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SUMMARY

1. Excretion of nitrogen (N) and phosphorus (P) is a direct and potentially important role

for aquatic consumers in nutrient cycling that has recently garnered increased attention.

The ecosystem-level significance of excreted nutrients depends on a suite of abiotic and

biotic factors, however, and few studies have coupled measurements of excretion with

consideration of its likely importance for whole-system nutrient fluxes.

2. We measured rates and ratios of N and P excretion by shrimps (Xiphocaris elongata and

Atya spp.) in two tropical streams that differed strongly in shrimp biomass because a

waterfall excluded predatory fish from one site. We also made measurements of shrimp

and basal resource carbon (C), N and P content and estimated shrimp densities and

ecosystem-level N and P excretion and uptake. Finally, we used a 3-year record of

discharge and NH4-N concentration in the high-biomass stream to estimate temporal

variation in the distance required for excretion to turn over the ambient NH4-N pool.

3. Per cent C, N, and P body content of Xiphocaris was significantly higher than that of Atya.

Only per cent P body content showed significant negative relationships with body mass.

C:N of Atya increased significantly with body mass and was higher than that of Xiphocaris.

N : P of Xiphocaris was significantly higher than that of Atya.

4. Excretion rates ranged from 0.16–3.80 lmol NH4-N shrimp)1 h)1, 0.23–5.76 lmol total

dissolved nitrogen (TDN) shrimp)1 h)1 and 0.002–0.186 lmol total dissolved phosphorus

(TDP) shrimp)1 h)1. Body size was generally a strong predictor of excretion rates in

both taxa, differing between Xiphocaris and Atya for TDP but not NH4-N and TDN.

Excretion rates showed statistically significant but weak relationships with body content

stoichiometry.

5. Large between-stream differences in shrimp biomass drove differences in total excretion

by the two shrimp communities (22.3 versus 0.20 lmol NH4-N m)2 h)1, 37.5 versus

0.26 lmol TDN m)2 h)1 and 1.1 versus 0.015 lmol TDP m)2 h)1), equivalent to 21% and

0.5% of NH4-N uptake and 5% and <0.1% of P uptake measured in the high- and low-

biomass stream, respectively. Distances required for excretion to turn over the ambient

NH4-N pool varied more than a hundredfold over the 3-year record in the high-shrimp

stream, driven by variability in discharge and NH4-N concentration.
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6. Our results underscore the importance of both biotic and abiotic factors in controlling

consumer excretion and its significance for nutrient cycling in aquatic ecosystems.

Differences in community-level excretion rates were related to spatial patterns in shrimp

biomass dictated by geomorphology and the presence of predators. Abiotic factors also

had important effects through temporal patterns in discharge and nutrient concentrations.

Future excretion studies that focus on nutrient cycling should consider both biotic and

abiotic factors in assessing the significance of consumer excretion in aquatic ecosystems.

Keywords: consumer-driven nutrient recycling, ecological stoichiometry, El Yunque, Luquillo
Experimental Forest, Puerto Rico

Introduction

Animals have direct effects on nutrient cycling in

aquatic ecosystems through their excretion of waste

products (Kitchell et al., 1979; Vanni, 2002). Inputs of

biologically important elements (i.e. nitrogen [N] and

phosphorus [P]) from excretion complement and

interact with the indirect effects on nutrient cycling

mediated by consumers through their consumption

and removal of biomass (Knoll et al., 2009). Fluxes of

N and P through consumer biomass have long been

of interest to aquatic ecologists, from the perspectives

of both physiology and nutrient cycling (e.g. Rigler,

1961; Pomeroy, Matthews & Min, 1963). Interest in

consumer excretion has recently increased, however,

spurred by renewed emphases on ecological stoichi-

ometry and body size (Sterner & Elser, 2002; Wood-

ward et al., 2005; Hall et al., 2007) and the role of

excretion in mediating trophic cascades (e.g. Findlay

et al., 2005). Despite this ongoing interest, the general

significance of consumer excretion for whole-system

nutrient cycling in aquatic ecosystems is still unclear

(Vanni, 2002; Cross et al., 2005).

The relative magnitude of consumer excretion and

its potential significance to ecosystem-level nutrient

cycling depend on a number of biotic and abiotic

factors. Characteristics of the consumer community

are clearly important. Both biomass of consumers

and the size structure of their populations control the

rate of total nutrient excretion, with small consumers

having higher mass-specific rates of excretion than

larger individuals (Hall, Tank & Dybdahl, 2003; Hall

et al., 2007). Elemental demand (driven by body

stoichiometry and constrained by phylogeny) com-

bines with diet nutrient content to control the

nutrient ratios of excretion (Vanni et al., 2002; Torres

& Vanni, 2007). Although stoichiometric interactions

at the level of the individual consumer constrain

rates and ratios of excretion, the abiotic environment

ultimately sets the template for assessing the relative

significance of recycled nutrients. Both the volume

and turnover rate of water (relative to consumer

biomass) are important, as are ambient nutrient

concentrations (McIntyre et al., 2008). Finally, the

identity of the limiting nutrient may control the

potential significance of consumer excretion for eco-

system processes (Vanni et al., 2002). Biotic and

abiotic factors thus interact to control the potential

role of consumer excretion as a significant flux in

aquatic nutrient cycles (Hall et al., 2007; McIntyre

et al., 2008).

Given the potential interactions between these

biotic and abiotic factors, populations of shrimps in

tropical streams represent useful model systems in

which to examine the relative importance of consumer

excretion for ecosystem-level nutrient cycling.

Shrimps are relatively common components of trop-

ical stream communities, often occurring at high

densities and biomass (Covich, 1988b). Their spatial

distribution is often patchy at the catchment scale,

because of interactions between geomorphology and

the relative abundance of their predators. For exam-

ple, in Puerto Rico, densities of shrimps are highest in

those reaches above waterfalls that cannot be accessed

by their predators (mostly fish species; Pringle et al.,

1999; Covich et al., 2009). In addition to spatial

variability in shrimp density, the streams inhabited

by these consumer taxa are relatively dynamic sys-

tems, in which the abiotic conditions that affect the

potential significance of consumer excretion (i.e.

discharge and ambient nutrient availability) are

extremely variable temporally. In sum, the spatial

and temporal variability typical of shrimps and their

stream habitat results in the potential for great
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variation in the significance of shrimp excretion for

nutrient cycling in these systems.

In this study, we measured resource and body

stoichiometry (%C, %N and %P) and excretion rates

of N and P in two cosmopolitan genera of shrimps

(Atya and Xiphocaris) collected from two tropical

Puerto Rican streams that differed greatly in shrimp

biomass because of geomorphic exclusion of preda-

tors. To assess the significance of shrimp excretion for

whole-reach nutrient dynamics, we combined excre-

tion data with estimates of densities for these fresh-

water shrimp genera (Cross et al., 2008) and compared

rates of potential N and P supply by shrimp to the

magnitude of ecosystem demand. Finally, we esti-

mated distances required for shrimp excretion to turn

over the ambient NH4-N pool over a 3-year period.

We discuss our results with respect to the likely

significance of consumer excretion for fluxes and

cycling of nitrogen and phosphorus in these tropical

streams, as well as in aquatic ecosystems in general.

Methods

Study sites

Fieldwork for this study was conducted in single

reaches of two second-order rainforest streams, Queb-

rada Prieta and Quebrada Bisley-3 (hereafter, Prieta

and Bisley, respectively), which drain the Luquillo

Long-Term Ecological Research (LTER) site within the

Luquillo Experimental Forest (LEF) in northeastern

Puerto Rico (also known as the El Yunque National

Forest and formerly the Caribbean National Forest).

The LEF is characterised as tropical-wet forest and

receives an average of 3.5 m of precipitation per year

at the altitudes at which these streams are located

(Heartsill-Scalley et al., 2007). Long-term averages

indicate that May through December is typically

wetter than the rest of the year, but this seasonal

pattern is highly variable. The two stream reaches are

similar in size (mean width 2–3 m) and mean dis-

charge and nutrient chemistry (Table 1). Both streams

drain small, steep catchments and are characterised by

series of pools interspersed with boulder-lined riffles.

Large boulders and cobble dominate the substrata; fine

sediments and silt are present in depositional areas of

pools and between large boulders. The streams are

heavily shaded by riparian forest dominated by

Dacryodes excelsa Vahl. (tabonuco) and Prestoea montana

(R. Graham) Nichols. (sierra palm). Litter fall is

continuous throughout the year, with maxima and

minima occurring between April–June and December–

March, respectively (Zou et al., 1995). Stream temper-

ature is similar in both streams and ranges from 18 to

26 �C (mean: 22 �C; A. Ramı́rez, unpubl. data). Dis-

charge responds rapidly to local storm events, is

highly variable and shows no major seasonal pattern.

Stream communities of El Yunque contain up to 10

species of shrimps, including four species of Atyidae

(Atya lanipes Holthuis, Atya innocuous [Herbst], Atya

scabra [Leach], and Micratya poeyi [Guérin-Méneville]),

one species of Xiphocarididae (Xiphocaris elongata

[Guérin-Méneville]) and five species of Palaemonidae

(Macrobrachium carcinus [L.], Macrobrachium faustinum

[De Saussure], Macrobrachium crenulatum Holthuis,

Macrobrachium acanthurus [Wiegmann], and Macrob-

rachium heterochirus [Wiegmann]). The shrimp assem-

blage in the Prieta is dominated by X. elongata and

A. lanipes (>90% of individuals), with lower numbers

of A. innocuous, A. scabra, Micratya poeyi, and Macrob-

rachium spp. The Bisley contains primarily X. elongata,

M. carcinus and M. faustinum (Covich & McDowell,

1996). The two streams also differ with respect to

densities of both shrimps and fishes. Our study reach

on the Prieta is just upstream of a >10-m waterfall

that excludes all fishes except the algivorous goby

Sicydium plumieri (Bloch). The absence of the predatory

mountain mullet (Agonostomus monticola [Bancroft])

and American eel (Anguilla rostrata [Lesueur]) results

in relatively high densities of shrimps in this reach (up

to 25 individuals m)2; Covich, 1988a; Covich et al.,

2009). Our study reach on the Bisley has no waterfall

downstream, supports populations of Agonostomus

and Anguilla, and consequently has densities of

shrimps that are two orders of magnitude lower than

those in the Prieta (c. 0.1 individuals m)2, mostly

X. elongata; Townsend et al., 2002; Covich et al., 2009).

Table 1 Long-term mean discharge and nutrient chemistry

data (±1 SE) for the Prieta and Bisley streams, Luquillo Experi-

mental Forest, Puerto Rico (January 2000–October 2003)

Variable Prieta Bisley

Discharge (L s)1) 26 24

NH4-N (lMM) 0.5 ± 0.03 0.3 ± 0.04

NO3-N (lMM) 4.4 ± 0.19 7.9 ± 0.31

TDN (lMM) 9.6 ± 0.50 12.6 ± 0.29

SRP (lMM) 0.3 ± 0.02 0.65 ± 0.02

TDN, total dissolved nitrogen; SRP, soluble reactive phosphorus.
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Shrimp excretion and body content measurements

Shrimp excretion rates were measured during two

periods in each stream: 23–26 March and 24 Novem-

ber–20 December 2004. Shrimps were captured using

dip and seine nets. To aid capture, we sometimes

used short (<1 s) pulses from a backpack electrofisher

to dislodge shrimps into the current where they

could be more easily seined. Shrimps were never

incapacitated during capture using this method.

Shrimps were held for <15 min before excretion

incubations began. Incubations were carried out by

introducing single shrimps into 100 mL of filtered

(glass-fibre, 0.7-lm pore size) stream water held in

polyethylene bags (22 · 12 cm) suspended in the

stream. Timed incubations lasted c. 60 min (range

49–100 min). At the start and conclusion of the

incubation, two 20-mL water samples were collected

and filtered (0.7-lm pore size). The water samples

and shrimp from each incubation were then placed

on ice and frozen within 6 h.

Water samples were analysed for ammonium, total

dissolved nitrogen (TDN), and total dissolved phos-

phorus (TDP). Ammonium was measured using the

phenol-hypochlorite colorimetric method (Solorzano,

1969) automated with a SmartChem robotic analyzer

(Westco Scientific Instruments, Inc., Brookfield, CT,

U.S.A.). TDN was measured using a Shimadzu TOC

5000 carbon analyzer (Shimadzu Corp., Columbia,

MD, U.S.A.) connected to an Antek 720C chemilu-

minescent nitrogen detector (Antek Instruments,

Houston, TX, U.S.A.; Merriam, McDowell & Currie,

1996). TDP was measured using the molybdate blue-

ascorbic acid reaction after digestion by acid-persul-

phate oxidation (APHA, 1998). Shrimps were

thawed, measured (ocular carapace length, mm),

dried at 60 �C for 3 days, weighed (±0.1 mg) and

ground by hand using a pestle and mortar. Ground

subsamples were subsequently analysed for per cent

C and N content on a Perkin Elmer Model 2400 Series

II CHN analyzer (Perkin Elmer, Waltham, MA,

U.S.A.). Per cent P content of ground subsamples

(c. 0.5 mg) was measured in 10 mL of deionized

water using the same methods as TDP mentioned

earlier. Ground bovine liver (NIST 1577a; 1.11% P)

was used as an organic P standard in all digestions.

Excretion rates of ammonium, TDN and TDP were

expressed as lmol shrimp)1 h)1 and plotted against

body size (dry mass, g).

Basal resource stoichiometry

We collected samples of dominant basal resources

from each stream for C, N and P analysis during

March and November–December 2004. Microbially

conditioned, mixed-species leaf litter was collected by

hand along each stream reach. Suspended fine par-

ticulate organic matter was collected by filtering c. 4 L

of stream water through 0.7-lm glass-fibre filters

(n = 5). Periphyton was collected by brushing cobbles

(n = 5) and filtering slurries onto glass-fibre filters.

Basal resource samples were analysed for C, N and P

content using the same methods as earlier.

Estimating shrimp biomass and whole-reach excretion

To estimate abundance and biomass of shrimps in the

Prieta, we used pass-depletion sampling on two dates

(20 February and 1 August 2005). On each date, six

sub-reaches (three pools and three riffles) were sam-

pled based on feasibility of depletion, which required

that the upstream and downstream ends be effectively

blocked with seine nets (4-mm mesh). After blocking

both ends of a sub-reach, a third seine net was dragged

in a downstream direction by two people so that

shrimps were captured in the downstream net. The

downstream net was briefly removed, captured

shrimp were placed in a bucket with stream water,

and the net was replaced. This process was repeated 3–

5 times in each sub-reach, and captured shrimp from

each run were temporarily held in separate buckets.

All shrimps were identified, counted, measured (orbi-

tal carapace length) with callipers, and returned to the

stream. Total abundance was estimated using maxi-

mum-likelihood methods (Removal Sampling 1.2,

Pisces Conservation Ltd., U.K.), and size-class propor-

tions of captured shrimps were applied to boot-

strapped total abundance estimates. Biomass of

individuals was calculated using orbital carapace

length-dry mass regressions. Depletion sampling was

attempted in the Bisley, but shrimp abundance was too

low for this method to be effective. Consequently, we

used abundance data generated from minnow-trap

sampling in 2005 (Cross et al., 2008).

The surface area of each sub-reach was measured to

estimate shrimp abundance and biomass per square

metre. We used a bootstrap-resampling technique to

approximate the true distribution and variability of

shrimp population abundance and biomass (Efron &
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Tibshirani, 1993). For each genus on each sampling

date, abundance data from the six sub-reaches were

resampled with replacement to generate 1000 esti-

mates of mean abundance. This process was repeated

for each date, and the values for multiple dates were

averaged to get 1000 estimates of mean annual

abundance. From these data, we calculated a grand

mean with bootstrapped 95% confidence intervals.

We combined shrimp density data with field

measurements of excretion to calculate whole-reach

estimates of nutrient excretion by the shrimp com-

munity in each stream. Whole-reach rates were

calculated using the allometric excretion equations

obtained in this study and by summing the propor-

tional contributions of 1-mm (orbital carapace length)

size-classes for each genus. If allometric relationships

did not differ significantly between the two genera,

we used the same equation for both. The same

excretion equations were used in both the Prieta and

Bisley streams. Atya were present at such low densi-

ties in the Bisley that we included only Xiphocaris in

the whole-stream excretion calculations for that

stream. The Atya equation for TDP excretion rate

was used in the Prieta calculation even though the

slope of the relationship was not significantly differ-

ent from zero (see Results).

To shed light on temporal variability in the contri-

bution of shrimp excretion to ambient nutrient pools,

we adopted the approach of McIntyre et al. (2008) by

calculating volumetric nutrient excretion and turn-

over distances. Volumetric excretion (EV, mol nutrient

per unit volume) was calculated as EV = (EA ·
A · T) ⁄V, where EA is areal excretion rate (mol nutri-

ent m)2 h)1), A is reach area (length · width, m2), T is

travel time through each reach (length ⁄water velocity,

h) and V is volume (length · cross-sectional area, m3)

at a given discharge. EV is a useful metric because it

describes the average addition of excreted nutrients to

water as it flows along a given reach, assuming no

uptake and perfect mixing (McIntyre et al., 2008).

Excretion turnover distance (m) is the distance

required for excretion to turn over the ambient

nutrient pool completely and was calculated by

dividing ambient nutrient concentration (MM) by EV

(MM) and multiplying by the reach length (m) for which

EV was calculated (100 m). We calculated volumetric

excretion and turnover distance of NH4-N, TDN and

TDP in both streams at long-term mean discharge and

ambient nutrient concentrations (see Table 1). Given

the flashy hydrology of our study sites, we also

estimated temporal variability in NH4-N turnover

distance in the Prieta using our estimates of shrimp

density and NH4-N excretion rates, a 3-year record of

weekly discharge and ambient NH4-N concentration

data, and relationships among discharge, reach depth

and width. Area was kept constant in the numerator

of the equation in these long-term calculations (i.e.

shrimp densities declined in proportion to increasing

discharge and reach area, but were otherwise not

affected by changes in discharge). NH4-N chemistry

and discharge data were collected from the Prieta

weekly between February 2000 and October 2003 as

part of the Luquillo LTER sampling program using

analytical techniques described earlier for NH4-N.

Nutrient-uptake rates and long-term nutrient chemistry

Ammonium and phosphorus uptake rates were mea-

sured simultaneously using a single short-term nutri-

ent release in each stream during February 2006

(Webster & Valett, 2006). Ammonium-N was added

as NH4Cl (target concentration 2.1 lMM). Phosphorus

was added as KH2PO4 (target concentration 1.6 lMM).

Chloride was used as a conservative tracer for

calculation of discharge and dilution along each

reach. Water samples were analysed as described

earlier. Three caveats must be considered with regard

to the results of our nutrient releases. First, a single

release in each stream precludes any estimate of

temporal variability in uptake kinetics. Second, the

enrichment method we used may have overestimated

uptake lengths because of saturation of uptake

(Mulholland et al., 2002). Third, simultaneous addi-

tion of nitrogen and phosphorus may have relaxed

limitation of a primarily limiting nutrient, potentially

altering demand for the other nutrient. While these

caveats limit strong inference from our results, we

chose to make this comparison of areal excretion rates

with areal uptake rates because it is the most mean-

ingful measure of ecosystem-level significance of con-

sumer excretion.

Statistical analysis

Our initial approach to analysing excretion and body

content data was to use multiple analysis of covari-

ance (MANCOVAMANCOVA), with genus and stream as factors

and body mass as the covariate. We combined data
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from the two sampling periods to simplify statistical

analyses because we were less interested in potential

temporal differences in allometric excretion and body

content relationships. Dependent variables in the

excretion MANCOVAMANCOVA were excretion rates of ammo-

nium, TDN and TDP (lmol shrimp)1 h)1) and

TDN:TDP (hereafter N:P) excretion ratio. Dependent

variables in the body content MANCOVAMANCOVA were %C,

%N, %P, C:N, N:P, and C:P. Preliminary analyses

showed that the genus · stream interaction term was

not significant in either the excretion or body content

MANCOVAMANCOVA, so we repeated both MANCOVAMANCOVAs without

the stream factor. MANCOVAMANCOVA significance indicated

that one or more of the dependent variables differed

between genera (Wilks’s k, P < 0.05) and was fol-

lowed by individual one-way analysis of covariance

(ANCOVAANCOVA) for each dependent variable, with genus as

the factor and body mass as the covariate. Significant

differences between slopes or intercepts were fol-

lowed by individual regressions for each genus. Per

cent data were arcsine square-root transformed and

all other data were log transformed to meet assump-

tions of normality and equal variance.

Per cent C, N and P (dry mass) and nutrient ratios

of epilithon and seston were initially analysed using

multiple analysis of variance (MANOVAMANOVA) with

resource type and stream as factors. MANOVAMANOVA signif-

icance indicated that one or more of the dependent

variables differed between factors (Wilks’s k, P < 0.05)

and was followed by individual one-way analysis of

variance (ANOVAANOVA) for each dependent variable, with

resource type and stream as the factors. Significant

differences among factors were followed by Tukey

Honestly Significant Difference (HSD) tests. Per cent

data were arcsine square-root transformed and ratios

were log transformed to meet assumptions of nor-

mality and equal variance. Data for leaf litter were

excluded from statistical analyses because of the low

number of these composite samples.

Results

Shrimp body content stoichiometry

MANCOVAMANCOVA results indicated that there were signifi-

cant differences in nutrient content (%C, N and P)

and ratios (C:N, N:P and C:P) with body size and

between shrimp genera (Wilks’s k, P < 0.0001). Per

cent C, N and P of Xiphocaris were all significantly

higher than those of Atya (P < 0.0001 for all three

relationships; see Fig. 1a–c). Body content C:N of Atya

was significantly higher than that of Xiphocaris

(P < 0.001; Fig. 1d). Body content N:P of Xiphocaris

was significantly higher than that of Atya (P < 0.016).

The two genera did not differ significantly with

respect to body content C:P (Fig. 1f).

Relationships of elemental content with body mass

were significant only for%P (Xiphocaris: P = 0.03; Atya:

P = 0.0006); slopes of this relationship did not differ

between the two genera (P = 0.65 for the interaction

term; see Fig. 1c). Relationships of C:N with body mass

were significant only for Atya (P = 0.01; Fig. 1d).

Relationships of N:P with body mass were weakly

significant for Atya (P = 0.07; Fig. 1e). The overall

relationship of C:P with body mass was significant

and positive for both taxa (P < 0.0001; Fig. 1f).

Basal resource stoichiometry

MANOVAMANOVA results indicated that there were significant

differences in nutrient content (%C, N and P) and

ratios (C:N, N:P and C:P) between resource types

(epilithon and seston) and streams (Wilks’s k,

P < 0.0001). Patterns between %C and %N of epili-

thon and seston in the two streams were similar, with

significantly higher content of both elements in

epilithon from the Prieta (Fig. 2a,b). Per cent P of

epilithon was significantly higher in the Prieta, while

seston did not differ between the two streams

(Fig. 2c). No differences in C:N were found between

resources or streams (Fig. 2d). The two streams did

not differ in epilithon N:P, but seston N:P was

significantly higher in the Prieta (Fig. 2e). Epilithon

C:P was significantly higher in the Prieta; seston N:P

did not differ between the streams (Fig. 2f).

Differences in elemental composition of leaf litter

between the two streams were not analysed statisti-

cally. Per cent C, C:N and C:P of leaf litter were

c. 4 times higher than those of epilithon and seston

(Fig. 2a,d,f). Per cent N, %P and N:P of leaf litter were

intermediate relative to those of epilithon and seston

in either stream.

Shrimp excretion rates and ratios

Rates of NH4-N and TDN excretion did not differ

between the two shrimp genera (Fig. 3a,b), although

the overall relationships with body mass were highly
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significant (P < 0.0001 for both relationships). Patterns

of TDP excretion between the two genera were more

complex, with significant differences in both the

intercept (P < 0.0001) and slope (P < 0.006) of the

relationship with body mass (Fig. 3c). Relationships of

TDP excretion rate with body mass were only signif-

icant for Xiphocaris (P < 0.0001). Xiphocaris had higher

TDP excretion rates than Atya at most body masses

measured. Excretion N:P ratio differed significantly

between the two genera (P < 0.0001) and showed

contrasting patterns with body mass (Fig. 3d). Excre-

tion N:P increased significantly with body mass in

Atya (P = 0.02), while it declined in Xiphocaris

(P = 0.05). This difference in N:P excretion allometry

was driven by relatively steeper increases in P

excretion with body mass in Xiphocaris, giving rise

to a negative excretion N:P slope.

When examined across both taxa, relationships

between excretion rates and body content stoichiom-

etry were statistically highly significant, but had weak

explanatory power (NH4-N excretion rate versus %N

body content, P = 0.0008, r2 = 0.07; TDN excretion

rate versus %N body content, P = 0.0007, r2 = 0.07;

TDP excretion rate versus %P body content, P = 0.04,

r2 = 0.03; data not shown). Slopes for nitrogen were

negative, while that for phosphorus was weakly

positive. The relationship between excretion N:P and

body content N:P across both taxa was also weak

(P = 0.06, r2 = 0.02; data not shown).

Whole-stream shrimp excretion estimates

Mean density of Atya was 14.5 m)2 in the Prieta and

was too low to quantify in the Bisley (see Table 2 for
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Fig. 1 Relationships between body size

and body elemental stoichiometry in two

genera of freshwater shrimps collected

from two streams in northeastern Puerto

Rico. Open diamonds = Xiphocaris elong-

ata, filled symbols = Atya spp. (squares =

A. lanipes, circles = A. innocous, triangles =

A. scabra). Only significant genus-specific

regressions (P < 0.05) are shown (dotted

line = Xiphocaris, solid line = Atya); where

regressions did not differ significantly

between genera, a single dashed line is

shown: (a) % carbon; (b) % nitrogen; (c)

% phosphorus [Atya, r2 = 0.16, log

body %P = )0.046(log dry mass) ) 0.084;

Xiphocaris, r2 = 0.05, log body

%P = )0.035(log dry mass) ) 0.021]; (d)

molar carbon: nitrogen ratio [Atya,

r2 = 0.09, log body C:N = 0.028(log dry

mass) + 0.75]; (e) molar nitrogen: phos-

phorus ratio; (f) molar carbon: phospho-

rus ratio [Taxa combined, r2 = 0.12, log

body C:P = 0.054(log dry mass) ) 2.06].

Data from the two streams did not differ

significantly and were combined.
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95% confidence intervals derived from bootstrapping

of density data). Atya biomass in the Prieta was

5.2 g DM m)2. Abundance and biomass of Xiphocaris

in the Prieta was 13.2 m)2 and 2.6 g DM m)2,

respectively. Abundance and biomass of Xiphocaris

in the Bisley were more than a hundredfold lower

than that measured in the Prieta (0.12 m)2 and

0.09 g DM m)2; Table 2). Combining density data,

size-class distributions, and allometric excretion rela-

tionships yielded whole-stream (i.e. both genera)

excretion estimates of 22.3 lmol m)2 h)1 and

37.5 lmol m)2 h)1 for NH4-N and TDN, respectively,

in the Prieta (Table 2). Whole-stream TDP excretion

in the Prieta was much lower (1.1 lmol m)2 h)1;

Table 2). Low shrimp densities in the Bisley

resulted in extremely low whole-stream excretion

estimates, for both nitrogen (0.2 lmol m)2 h)1 NH4-

N and 0.26 lmol m)2 h)1 TDN) and phosphorus

(0.015 lmol m)2 h)1; Table 2).

Whole-stream shrimp excretion rates were com-

pared with whole-stream nutrient uptake measured

on a single date (see Table 3). In the Prieta, excretion

rate of NH4-N was equivalent to 21% of NH4-N

uptake measured during the single release (Table 4).

Excretion by shrimp could potentially meet 5% of P

demand in the Prieta. Equivalent proportions of NH4-

N and P demand excreted by shrimp in the Bisley

were 0.5% and <0.1%, respectively (Table 4).
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Fig. 2 Box plots of food resource (epili-

thon, seston and leaf litter) stoichiometry

in the two study streams in northeastern

Puerto Rico: (a) % carbon, (b) % nitrogen,

(c) % phosphorus, (d) molar carbon:

nitrogen ratio, (e) molar nitrogen: phos-

phorus ratio, (f) molar carbon: phospho-

rus ratio. The top, bottom, and line

through the middle of the box correspond

to the 75th, 25th, and 50th percentile

(median), respectively. The whiskers

extend from the 10th percentile to the 90th

percentile. The solid square represents the

arithmetic mean. Different letters above

bars indicate significant differences

(P < 0.05). Leaf litter was excluded from

statistical analyses.
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Volumetric excretion of NH4-N, TDN and TDP in

the 100-m reach of the Prieta amounted to 63, 106 and

3 nMM, respectively (see Table 4 for 95% confidence

intervals derived from bootstrapping of density data).

Equivalent estimates for the low-shrimp Bisley were

1, 1 and 0 nMM for NH4-N, TDN and TDP, respectively

(Table 4). Combined with ambient nutrient concen-

trations, these volumetric excretion estimates resulted

in excretion turnover distances in the Prieta of 786 m

for NH4-N and c. 9 km for TDN and TDP (Table 4).

Excretion turnover distances were >20 km for all three

nutrients in the Bisley. Long-term modelling revealed

considerable variability in the distance required for

shrimp excretion to turn over the ambient NH4-N

pool in the Prieta (Fig. 4a; range 12–8740 m, mean

661 m). This variability was driven by large ranges in

both discharge and ambient NH4-N concentration.

Most calculated distances fell between 200 and 600 m

(Fig. 4b).

Discussion

The relative magnitude and ecosystem-level signifi-

cance of consumer excretion depend on a combination

of relatively well-understood biotic and abiotic factors

(Schaus et al., 1997; Vanni et al., 2002; Hall et al., 2007;

McIntyre et al., 2008). These factors include those

related to supply rate from consumers (i.e. biomass,

consumer elemental demand and diet stoichiometry),

those related to total pools and turnover of elements

(i.e. habitat volume, turnover rate and the ambient

concentration of limiting nutrients) and those related

to nutrient sinks (i.e. biomass, activity and stoichiom-

etry of microbes and primary producers). The relative

contributions of different factors in controlling the

potential significance of excretion have rarely been

studied, however (but see McIntyre et al., 2008). We

used measurements of shrimp excretion rates, densi-

ties, and long-term records of discharge and nutrient
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Fig. 3 Relationships between body size and individual nutrient excretion rates and N:P ratio in two genera of freshwater shrimps

collected from two streams in northeastern Puerto Rico. Open diamonds = Xiphocaris elongata, filled symbols = Atya spp. (squares =

A. lanipes, circles = A. innocous, triangles = A. scabra). Only significant genus-specific regressions (P < 0.05) are shown (dotted line =

Xiphocaris, solid line = Atya); where regressions did not differ significantly between genera, a single dashed line is shown: (a) NH4-N

excretion [Taxa combined, r2 = 0.66, log NH4-N excretion rate = 0.62(log dry mass) + 0.31]; (b) total dissolved nitrogen excretion [Taxa

combined, r2 = 0.39, log TDN excretion rate = 0.36(log dry mass) + 0.39]; (c) total dissolved phosphorus excretion [Xiphocaris, r2 = 0.20,

log TDP excretion rate = 0.62(log dry mass) ) 0.82]; (d) molar total dissolved nitrogen: total dissolved phosphorus ratio [Atya,

r2 = 0.08, log excretion N:P = 0.25(log dry mass) + 1.82; Xiphocaris, r2 = 0.04, log excretion N:P = )0.30(log dry mass) ) 1.19]. Data

from the two streams did not differ significantly and were combined.
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concentration to estimate spatial and temporal vari-

ability in the relative magnitude of excretion by

tropical freshwater shrimps. Our results demonstrate

the combined effects of biotic and abiotic factors in

controlling the significance of consumer excretion for

nutrient cycling in aquatic ecosystems. Body content

stoichiometry affected excretion rates and ratios of

shrimps only weakly. Differences in community-level

excretion were related to variation in shrimp biomass

between streams, dictated by stream geomorphology

and the resulting presence of predatory fishes. Tem-

poral variability in the contribution of shrimp excre-

tion to ambient nutrient pools was driven by temporal

patterns in stream discharge and nutrient concentra-

tions, which affected the magnitude of nutrients

excreted by shrimps relative to the ambient pool.

Stoichiometry of shrimp body content and excretion

Growth rate may drive some of the differences we

observed in body content stoichiometry (e.g. %P),

both between the two shrimp genera and with

increasing body mass. Growth rate and P associated

with RNA are expected to decline with increasing

body mass (Elser et al., 2003). Moreover, Xiphocaris

exhibits faster growth rates than Atya, at least at

smaller body sizes (Cross et al., 2008), which may

partly explain its higher per cent P body content.

Table 2 Densities of Atya and Xiphocaris

shrimps and whole-stream nutrient

excretion estimates for the Prieta and

Bisley streams, Luquillo Experimental

Forest, Puerto Rico. Abundances were

estimated in February and August 2005.

Excretion was measured in March and

November–December 2004. Values are

means with 95% confidence intervals

based on bootstrapping of abundance

estimates

Variable Prieta Bisley

Shrimp abundance

Atya

Abundance (m)2) 14.5 (7.0–22.8) –

Biomass (g DM m)2) 5.2 (2.5–8.3) –

Xiphocaris

Abundance (m)2) 13.2 (8.8–18.0) 0.12 (0.02–0.23)

Biomass (g DM m)2) 2.6 (1.7–3.6) 0.09 (0.01–0.17)

Whole-stream shrimp excretion

Atya

NH4-N excretion (lmol m)2 h)1) 12.8 (6.2–20.2) –

TDN excretion (lmol m)2 h)1) 20.0 (9.6–31.4) –

TDP excretion (lmol m)2 h)1) 0.40 (0.20–0.64) –

Xiphocaris

NH4-N excretion (lmol m)2 h)1) 9.5 (6.3–12.9) 0.20 (0.03–0.38)

TDN excretion (lmol m)2 h)1) 17.5 (11.7–23.9) 0.26 (0.04–0.49)

TDP excretion (lmol m)2 h)1) 0.71 (0.47–0.96) 0.015 (0.002–0.028)

Total excretion

NH4-N excretion (lmol m)2 h)1) 22.3 (12.5–33.1) 0.20 (0.03–0.38)

TDN excretion (lmol m)2 h)1) 37.5 (21.3–55.3) 0.26 (0.04–0.49)

TDP excretion (lmol m)2 h)1) 1.1 (0.7–1.6) 0.015 (0.002–0.028)

TDN, total dissolved nitrogen; TDP, total dissolved phosphorus.

Table 3 Discharge values and uptake

parameters for NH4-N and P during the

short-term releases conducted during

February 2006 in the Prieta and Bisley

streams, Luquillo Experimental Forest,

Puerto Rico. Error estimates for uptake

parameters (in parentheses) are derived

from the standard error for the slope of

dilution-corrected nutrient concentration

regressed against distance

Variable Prieta Bisley

Discharge (L s)1) 26 25

NH4-N

Ambient concentration (lMM) 0.24 0.18

Uptake length (m) 79 (63–104) 141 (133–150)

Uptake rate (lmol m)2 h)1) 105.3 (80.0–132.0) 39.3 (36.9–41.7)

Uptake velocity (·10)4 m s)1) 1.24 (0.94–1.56) 0.61 (0.58–0.65)

SRP

Ambient concentration (lMM) 0.18 0.37

Uptake length (m) 270 (157–959) 417 (286–767)

Uptake rate (lmol m)2 h)1) 23.7 (6.7–40.7) 27.9 (15.2–40.7)

Uptake velocity (·10)4 m s)1) 0.36 (0.10–0.63) 0.21 (0.11–0.30)
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Other differences in body stoichiometry between the

two genera were probably a result of differing

structural composition. For example, Atya has a

relatively more calcified exoskeleton than Xiphocaris

and a consequently higher ash content (W.F. Cross,

unpubl. data), potentially explaining higher %C and

%N in Xiphocaris.

Differences in excretion rates and ratios between

genera and body sizes were only weakly related to

body content stoichiometry. In contrast, Vanni et al.

(2002) reported strong relationships between N and P

excretion rates and body content in 13 families of fish

and amphibians. However, this broader-scale study

encompassed far greater ranges in body content

stoichiometry than are reported here (e.g. <1 to

>4%P versus 0.7–1.2%P; N:P of c. 5 to >22 versus

15–28). Consideration of many of the families

included in the Vanni et al. (2002) study in isolation

likely would have failed to show such strong

Table 4 Excretion rates of shrimp communities relative to

uptake rates measured in February 2006 in the Prieta and Bisley

streams, Luquillo Experimental Forest, Puerto Rico. Volumetric

rates are also shown, as are the distances required for shrimp

community excretion to turn over the ambient nutrient pools

(both based on long-term mean discharge and nutrient con-

centrations; see Table 1). Values are means with 95% confidence

intervals based on bootstrapping of abundance estimates

Variable Prieta Bisley

Excretion relative to uptake

NH4-N uptake (%) 21 (12–31) 0.5 (0–1)

P uptake (%) 5 (3–7) <0.1

Volumetric excretion

NH4-N (nMM) 64 (36–94) 1 (0–1)

TDN (nMM) 107 (61–158) 1 (0–2)

TDP (nMM) 3 (2–5) 0.0

Turnover distance

NH4-N (m) 786 (530–1402) >20000

TDN (m) 8974 (6086–15800) >20000

TDP (m) 9561 (6573–15024) >20000

TDN, total dissolved nitrogen; TDP, total dissolved phosphorus.
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Fig. 4 (a) Discharge and estimated NH4-N

excretion turnover distance (distance

required for shrimp excretion to turn over

the ambient NH4-N pool) based on chan-

ges in discharge and ambient NH4-N in

the Prieta stream from February 2000 to

October 2003. Shrimp densities were

based on sampling during 2005. Solid line

represents the mean turnover distance

±95% confidence intervals (dashed lines)

based on bootstrapping of shrimp density

data (see text). Gaps indicate missing data.

(b) frequency histogram of NH4-N turn-

over distance estimates in the Prieta

stream from February 2000 to October

2003.
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relationships between the stoichiometry of excretion

and body content. By including only two taxa in our

study, we may have lacked the broad range in body

content stoichiometry needed to isolate its effects on

excretion rates and ratios.

Consequently, much of the unexplained variance in

excretion rates and ratios with body mass or body

content stoichiometry was probably driven by vari-

ability in diet (or proportions of diet components).

Based on body stoichiometry alone, Xiphocaris would

be expected to excrete both N and P at lower rates

than Atya, given its higher per cent content of both

elements (Sterner & Elser, 2002). In fact, excretion rate

of N in Xiphocaris was statistically indistinguishable

from that of Atya, while its rate of P excretion was

higher at most body sizes. Consideration of stoichi-

ometric balance therefore suggests that the diets of

these two taxa differ fundamentally in N and P

content, with Xiphocaris consuming organic matter of

higher content in both elements. This is perhaps not

surprising, given that Xiphocaris uses tiny pincer-like

chelipeds to shred leaf litter, collect fine particles or

periphyton, and capture insect prey. In contrast, Atya

have cheliped fans used to feed less selectively by

filtering seston or scrubbing fine benthic particles

(Covich, 1988a). Although few dietary comparisons

have been made between Atya and Xiphocaris, stable

isotope evidence from stream reaches near our study

sites suggests that Xiphocaris consumes relatively

more algae (March & Pringle, 2003).

Shrimp effects on basal resource stoichiometry

Our two study sites differed greatly in shrimp

community structure and biomass as a result of a

>10-m waterfall downstream from our study reach on

the Prieta, which excludes important fish predators of

Xiphocaris and Atya that are present in the Bisley

reach. The consequences of this predator-mediated

effect on shrimp biomass have been reported for some

parameters (e.g. differences in benthic organic matter

quantity and quality; Pringle et al., 1999; March et al.,

2002). In this study, we observed differences in the

stoichiometry of some basal resources that are con-

sistent with previous observations. In particular, C, N

and P content of epilithon was higher in the Prieta

(high shrimp biomass), indicative of the lower inor-

ganic content shown to result from shrimp feeding

and bioturbation (Pringle et al., 1999). Any differences

in resource stoichiometry between the two streams

were not reflected in excretion rates, which did not

differ between our two study sites. Lack of differences

between the two streams in excretion rates (despite

differences in resource stoichiometry) may have been

because of discrepancy between measured nutrient

content of bulk resources and that of food actually

ingested.

Although we found no evidence for shrimp-med-

iated changes to food resources resulting in shifts in

excretion rates or ratios, the effects of shrimp feeding

and bioturbation on organic matter storage, composi-

tion and activity suggest the potential for shrimps to

have indirect effects on nutrient cycling (Vanni, 2002).

For example, if shrimps clear sediment and maintain

metabolically more active biofilms through bioturba-

tion (Pringle et al., 1999; March et al., 2002), N and P

uptake might be expected to be higher in streams with

higher shrimp biomass. Our single nutrient releases

followed this pattern, with uptake velocities for both

N and P being two times higher at the high shrimp-

biomass Prieta site. Consequently, the indirect effects

of shrimp feeding and activity probably interact with

the direct effects of shrimps (those mediated via

excretion) at high shrimp densities. However,

whether direct or indirect effects of consumption

have greater effects on nutrient cycling is an impor-

tant question that deserves more attention in this and

other study systems (e.g. Knoll et al., 2009).

Ecosystem-level significance of excretion

We assessed the ecosystem-level significance of

shrimp excretion by comparing shrimp community-

level excretion with estimates of areal N and P uptake

obtained from nutrient releases. We conducted single

nutrient releases in each stream, precluding any

assessment of temporal or concentration-dependent

variability in nutrient uptake. Our estimate of NH4-N

uptake velocity in the Bisley was lower than those

obtained in an earlier study that used a 42-d tracer-

level release of 15NH4 in the same stream reach (1.46–

1.80 · 10)4 m s)1; Merriam et al., 2002), suggesting

that we underestimated areal uptake rates. By using

a mean uptake velocity (1.648 · 10)4 m s)1) from

Merriam et al. (2002) and the ambient NH4-N concen-

tration during the Bisley release (0.18 lMM), we obtain

an areal uptake rate of 107 lmol m)2 h)1 for the Bisley.

This estimate is about 2.5 times higher than that
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measured during our NH4-N release. We cannot

assume the same nutrient kinetics (and, therefore,

discrepancy in uptake rate estimates) in the high-

shrimp Prieta, but we likely also underestimated

uptake rate in this stream. Community-level NH4-N

excretion by shrimps in the high-biomass stream

(Prieta) was equivalent to approximately one-fifth of

the stream’s NH4-N uptake measured using the

nutrient release. Importantly, this contribution would

decrease in proportion to any increase in areal uptake

rate. We stress, therefore, that our estimate of excretion

representing 20% of NH4-N uptake (and of NH4-N

regeneration, assuming steady state conditions) must

be considered a maximum estimate of the contribution

of excretion. With regard to P, the equivalent propor-

tion of shrimp excretion to P uptake was much lower

in the Prieta, driven by low P excretion, while low-

shrimp biomass in the Bisley made shrimp contribu-

tions insignificant for both N and P, even compared to

the relatively lower uptake rates in this stream.

The contrasting patterns in shrimp biomass and

potential contributions of excretion to nutrient uptake

that we observed highlight spatial differences in the

significance of consumer excretion to nutrient cycling

that may be common to aquatic ecosystems. In our

study system, natural waterfalls exclude fish preda-

tors, resulting in shifts in the relative abundance of

consumer taxa. The potential for such shifts to

increase excretion rate depends on whether excretion

by predatory taxa can compensate for losses from

reduced prey biomass. We have no data for biomass

or excretion rates of predatory fishes at our low-

shrimp site, but such compensation seems unlikely

given their low abundance relative to that of shrimps

in our high-shrimp stream (J.P. Benstead & W.F.

Cross, pers. observ.). Even in high-shrimp streams,

contributions from shrimp excretion are likely no

more than 20% of uptake, underscoring the impor-

tance of relatively high consumer biomass in driving

ecosystem-level significance of consumer excretion

(see also Small, Helton & Kazanci, 2009).

We also assessed the potential for temporal vari-

ability in the importance of excretion by calculating

distances required for excretion to turn over ambient

nutrient pools under different conditions. This anal-

ysis highlighted the dominant role of abiotic factors in

dictating temporal shifts in the significance of excre-

tion: estimates of turnover distance were more sensi-

tive to short-term changes in hydrology and ambient

nutrient concentration than to relatively wide ranges

in shrimp abundance (i.e. ±95% confidence intervals).

Excretion turnover distance for NH4-N ranged from

12 to 8740 m, while the mean range attributable to the

95% confidence intervals for shrimp biomass was

586 m. Excretion turnover distance is a recently

introduced metric (McIntyre et al., 2008), so few

comparative data are available. In an N-limited

tropical river, total NH4-N excretion by a diverse

community of fishes turned over the ambient NH4-N

pool over a distance of <300 m (McIntyre et al., 2008).

Fish biomass at this site was estimated at 44 g wet

mass m)2, compared to approximately 31 g wet

mass m)2 of shrimps in our high-shrimp stream.

Our estimates of NH4-N excretion turnover distance

are similar to those reported in this earlier study,

despite lower consumer biomass and broad differ-

ences between the taxonomic composition of the

consumer community involved. It must be noted,

however, that we assumed constant shrimp biomass

and excretion rates in our temporal analysis.

In conclusion, our results underscore the importance

of biotic and abiotic factors that control consumer

excretion and its significance for nutrient cycling in

aquatic ecosystems. Although we found little evidence

for a strong effect of body stoichiometry on excretion,

the rates and ratios of excretion by individual shrimps

were likely still controlled by interactions between

resource stoichiometry and nutrient demands for

growth and maintenance. Spatial differences in com-

munity-level excretion rates by shrimps were related to

shrimp biomass, driven in turn by the presence of

physical barriers that controlled the movement of

predators of shrimp. Finally, abiotic factors had impor-

tant effects on the contribution of consumer excretion,

through temporal patterns in stream discharge and

ambient nutrient concentrations. This combination of

biotic and abiotic factors is not unique to our study

system. Future studies that focus on the significance of

consumer excretion in aquatic ecosystems will benefit

from consideration of such factors, as well as the

importance of excretion for nutrient cycling relative to

the indirect effects of animals mediated by consump-

tion (e.g. Knoll et al., 2009).
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