h acclimation period, we distributed animals in flow-
through containers as follows. We rinsed 6 Psychoglypha or
8 Elder Lepidostoma in stream water and transferred them
to containers with no food and 60 or 80 mL of filtered (What-
man GF/F, average pore size = 0.7 um; Whatman, Maid-
stone, UK) Elder Creek water. We took initial water chem-
istry samples immediately from each container, filtered
them (GEF/F filter), and later analyzed them for SRP and
NH,". We rinsed 2 additional animals, which we placed in
a glass vial on ice, and froze upon return to the laboratory
(~2-3 h later), and subsequently used for foregut analysis.
We made control containers with filtered stream water and
empty caddisfly cases to account for nonexcretory changes
in nutrient concentrations. Incubations lasted ~30 min for
Psychoglypha and 60 min for Elder Lepidostoma. Consump-

tion of fecal material may have occurred during these incu-
bations and potentially could have led to underestimation
of egestion rates. However, we think it unlikely that fecal
particles ingested during these 30- or 60-min incubations
could pass through the gut in time to influence the stoichi-
ometry of fecal material. Gastric evacuation rates for these
taxa are not available, but gut clearance times for aquatic
invertebrates are generally >1 h (Cowan and Peckarsky 1990,
Cristo 2001).

Incubation durations often must be tailored to each spe-
cies based on feeding and nutrient-release rates. Incubation
durations represent a tradeoft between competing objec-
tives: maximizing the signal-to-noise ratio for nutrient-
release measurements and minimizing the period of star-
vation (Whiles et al. 2009). We conducted pilot experiments
with the Elder Creek taxa to optimize incubation durations
and the number of individuals/container. Differences in in-
cubation times among taxa do not influence our conclusions
because statistical comparisons were not made between taxa.

Following the incubation, we gently mixed the water and
fecal material in the excretion chamber and filtered all of
the water and particles in the excretion chamber (What-
man GF/F in a Gelman syringe filter holder; Gelman, Cort-
land, New York). We filtered water from the excretion cham-
bers into glass test tubes and immediately analyzed it for
SRP and NH," in duplicate. We dried the filter at 60°C and
retained it to estimate particulate C, N, and P egestion. We



removed leaf rations from the feeding chambers, consoli-
dated them into 2 replicate samples, dried them (60°C), and
stored them for C, N, and P analysis. We used a wire brush
to remove biofilm surrounding a 4.2-cm>-diameter sample
area on the top of each stone. We used a hard toothbrush to
collect the epilithon sample, which was filtered onto 2 pre-
weighed and precombusted (550°C) GF/F filters for C, N,
and P analysis. We dried filters at 60°C and stored them for
analysis. Litter and epilithic stoichiometry could change dur-
ing the acclimation period because of uptake of excreted
nutrients, consumption of algae and microbes, or the inclu-
sion of fecal material. Therefore, we used the ration stoichi-
ometry at the end of the feeding period in all analyses. This
measure best reflects the material available to the animals
immediately prior to the excretion measurements.

Valley Creek experiments

The methods for Valley Creek (VC) measurements dif-
fered somewhat from Elder Creek methods because the
laboratory and field resources available in Minnesota dif-
fered. We collected G. pseudolimnaeus (4.9 + 1.0 mg) and
VC Lepidostoma spp. (16 + 6 mg) from Valley Creek in Oc-
tober, returned them to the laboratory, and placed them in
aerated aquaria containing 10 L of Valley Creek water and 1
of 5 diet treatments: oak (Quercus sp.), willow (Salix sp.), ma-
ple (Acer sp.), pine (Pinus strobus), or Scenedesmus obliquus,
a planktonic green alga. Scenedesmus obliquus was cultured
in chemostats under N-limited conditions, as described
by Hood and Sterner (2010). We did not use Valley Creek
epilithon because the structure of these communities (often
a thick layer of bryophytes, epilithic algae, and detritus)
made isolating a single resource impractical. Scenedesmus
obliquus settled to the bottom of the aquaria within a few
hours and was observed in the guts of both taxa. We used
separate aquaria for each consumer x resource combina-
tion. We kept aquaria in an environmental chamber at 10°C
during a 48- (G. pseudolimnaeus) or 72-h (VC Lepidostoma)
acclimation period. Following acclimation, we conducted
nutrient-release measurements as described for the Elder
Creek experiments except that all nutrient release incu-
bations were ~60 min. In the G. pseudolimnaeus experi-
ments, controls contained only filtered water. We preserved
and analyzed leaf-litter ration stoichiometry samples as de-
scribed for the Elder Creek measurements. We siphoned
S. obliquus from the aquaria and filtered the material for
C, N, and P analysis as described previously.

Foregut and hindgut material

We dissected animals from all experiments to extract
foregut samples. Elder Lepidostoma and Psychoglypha lar-
vae have simple, cylindrical guts. We classified the first %
as the foregut. We gently removed material removed from
this section, placed it in a preweighed tin capsule and dried
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it at 60°C. We weighed the material to the nearest 0.1 ug
then analyzed for C and N as described below. Adequate
mass for analysis was collected from the Elder Creek ex-
periments for C and N analysis, but the mass was insuffi-
cient to measure P. We composited samples across repli-
cates, resulting in ~2 foregut samples per treatment.

Chemical and statistical analyses

We analyzed filtrate samples for PO,>~ with the acid-
molybdate method on a spectrophotometer and for NH,"
with the fluorometric method (Holmes et al. 1999, Taylor
et al. 2007). We created NH," standard curves with filtered
stream water (Elder Creek experiments) or sample water
(i.e., filtered water from each excretion chamber; Valley
Creek experiments). Excretory products create matrix ef-
fects, which lead to underestimation of NH,* when stream
and not sample water is used for standard curves (Whiles
et al. 2009). In 2008, we conducted Elder Lepidostoma and
Psychoglypha NH,"-excretion experiments using both ap-
proaches (JMH and CM, unpublished data). NH," concentra-
tions calculated through these 2 approaches were strongly
correlated (ng NHy"/Leampie = 1.554[ug NH4"/Lyream] —
13.62; R? = 0.982, p < 0.001). The relationship did not dif-
fer between species (standardized major axis test for sim-
ilar slopes: n = 12, 2 species, p = 0.723). Therefore, we used
this linear equation to correct all Elder Creek NH," data
originally analyzed with stream-water standard curves.

We dried (60°C), weighed, and cut the filters with fecal
samples in half. We reweighed each half and analyzed them
for C and N or P. To calculate the mass of material on each
half, we assumed that the initial mass of each half was 50%
of the whole filter mass. The small fecal particles of these
taxa were distributed relatively evenly around the edge of
the filter (JMH, personal observation). We dried (60°C), ho-
mogenized with a Wiley mill (Thomas Wiley Mills, Swedes-
boro, New Jersey), and subsampled leaf-litter samples for C,
N, and P analysis. We combusted (550°C) particulate P sam-
ples and hydrolyzed them in HCl before measuring PO,
colorimetrically as molybdenum blue (DeMott et al. 1998).
We analyzed particulate C and N samples with a Perkin—
Elmer 2400 CHNS analyzer (Waltham, Massachusetts).

We calculated mass-specific N and P excretion rates as
the change in NHy-N or PO4-P per unit time divided by
the dry mass (DM) of animals. Mass-specific C, N, and P
egestion rates were calculated as the mass of C, N, or P
on the half-filter x 2, then divided by the DM of animals
and length of incubation. We estimated total nutrient re-
lease as the sum of nutrient excretion and nutrient eges-
tion. We can fully examine our predictions only with total
release N : P and not C: nutrient because we did not mea-
sure respiration or C excretion. However, we examined
the relationships between excretion and egestion and ra-
tion stoichiometry to gain a better understanding of how
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these types of waste elimination might relate to diet stoi-
chiometry. We examined the influence of ration type on
release rates and ratios with 1-way analyses of variance
(ANOVAs). We compared bulk rations to foregut mate-
rial, expressed in molar ratios, with a 2-way ANOVA and
Tukey Honestly Significant Difference (HSD) post hoc
tests. We assessed prediction 1 by comparing ranges be-
tween release and ration stoichiometry. We used standard
least-squares regression to test for the predicted relation-
ships (predictions 2 and 3; Fig. 1) between nutrient release
and ration stoichiometry. We made no statistical compari-
sons among taxa. All statistical tests were conducted in
Statistica 9.0 (StatSoft, Tulsa, Oklahoma).

RESULTS
Ration C, N, and P stoichiometry

The appropriateness of the tests we performed depends
on using rations representing a wide stoichiometric range
that encompasses values where the element in the denom-
inator is relatively deficient. In each experiment, a strong
stoichiometric contrast among the rations and ration stoi-
chiometry often exceeded by many-fold the stoichiometry
of most stream invertebrates (Table 1). For example, Valley
Creek experiment rations ranged in C: P from ~166 (algae)
to ~3513 (pine) and in C: N from ~11 (algae) to ~69 (pine).
A large C:nutrient range also was observed in the Elder
Creek experiments. As expected, S. obliquus and epilithon
were more nutrient rich than conditioned leaf litter (Ta-
ble 1).

A smaller range was observed in ration N : P, which re-
flected N-rich material (Table 1). For instance, Valley Creek
ration N : P ranged from 15.4 (algae) to 49.8 (pine), whereas
Elder Lepidostoma experiment ration N : P ranged from only
~27 (0ak) to ~33 (epilithon). C: N, C: P, and N : P differed sig-
nificantly among rations (p < 0.05) in all cases except for El-
der Lepidostoma ration N: P (p = 0.053).

Predicting nutrient release using ration stoichiometry

The homeostatic consumer model predicts a greater
range in element ratios of material released than in the
food (prediction 1). In spite of the wide stoichiometric con-
trast across rations, particularly in C : nutrient, release stoi-
chiometry had a range similar to or less than ration stoi-
chiometry in 16 of 20 cases (Fig. 2). A case constitutes each
release ratio that can be compared to stoichiometric pre-
dictions. For example, for prediction 1 we can compare
variation in N:P total release, N: P excretion, and C:N,
C:P, and N: P egestion (5 cases) for 4 species (20 cases
total). We did not present all possible cases (e.g., total C: P
release) because we did not measure respiration or C ex-
cretion rates.

The 4 instances in which the range of release stoichi-
ometry was greater than ration stoichiometry all involved
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Figure 2. The ratio of the range of release stoichiometry
(e.g., maximum release N : P — minimum release N : P) to the
range of ration stoichiometry (e.g., maximum ration N: P —
minimum ration N : P) varies widely among taxa, nutrient ra-
tios, and waste products (total release = T.R., excretion = EXC,
and egestion = EG). The homeostatic consumer model predicts
that the range of release stoichiometry will be greater than the
range of ration stoichiometry. Only patterns of excretion
N: P are consistent with these predictions. Published ratios for
zooplankton (Elser and Urabe 1999) and mayflies (Rothlis-
berger et al. 2008) are shown for comparison. VC = Valley
Creek.

N': P excretion (Elder Lepidostoma, VC Lepidostoma, G. pseu-
dolimnaeus) or total N:P release (Elder Lepidostoma). Psy-
choglypha exhibited a range of excretion N : P = ration N : P.
Thus, these taxa magnified the range of available N: P
through excretion but diminished the range of available
N:P, C:N, and C: P through egestion.

For large ranges of diet X :Y, theory predicts a positive
relationship between release and ration stoichiometry with
a slope > 1 (prediction 2; Fig. 1). This prediction was sup-
ported in only 3 of 20 possible cases, and each supporting
case involved N : P stoichiometry (Table 2). Total N: P re-
lease by Elder Lepidostoma was related to ration N:P as
predicted (Fig. 3A), and N : P excretion by Elder and Valley
Creek Lepidostoma was positively related to ration N : P with
a slope > 1 (Fig. 3B). N : P excretion ratios of both G. pseu-
dolimnaeus and Psychoglypha were variable relative to ra-
tion N : P (Fig. 2), but did not exhibit the predicted relation-
ship (Table 2, Fig. 3B). The relationship between release and
ration ratios was not significant in 12 of 20 cases (Table 2)
and overall, data clearly indicated slopes < 1 (Fig. 4A-C).

Last, theory predicts a negative relationship between nu-
trient release rates and ration C: nutrient (prediction 3).
Our results did not conform to this prediction in most cases
(Fig. 5A—F). Nutrient release rates and ration C: nutrient
were unrelated in 23 of 24 possible cases. P excretion by
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Table 2. Evaluation of prediction 2. Least-squared slopes (R?, p-value) from the relationship between nutrient release and ration

stoichiometry. Least-squared regressions used all data points and not treatment means. t = p < 0.1, * = p < 0.05, ** = p < 0.01,
* = p <0.001.
Variable Gammarus pseudolimnaeus Elder Lepidostoma VC Lepidostoma Psychoglypha

Total release
N:P vs ration N: P
Excretion
N:P vs ration N: P
Egestion
C:Nvsration C:N
C:Pvsration C:P
N:P vs ration N: P

0.21 (0.05, 0.192)
-0.41 (0.00, 0.703)
0.06" (0.09, 0.077)

0.09%* (0.24, 0.002)
0.56" (0.10, 0.053)

1.66* (0.16, 0.015)
2.62** (0.17, 0.009)
0.18*** (0.35, <0.001)

0.12** (0.20, 0.005)
0.28 (0.02, 0.394)

0.18* (0.26, 0.026) 0.04 (0.01, 0.710)

2.42*** (0.67, <0.001) ~0.33 (0.08, 0.230)
0.00 (0.00, 0.93)

0.03 (0.03, 0.513)
0.25 (0.10, 0.191)

0.20** (0.45, 0.002)
0.07 (0.08, 0.266)
0.04 (0.03, 0.477)

Valley Creek Lepidostoma was negatively related to ration
C: P as predicted (Fig. 5B, inset).

Taken together, our results do not consistently conform
to stoichiometric predictions. Results can be separated into
2 groups. On the one hand, we found little match to the-
ory for predictions involving egestion C: nutrient. On the
other hand, we found mixed support for predictions in-
volving N : P excretion (but not egestion) and ration N : P.
In comparisons involving N: P excretion, we found com-
plete support for prediction 1 and partial support for pre-
diction 2 (2 of 4 cases). As noted earlier, tests involving
total N : P release were the only tests we can make of pre-
diction 2 without making additional assumptions. In this
restricted subset of cases, only total N : P release by 1 of the
4 taxa (Elder Lepidostoma) conformed to theoretical pre-
dictions.

Balance between excretion and egestion

The balance between nutrient excretion and egestion
provides information on how homeostatic regulation in-
fluences excretion and egestion and on the relative contri-
bution of these animals to soluble and particulate nutrient
cycling. Nutrient excretion : egestion ranged from ~0.3 to
~2.9 (Appendix). In most cases, egestion was the dominant
form of nutrient release. However, Elder Lepidostoma ex-
creted more nutrients than it egested. Ration identity influ-
enced the balance between nutrient excretion and egestion
in 3 of 8 cases (Appendix).

Comparison between ration and foregut stoichiometry
The paradoxical nature of high stoichiometric contrasts
in rations (Table 1) compared with constrained stoichio-
metric variability of wastes (Figs 3—-5) may indicate that
bulk C: nutrient measurements were poor estimates of the
actual diets. We tested for selective ingestion by analyz-
ing the C and N content of Elder Lepidostoma and Psycho-
glypha foregut material. We assumed that material in the

foregut was subject to little assimilation and, therefore,
represented the stoichiometry of ingested material. We
could not acquire enough material to measure the P con-
tent of foregut material for any taxon or the C and N con-
tent of VC Lepidostoma and G. pseudolimnaeus foregut
material.

The foregut materials of Elder Lepidostoma and Psy-
choglypha were N rich relative to the rations (Fig. 6A—F).
Elder Lepidostoma foregut material was higher in N (2-way
ANOVA: F; 16 = 591.0, p < 0.001; Fig. 6C) and sometimes
lower in C (2-way ANOVA: F; 16 = 4.9, p = 0.041; Fig. 6A)
than the rations. The only significant difference between
foregut and ration C content occurred in the maple treat-
ment. Psychoglypha foregut material was significantly higher
in N than all rations except Elder epilithon (2-way ANOVA:
Fi17 = 202.1, p < 0.001, Fig. 6D). Psychoglypha foregut ma-
terial differed from the rations in terms of C content (2-way
ANOVA: F} ;7 = 4.6, p = 0.048; Fig. 6B), but post hoc tests
indicated that the contrasts were not significant (Tukey
HSD, p > 0.05). Selective feeding greatly reduced stoichio-
metric variation among ration types (Fig. 6E, F).

DISCUSSION

Nutrient release and bulk ration stoichiometry rela-
tionships were unexpected relative to our predictions. Our
results suggest that the assumption of correspondence be-
tween bulk ration stoichiometry and the stoichiometry of
ingested material was violated. At least 2, and probably all
4, taxa selectively consumed a nutrient-rich portion of the
leaf-litter rations (Fig. 6A—F). Investigators commonly use
the stoichiometry of bulk food items (e.g., ration stoichi-
ometry) as a proxy for the stoichiometry of ingested mate-
rial (e.g., Elser and Urabe 1999, Balseiro and Albarifio 2006,
McManamay et al. 2011). Thus, our results highlight the
importance of accurate model parameterization (i.e., direct
measurements of the stoichiometry of ingested material)
and the potential implications of selective feeding for stoi-
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chiometric models, animal—diet stoichiometric imbalances,
and the role of organisms in aquatic nutrient cycles. Al-
though previously recognized in reviews (Cross et al. 2005,
Frost et al. 2005), the influence of selective feeding on nu-
trient release has received little attention (but see Higgins
et al. 2006). Below we explore 3 lines of evidence suggest-
ing that selective feeding explains our unexpected patterns
of nutrient release, and then we explore the potential influ-
ence of selective feeding on stoichiometric imbalances and
aquatic nutrient cycles.

Explaining nutrient release patterns:
foregut-ration comparisons

Comparisons of foregut and ration N contents indicate
that Elder Lepidostoma and Psychoglypha ingested mate-
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<3500) (B), and N : P (inset includes only ration N: P treat-
ments <75) (C). The gray line shows unity. Significant (p <
0.05) least-squares fits are shown. VC = Valley Creek.
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rial which was 2 to 4x higher in N than the leaf-litter ra-
tions offered (Fig. 6C, D). No other food source was avail-
able during the ration acclimation period, so foregut nu-
trient concentrations probably are indicative of selective
feeding within the leaf litter, a matrix containing leaf ma-
terial, fungus, and bacteria. Microbes, often an order of
magnitude higher in N content than leaves (Cross et al.
2005), probably constitute a substantial fraction of the ma-
terial ingested by these taxa when consuming leaf litter.

To estimate the microbial contribution required to ac-
count for the differences between ration and foregut N
content, we used a 2-compartment (microbial N + leaf N)
mixing model. We did not measure N partitioning between
microbial and leaf pools. Therefore, we bracket our esti-
mates with a range of microbial N values. If microbial N
content were 5% (Ooijkaas et al. 2000), the ingested mate-
rial would be predicted to be 75 to 90% microbial. If mi-
crobes colonizing this leaf litter were 10% N, close to the
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maximum N content of fungus (Levi and Cowling 1969), the
material ingested by this species would be predicted to be
40% microbial. In the absence of selective feeding, the high
N content of the foregut material samples might indicate
that the foregut material was contaminated with caddisfly
tissue (mean = 6.3% N; JMH unpublished data), but mixing
models (caddisfly N + leaf N) predict that the foregut ma-
terial would have to be 55 to 68% caddisfly. We think con-
tamination of foregut material was a minor issue because
ingested material was collected without damaging the gut.
Taken together, the mixing model estimates indicate the
importance of nutrient-rich microbial resources to Elder
Lepidostoma and Psychoglypha.

Explaining nutrient release patterns:
comparisons of release-ration relationships

The relationships between nutrient release and ration
stoichiometry were generally similar among all 4 taxa in
spite of differences in litter species and conditioning. The

similarity of these patterns strongly suggests that G. pseu-
dolimnaeus and VC Lepidostoma also selectively consumed
a nutrient-rich fraction of the leaf-litter rations. The pat-
terns of nutrient release we report are similar to what the
homeostatic consumer model would predict given a rel-
atively narrow stoichiometric range of ingested material
(Fig. 6E, F); i.e., a small range in nutrient release rates and
weak relationships between release rates and ration C: N
(Figs 3, 4). However, N : P excretion did increase with ra-
tion N:P as predicted in 2 of 4 cases (Table 2). Such a
correspondence might occur if the N: P of the selectively
ingested fraction were correlated with ration N : P, perhaps
because microbial N : P strongly influenced litter N : P.

Explaining nutrient release patterns:
selective feeding in benthic systems

The generality of selective feeding by shredder taxa lends
additional support to our hypothesis that the unpredicted
nutrient release—ration relationships for all 4 taxa can be



attributed to selective feeding. Shredder taxa exhibit 3 types
of selectivity, and the mode of selection has implications
for the application of the homeostatic consumer model.
1) Many shredder taxa ingest leaf-litter species or patches
based on characteristics, such as degree of decomposition,
leaf toughness, nutrient content, and fungal species com-
position (Graga 2001). Many of these diets are probably
stoichiometrically different from bulk litter. 2) Shredder
taxa use several distinct feeding techniques to consume lit-
ter, resulting in selectivity relative to the bulk ration. Some
taxa consume the entire leaf, whereas others scrape the sur-
face of the leaf, ingesting more microbes than leaf (Graga
et al. 1993). 3) Some shredders assimilate only an easily
digestible litter fraction, probably dominated by microbes
(Arsuffi and Suberkropp 1985, Chung and Suberkropp
2009a), whereas others are capable of assimilating micro-
bial and leaf C and nutrients with the help of microbes
(Sinsabaugh et al. 1985). Selective ingestion or assimilation
of microbes has been observed for both Trichoptera and
Gammarus (Béarlocher and Kendrick 1975, Arsuffi and Su-
berkropp 1985, 1989, Chung and Suberkropp 2009a). Knowl-
edge of the identity and nutrient content of ingested mate-
rial will help clarify the nutritional environment of aquatic
organisms and their role in nutrient cycles.

Explaining nutrient release patterns: caveats

Selective consumption of a nutrient-rich fraction of the
leaf-litter ration is the most likely explanation for the un-
expected nutrient release—ration stoichiometry relationships
we report. However, at least 2 caveats merit discussion.
1) We sorted each taxon to the lowest possible taxonomic
group, but multiple species may have been involved in
some of our experiments. Poor taxonomic resolution may
add to our unexplained variation. However, differences in
excretion among closely related species probably is mini-
mal relative to the influence of ration stoichiometry or
body size (Elser and Urabe 1999, Hall et al. 2007). 2) We
made 2 assumptions in our analysis that, if violated, might
explain the observed patterns of nutrient release. First,
we assumed that the range of ration stoichiometry was
wide enough to encompasses diets that were nutrient de-
ficient and, therefore, that we were examining the linear
portion of the release—ration relationship described by
Sterner (1990). It is reasonable to assume that the leaf litter
diets are nutrient deficient when adequate food is provided
and in the absence of selective feeding (Iversen 1974, Frost
et al. 2006). Second, the homeostatic consumer model as-
sumes strict homeostasis of consumer tissue. This model is
probably robust to some stoichiometric flexibility, but or-
ganisms with very weak homeostasis might use nutrient
stores to buffer growth and maintain high nutrient release
rates on low-nutrient diets. Large violations of either as-
sumption seem unlikely, but full evaluation of either re-
quires additional information.
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Influence of selective feeding on
stoichiometric imbalances

Many benthic invertebrates consume resources that are,
in bulk, stoichiometrically out of balance with their nutri-
tional demands (Cross et al. 2003, 2005), but selective feed-
ing within these bulk resources may reduce stoichiometric
imbalances. For example, selective feeding by Elder Lepido-
stoma (mean C:N = 6.3; JMH, JCF, RWS unpublished
data) consuming oak leaves reduced an apparent 8.4:1
C: N imbalance (diet: animal) to 1.5. Mitigation of appar-
ent stoichiometric imbalances by diet selection may be com-
mon. For instance, many aquatic invertebrates consume a
fraction of the bulk organic matter pool with rapid turnover
rates (Hall et al. 1998, Mulholland et al. 2000, Tank et al.
2000, Parkyn et al. 2005, Fellows et al. 2006, McNeely et al.
2006). Rapid growth requires large nutrient investments
(Sterner and Elser 2002), so selective feeding by these aquatic
invertebrates on compartments with high turnover may di-
minish stoichiometric imbalances.

Influence of selective feeding on nutrient flux pathways

The shredders examined in our study appear to con-
sume a nutrient-rich fraction of the nutrient-poor leaf-
litter pool. This feeding behavior probably influences stream
nutrient cycles in 3 ways that are unexpected based on bulk
leaf-litter stoichiometry. First, these shredders exhibit much
higher nutrient excretion rates than expected in the absence
of selective feeding. This high excretion rate increases the
availability of PO,>” and NH," and may stimulate algal or
microbial growth in nutrient-poor streams. Second, the fe-
cal particles produced by these animals are richer in nutri-
ents than the bulk diets. These particles enter the FPOM
pool and provide a nutrient-rich substrate for microbes and
collector gatherers. Last, the leaf-litter fraction not con-
sumed by these animals must, by mass balance, be lower
in nutrients than the bulk leaf litter. This unconsumed
material probably is stripped of microbes and may be the
most recalcitrant portion of the litter rations. Whether this
material remains a part of the leaf litter (as skeletonized
leaves) or enters the FPOM pool is not clear. We encour-
age future research on how this resource partitioning in-
fluences decomposition, organic matter budgets, and nutri-
ent cycles.

Significance

Selective feeding is common in aquatic ecosystems (Ar-
suffi and Suberkropp 1989, Hall and Meyer 1998, Mulhol-
land et al. 2000, Parkyn et al. 2005, Chung and Suberkropp
2009b), but many stoichiometric studies assume that ani-
mals consume a resource nonselectively (e.g., Elser and
Urabe 1999, Balseiro and Albarifio 2006, McManamay et al.
2011). Our results and those of Higgins et al. (2006) show
that selective feeding shapes both animal nutrition and the
role of animals in aquatic nutrient cycles. We suggest that
future studies include careful measurements of the stoichi-
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ometry of ingested material. While challenging, such efforts
will provide more accurate stoichiometric models and a
better understanding of both animal—-diet stoichiometric
imbalances and the role of animals in freshwater nutrient
cycles.

ACKNOWLEDGEMENTS

We thank C. Booth, S. Brovold, T. Devries, H. Grun, and
T. Moen for assistance in the field or laboratory. R. Hall, M. Limm,
J. Schade, M. Vanni, J. Welter, and 3 anonymous referees pro-
vided insights or reviews that improved this work. This research
was supported by the National Science Foundation via grants to
DEB (0315990 and 0543363) and to the Science and Technology
Center program through the National Center for Earth-Surface
Dynamics (EAR 0120914). The research described in this article
has also been funded in part by the US Environmental Protec-
tion Agency (EPA) under the Science to Achieve Results Gradu-
ate Fellowship Program (916870001). The EPA has not officially
endorsed this publication, and views expressed herein may not
reflect the views of the EPA. The Dayton—Wilkie Fund and a Uni-
versity of Minnesota Thesis Research Grant provided additional
support. We thank the Belwin Conservancy for providing access
to Valley Creek and for preserving this natural area. We are grate-
ful to the Angelo family and the University of California Natural
Reserve System for protecting the Angelo Coast Range Reserve.
We thank Peter Steele for managing the Angelo Reserve and for
his work supporting this research.

LITERATURE CITED

Andersen, T., and D. O. Hessen. 1991. Carbon, nitrogen, and
phosphorus-content of freshwater zooplankton. Limnology
and Oceanography 36:807-814.

Arsuffi, T. L., and K. Suberkropp. 1985. Selective feeding by
stream caddisfly (Trichoptera) detritivores on leaves with
fungal-colonized patches. Oikos 45:50-58.

Arsuffi, T. L., and K. Suberkropp. 1989. Selective feeding by shred-
ders on leaf-colonizing stream fungi: comparison of macroin-
vertebrate taxa. Oecologia (Berlin) 79:30-37.

Balseiro, E., and R. Albarifio. 2006. C—N mismatch in the leaf
litter—shredder relationship of an Andean Patagonian stream
detritivore. Journal of the North American Benthological So-
ciety 25:607-615.

Birlocher, F., and B. Kendrick. 1975. Assimilation efficiency of
Gammarus pseudolimnaeus (Amphipoda) feeding on fungal
mycelium or autumn-shed leaves. Oikos 26:55-59.

Benstead, J. P.,, W. F. Cross, J. G. March, W. H. McDowell,
A. Ramirez, and A. P. Covich. 2010. Biotic and abiotic controls
on the ecosystem significance of consumer excretion in two con-
trasting tropical streams. Freshwater Biology 55:2047—-2061.

Chung, N., and K. Suberkropp. 2009a. Contribution of fungal
biomass to the growth of the shredder, Pycnopsyche gentilis (Tri-
choptera: Limnephilidae). Freshwater Biology 54:2212-2224.

Chung, N., and K. Suberkropp. 2009b. Effects of aquatic fungi
on feeding preferences and bioenergetics of Pycnopsyche gentilis
(Trichoptera: Limnephilidae). Hydrobiologia 630:257—-269.

Cowan, C. A, and B. L. Peckarsky. 1990. Feeding by a lotic mayfly
grazer as quantified by gut fluorescence. Journal of the North
American Benthological Society 9:368—378.

Cristo, M. 2001. Gut evacuation rates in Nephrops norvegicus
(L., 1758): laboratory and field estimates. Scientia Marina 65:
341-346.

Cross, W. F., ]. P. Benstead, P. C. Frost, and S. A. Thomas. 2005.
Ecological stoichiometry in freshwater benthic systems: re-
cent progress and perspectives. Freshwater Biology 50:1895—
1912.

Cross, W. F., J. P. Benstead, S. D. Rosemond, and J. B. Wallace.
2003. Consumer—resource stoichiometry in detritus-based streams.
Ecology Letters 6:721-732.

Cummins, K. W.,, and M. J. Klug. 1979. Feeding ecology of
stream invertebrates. Annual Review of Ecology and System-
atics 10:147-172.

Darchambeau, F. 2005. Filtration and digestion responses of an
elementally homeostatic consumer to changes in food quality:
a predictive model. Oikos 111:322-336.

DeMott, W. R., R. D. Gulati, and K. Siewertsen. 1998. Effects of
phosphorus-deficient diets on the carbon and phosphorus
balance of Daphnia magna. Limnology and Oceanography
43:1147-1161.

Elser, J. J., K. Foster, and R. E. Hecky. 1995. Effects of zooplank-
ton on sedimentation in pelagic ecosystems: theory and test
in two lakes of the Canadian Shield. Biogeochemistry 30:143—
170.

Elser, J., and J. Urabe. 1999. The stoichiometry of consumer-
driven nutrient recycling: theory, observations, and conse-
quences. Ecology 80:735-751.

Evans-White, M. A., and G. A. Lamberti. 2005. Grazer species
effects on epilithon nutrient composition. Freshwater Biology
50:1853-1863.

Evans-White, M. A,, and G. A. Lamberti. 2006. Stoichiometry of
consumer-driven nutrient recycling across nutrient regimes
in streams. Ecology Letters 9:1186—1197.

Fellows, C. S., H. M. Valett, C. N. Dahm, P. J. Mulholland, and
S. A. Thomas. 2006. Coupling nutrient uptake and energy
flow in headwater streams. Ecosystems 9:788—-804.

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 con-
sumers. Ecology Letters 9:774—779.

Frost, P. C., M. A. Evans-White, Z. V. Finkel, T. C. Jensen, and
V. Matzek. 2005. Are you what you eat? Physiological con-
straints on organismal stoichiometry in an elementally imbal-
anced world. Oikos 109:18-28.

Frost, P. C,, and N. C. Tuchman. 2005. Nutrient release rates and
ratios by two stream detritivores fed leaf litter grown under ele-
vated atmospheric CO,. Archiv fiir Hydrobiologie 163:463—
477.

Graga, M. A. S. 2001. The role of invertebrates on leaf litter de-
composition in streams: a review. International Review of Hy-
drobiology 86:383-393.

Graga, M. A. S., L. Maltby, and P. Calow. 1993. Importance of
fungi in the diet of Gammarus pulex and Asellus aquaticus
I: Feeding strategies. Oecologia (Berlin) 93:139—144.

Grimm, N. B. 1988. Role of macroinvertebrates in nitrogen dy-
namics of a desert stream. Ecology 69:1884—1893.

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, G. G. Raffaelli, and R. Edmonds-Brown (edi-
tors). Body-size: the structure and function of aquatic eco-
systems. Cambridge University Press, Cambridge, UK.

Hall, R. O,, and J. L. Meyer. 1998. The trophic significance of
bacteria in a detritus-based stream food web. Ecology 79:
1995-2012.

Hall, R. O., B. J. Peterson, and J. L. Meyer. 1998. Testing a
nitrogen-cycling model of a forest stream by using a nitrogen-
15 tracer addition. Ecosystems 1:283-298.

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 1:407—411.

Higgins, K. A, M. J. Vanni, and M. J. Gonzélez. 2006. Detri-
tivory and the stoichiometry of nutrient cycling by a domi-
nant fish species in lakes of varying productivity. Oikos 114:
419-430.

Holmes, R. M., A. Aminot, R. Kerouel, B. A. Hooker, and B. J.
Peterson. 1999. A simple and precise method for measuring
ammonium in marine and freshwater ecosystems. Canadian
Journal of Fisheries and Aquatic Sciences 56:1801-1808.

Hood, J. M., and R. Sterner. 2010. Diet mixing: do animals
integrate growth or resources across temporal heterogene-
ity? American Naturalist 176:651-663.

Hood, J. M., M. ]J. Vanni, and A. S. Flecker. 2005. Nutrient
recycling by two phosphorus rich grazing catfish: the poten-
tial for phosphorus-limitation of fish growth. Oecologia (Ber-
lin) 146:247-257.

Iversen, T. M. 1974. Ingestion and growth in Sericostoma
personatum (Trichoptera) in relation to the nitrogen content
of ingested leaves. Oikos 25:278-282.

James, L. A. H., M. A. Xenopoulos, H. F. Wilson, and P. C.
Frost. 2007. Land use controls nutrient excretion by stream
invertebrates along a gradient of agriculture. Journal of the
North American Benthological Society 26:523-531.

Kleppel, G. S. 1993. On the diets of calanoid copepods. Marine
Ecology Progress Series 99:183—195.

Levi, M. P., and E. B. Cowling. 1969. Role of nitrogen in wood
deterioration. VII. Physiological adaptation of wood-destroying
and other fungi to substrates deficient in nitrogen. Phytopathol-
ogy 59:460—468.

Liess, A, and M. Kahlert. 2009. Gastropod grazers affect pe-
riphyton nutrient stoichiometry by changing benthic algal
taxonomy and through differential nutrient uptake. Journal
of the North American Benthological Society 28:283-293.

Lock, M. A, R. R. Wallace, J. W. Costerton, R. M. Ventullo, and
S. E. Charlton. 1984. River epilithon: toward a structural—
functional model. Oikos 42:10-22.

McCarthy, V., I. Donohue, and K. Irvine. 2006. Field evidence
for stoichiometric relationships between zooplankton and N
and P availability in a shallow calcareous lake. Freshwater Biol-
ogy 51:1589-1604.

Mclntyre, P. B., A. S. Flecker, M. J. Vanni, ]. M. Hood, B. W.
Taylor, and S. A. Thomas. 2008. Fish distributions and nutri-
ent recycling in a Neotropical stream: can fish create bio-
geochemical hotspots. Ecology 89:2335-2346.

McManamay, R. A., J. R. Webster, H. M. Valett, and C. A.
Dolloff. 2011. Does diet influence consumer nutrient cycling?
Macroinvertebrate and fish excretion in streams. Journal of the
North American Benthological Society 30:84—102.

Volume 33 December 2014 | 1105

McNeely, C. F., S. M. Clinton, and J. M. Erbe. 2006. Landscape
variation in C sources of scraping primary consumers in
streams. Journal of the North American Benthological Soci-
ety 25:787-799.

McNeely, C. F., and M. E. Power. 2007. Spatial variation in
caddisfly grazing regimes within a Northern California wa-
tershed. Ecology 88:2609-2619.

Mulholland, P. J., E. R. Marzolf, S. P. Hendricks, R. V.
Wilkerson, and A. K. Baybayan. 1995. Longitudinal patterns
of nutrient cycling and periphyton characteristics in streams:
a test of upstream-downstream linkage. Journal of the North
American Benthological Society 14:357-370.

Mulholland, P. J., J. L. Tank, D. M. Sanzone, W. M. Wollheim,
B. J. Peterson, J. R. Webster, and J. L. Meyer. 2000. Food re-
sources of stream macroinvertebrates determined by natural-
abundance stable C and N isotopes and a N tracer addition.
Journal of the North American Benthological Society 19:145—
157.

Olsen, Y., and K. Ostgaard. 1985. Estimating release rates of
phosphorus from zooplankton: model and experimental ver-
ification. Limnology and Oceanography 30:844—852.

Ooijkaas, L. P., R. M. Buitelaar, J. Tramper, and A. Rinzema.
2000. Growth and sporulation stoichiometry and kinetics of
Coniothyrium minitans on agar media. Biotechnology and
Bioengineering 69:292-300.

Parkyn, S. M., J. M. Quinn, T. J. Cox, and N. Broekhuizen.
2005. Pathways of N and C uptake and transfer in stream
food webs: an isotope enrichment experiment. Journal of
the North American Benthological Society 24:955-975.

Peters, R. H., and F. H. Rigler. 1973. Phosphorus release by
Daphnia. Limnology and Oceanography 18:821-839.

Rothlisberger, J. D., M. A. Baker, and P. C. Frost. 2008. Effects of
periphyton stoichiometry on mayfly excretion rates and nu-
trient ratios. Journal of the North American Benthological So-
ciety 27:497-508.

Ruetz, C. R, R. M. Newman, and B. Vondracek. 2002. Top-
down control in a detritus-based food web: fish, shredders,
and leaf breakdown. Oecologia (Berlin) 132:307-315.

Sereda, J. M., J. J. Hudson, and P. D. McLoughlin. 2008. General
empirical models for predicting the release of nutrients by fish,
with a comparison between detritivores and non-detritivores.
Freshwater Biology 53:2133—-2144.

Sinsabaugh, R. L., A. E. Linkins, and E. F. Benfield. 1985. Cellu-
lose digestion and assimilation by 3 leaf-shredding aquatic
insects. Ecology 66:1464—1471.

Sterner, R. W. 1990. The ratio of nitrogen to phosphorus re-
supplied by herbivores: zooplankton and the algal competi-
tive arena. American Naturalist 136:209-229.

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

Sterner, R. W., and N. B. George. 2000. Carbon, nitrogen, and
phosphorus stoichiometry of cyprinid fishes. Ecology 81:127—
140.

Tank, J. L., J. L. Meyer, D. M. Sanzone, P. ]J. Mulholland, J. R.
Webster, B. J. Peterson, W. M. Wollheim, and N. E. Leonard.
2000. Analysis of nitrogen cycling in a forest stream during
autumn using a N-tracer addition. Limnology and Oceanog-
raphy 45:1013-1029.



1106 | Selective feeding and nutrient release J. M. Hood et al.

Taylor, B. W., C. F. Keep, R. O. Hall, B. J. Koch, L. M. Tronstad,
A. S. Flecker, and A. J. Ulseth. 2007. Improving the fluoro-
metric ammonium method: matrix effects, background fluo-
rescence, and standard additions. Journal of the North Amer-
ican Benthological Society 26:167-177.

Taylor, J. M,, J. A. Back, T. W. Valenti, and R. S. King. 2012.
Fish-mediated nutrient cycling and benthic microbial processes:
can consumers influence stream nutrient cycling at multiple
spatial scales? Freshwater Science 31:928—944.

Vanni, M. J. 1996. Nutrient transport and recycling by consum-
ers in lake food webs: implications for algal communities.
Pages 81-95 in G. A. Polis and K. O. Winemiller (editors).
Food webs: integration of patterns and dynamics. Chapman
and Hall, New York.

Vanni, M. J., A. S. Flecker, J. M. Hood, and J. L. Headworth.
2002. Stoichiometry of nutrient recycling by vertebrates in a

tropical stream: linking biodiversity and ecosystem function.
Ecology Letters 5:285-293.

Wallace, J. B., T. F. Cuffney, J. R. Webster, G. J. Lugthart, K.
Chung, and B. S. Goldowitz. 1991. Export of fine organic
particles from headwater streams: effects of season, extreme
discharges, and invertebrate manipulation. Limnology and
Oceanography 36:670—682.

Whiles, M. R, A. D. Huryn, B. W. Taylor, and J. D. Reeve.
2009. Influence of handling stress and fasting on estimates
of ammonium excretion by tadpoles and fish: recommenda-
tions for designing excretion experiments. Limnology and
Oceanography: Methods 7:1-7.

Zimmerman, J. K. H., and B. Vondracek. 2007. Interactions be-
tween slimy sculpin and trout: slimy sculpin growth and diet
in relation to native and nonnative trout. Transactions of the
American Fisheries Society 136:1791-1800.



APPENDIX

Mean (+1 SE) release rates and ratios and the influence of ration identity. DM = dry mass. * = p < 0.05; ** = p < 0.01; *** = p < 0.001.

Variable Gammarus pseudolimnaeus  Elder Lepidostoma  VC Lepidostoma Psychoglypha

Total release

N (ug N mg™' DM h™") 1.09 (0.06) 2.69 (0.10) 0.70 (0.07) 0.70 (0.08)

P(ugPmg ' DMh™) 0.05 (0.00) 0.31 (0.02)* 0.04 (0.00) 0.09 (0.02)

N': P (molar) 24.02 (1.61) 21.78 (1.70)* 19.05 (1.40) 23.34 (3.77)
Excretion

N (ug N mg™' DM h™'h) 0.67 (0.04) 1.94 (0.10)* 0.28 (0.03) 0.21 (0.05)

P (ugPmg ' DMh)) 0.01 (0.00) 0.24 (0.02)** 0.01 (0.00) 0.02 (0.00)

N: P (molar)
Egestion
C(ugCmg 'DMh™)
N (uigNmg ' DMh™)
P (ugPmg ' DM h™?)
C:N (molar)
C: P (molar)
N: P (molar)
Excretion : egestion
N
P

140.61 (11.46)

3.77 (0.30)***
0.42 (0.04)*
0.04 (0.00)
11.21 (0.62)
(

(

295.88 (29.06)***
27.93 (3.00)*

2.08 (0.22)
0.41 (0.06)

23.05 (2.48)*

14.09 (0.66)**
0.74 (0.03)*
0.08 (0.00)
22.78 (0.84)***
459.24 (22.27)***
20.31 (0.78)

2.94 (0.29)*
2.88 (0.21)*

95.44 (11.43)

7.88 (0.96)

0.42 (0.05)
0.03 (0.00)
22.86 (1.62)
714.59 (75.32)

32.90 (3.13)

0.82 (0.13)*
0.32 (0.06)

52.40 (13.54)

10.89 )
0.54 (0.08)
0.09 (0.02)

(1.34)*
(
(
24.92 (1.50)**
(
(

473.14 (72.88)*

18.08 (2.09)

0.55 (0.15)
0.28 (0.07)




