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Abstract In ecosystems where excretion by fish is a major
flux of nutrients, the nitrogen (N) to phosphorus (P)
ratio released by fish can be important in shaping pat-
terns of algal biomass, community composition, primary
production, and nutrient limitation. Demand for N and
P as well as energy influences N/P excretion ratios and
has broad implications in ecosystems where nutrient
recycling by fishes is substantial. Bioenergetics and
stoichiometric models predict that natural fish popula-
tions are generally energy-limited and therefore N/P
recycling by fishes is relatively invariant. Yet, the po-
tential for P limitation of growth has not been examined
in herbivorous fishes, which are common in many
aquatic habitats. We examined N/P excretion ratios and
P demand in two P-rich herbivorous catfishes of the
family Loricariidae, Ancistrus triradiatus (hereafter An-
cistrus) and Chaetostoma milesi (hereafter Chaetostoma).
Both fishes are common grazers in the Andean piedmont
region of Venezuela where we conducted this study.
Mass balance (MB) models indicate that these fishes
have a high P demand. In fact, our Ancistrus P MB
model predicted negative P excretion rates, indicating
that Ancistrus did not consume enough P to meet its P
demand for growth. Direct measurement of excretion
rates showed positive, but very low P excretion rates and
high N/P excretion ratios for both taxa. To obtain
measured P excretion rates of Ancistrus from the MB
model, gross growth efficiency must be reduced by 90%.
Our results suggest that growth rates of both of these

Communicated by David Post

J. M. Hood - M. J. Vanni
Department of Zoology, Miami University,
Oxford, OH 45056, USA

J. M. Hood (X))

Department of Ecology, Evolution, and Behavior,
University of Minnesota, St. Paul, MN 55108, USA
E-mail: hoodx008(@umn.edu

A. S. Flecker
Department of Ecology and Evolutionary Biology,
Cornell University, Ithaca, NY 14853, USA

herbivorous and P-rich fish are likely P-limited. If P
limitation of growth is common among herbivorous fish
populations, herbivorous fishes recycle likely at high N/
P ratios and act to diminish the quality of their food.

Keywords Consumer driven nutrient cycling -
Ecological stoichiometry - Fish - Streams - Loricariidae

Introduction

Fish can play important roles in nutrient cycles (Vanni
2002); yet, we do not fully understand how their influ-
ence varies with species identity or even trophic guild.
The importance of nutrient recycling by fish in ecosys-
tems is dependent upon the magnitude of nutrient re-
lease (especially in relation to nutrient demand), the
nitrogen to phosphorus ratio (hereafter N/P ratio) at
which nutrients are released, and whether nutrients are
released in soluble or particulate forms. The state in
which nutrients are released is important because
nutrients released in soluble form, through excretion, are
immediately available for algal uptake; whereas, nutri-
ents released in particulate forms, through egestion, re-
quire further processing before being available to algae.
By excreting a portion of ingested nutrients, fish can
resupply or translocate a significant proportion of algal
nutrient demand in both streams (Grimm 1988; Hood
2000) and lakes (Vanni 2002). The N/P ratio released by
consumers can determine which nutrient limits algal
growth, algal community composition, and food quality
for grazers (Tilman 1982; Elser et al. 1988; Elser and
Urabe 1999). Thus, to understand aquatic nutrient cy-
cles and food web dynamics it is important to determine
the factors that control N/P release ratios.
Stoichiometric theory considers N and P use and
cycling by fish as a chemical equation where nutrient use
and release must balance (Sterner and Elser 2002). Once
ingested, nutrients can move into one of the three pools:
nutrients can be incorporated into tissue, excreted, or
egested as fecal material. Theory assumes that animals
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act to maintain their body C/N/P stoichiometry in the
face of variation in food stoichiometry; that is, animals
maintain strict nutrient homeostasis (Sterner 1990).
Under this assumption, models of nutrient release pre-
dict a non-linear relationship between N/P release and
food N/P (Sterner 1990; Schindler and Eby 1997). When
the consumer’s N/P is less than its resource, the con-
sumer preferentially sequesters P and releases nutrients
at a high N/P ratio. The N/P ratio released is funda-
mentally determined by the fish’s nutrient demand which
is, in part, determined by the consumer’s body N/P ra-
tio. Sterner’s (1990) model predicts that when a group of
consumers utilize the same resource with a fixed N/P, the
N/P released by the consumers will be negatively related
to the consumer’s N/P. Interspecific patterns of N/P
excretion by fishes follow stoichimetric predictions
(Vanni et al. 2002). However, we do not know if N/P
egestion follows a similar pattern.

Patterns of C, N, and P egestion by fishes have re-
ceived little attention, yet can be important since fishes
contribute to particulate nutrient cycles and benthic
food webs through egestion. In addition, patterns of
elemental egestion reflect the role that assimilation effi-
ciency (AE) plays in managing an organism’s elemental
budget. Sterner and George (2000) presented several
conceptual models linking food stoichiometry, an ele-
ment’s AE, and the stoichiometry of fecal material.
These models fall into two categories: passive and active.
The passive models predict that AE remains constant

Fig. 1 Distributions of N

across all food nutrient concentrations or ratios (see
Fig. la, Sterner and George 2000). In contrast, active
models predict that AE is adjusted according to food
elemental concentrations, in one of two ways. The AE
might be adjusted to obtain elemental homeostasis.
Here, AE for an element increases as the concentration
of that element declines (see Fig. 1b, Sterner and George
2000). Alternatively, AE might magnify elemental
imbalances if AE increases with food nutrient concen-
trations. Sterner and George (2000) suggest that AE
does not play a role in regulating C, N, or P homeo-
stasis.

An animal’s nutrient demand affects not only eges-
tion and excretion N/P ratios but also animal perfor-
mance and food web dynamics (Schindler and Eby
1997). Therefore, it is important to understand the
conditions under which nutrient limitation of fish oc-
curs. Theory argues that while nutrient limitation of fish
growth is possible, it is uncommon in natural popula-
tions. Models suggest that fish are much more likely to
be energy-limited than nutrient-limited (Schindler and
Eby 1997). Thus, it follows that fish excrete at moderate
N/P ratios and that variation in food stoichiometry has
few direct effects on fish growth (Schindler and Eby
1997). However, Schindler and Eby (1997) examined
mostly planktivores and piscivores, two functional
groups that consume a stoichiometrically balanced diet,
that is, one in which food nutrient ratios are similar to
those of the consumer. Schindler and Eby (1997) do
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suggest that functional groups, which consume a stoi-
chiometrically imbalanced diet would have a higher P
demand. In particular, herbivorous fishes often consume
food with very low P concentrations. The C/P ratio of
algae is commonly much higher and more variable than
even high C/P fishes like cyprinids (Sterner and George
2000). Thus, herbivorous fishes excrete likely at high but
variable N/P ratios and may be more sensitive to P
limitation of growth. Herbivorous fishes are common
worldwide in streams and lakes (Gerking 1994; Mat-
thews 1998).

Since animals rich in P will have a greater P demand,
sensitivity to P limitation of growth is also likely to vary
with phylogeny. Some common Neotropical fish families
have a relatively high body P concentration (Vanni et al.
2002), and therefore higher P demand (Sterner and Elser
2002), than temperate fishes. Loricariids, a common
family in many Neotropical aquatic habitats (Power
1990; Winemiller 1990; Flecker 1992), are covered with
armor-like bony plates, thus accounting for the high-
concentrations of P in their bodies (Sterner and Elser
2002). Therefore, to understand nutrient excretion by
fish in an ecosystem context, it is necessary to examine
N/P excretion ratios of fishes with a higher P demand
than planktivores and piscivores. P-rich, herbivorous
fish such as loricariids present an appropriate model
organism for examining these relationships.

Here, we evaluate the generality that fishes are com-
monly energy-limited (i.e., not nutrient-limited) and ex-
crete at moderate N/P ratios. We evaluate these
hypotheses with two herbivorous armored -catfish
(Loricariidae), Ancistrus triradiatus and Chaetostoma
milesi. These fishes likely have a high P demand both
because they are herbivores and because they are P rich
(Vanni et al. 2002). Using data collected from a stream
in which Ancistrus and Chaetostoma are common, we
determined the stoichiometric balance between these
catfishes and their food as well as the N/P excretion ratio
of these two herbivores. Furthermore, we evaluate
whether these catfishes maintain nutrient homeostasis
through AE. To our knowledge this is the first time the
potential for P limitation of growth has been examined
for herbivorous fishes. Our results demonstrate that the
growth of at least one of these P-rich herbivorous catfish
is likely P-limited at our study site during the dry season.

Study site and biota

This study was conducted within a 2-km reach of Rio Las
Marias, Venezuela. The study site is in the Andean pied-
mont region of Venezuela (~225 m above sea level, 9°10
N, 69°44” W) and experiences a pronounced wet season
beginning in April and ending in December. During the
dry season, Rio Las Marias is a fourth-order cobble-
bottom stream, averaging ~8 m in width. During this
period, the stream has high-water clarity, relatively low
soluble N and P concentrations, and high-algal standing
crops that are N-limited (Flecker et al. 2002).
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Fish, including Ancistrus and Chaetostoma, are the
primary algal grazers in Rio Las Marias (Flecker 1992;
Flecker et al. 2002). Armored catfish are abundant in
Rio Las Marias, as is typical for many Neotropical
streams. In addition to potentially affecting nutrient
cycling, these and other epibenthic fishes strongly affect
algal community structure and the degree of algal
nutrient limitation via direct consumption of periphyton
and sediment (Flecker 1992; Flecker 1996, 1997; Flecker
et al. 2002; Flecker and Taylor 2004). We assessed
nutrient limitation and nutrient excretion by quantifying
mass balance (MB) and by directly measuring excretion
rates.

Methods
Mass balance model

Mass balance models describe N or P excretion (E;) as:
Ei =1 —F -G,

where i is either N or P, /; is the ingestion of i per unit
time, F;is the egestion (via feces) of i per unit time, and
G; represents the quantity of i allocated to growth per
unit time (Nakashima and Leggett 1980a). Mass balance
models were parameterized during the dry season for
Ancistrus and Chaetostoma in February and March of
1999, as detailed below. Error was propagated through
the MB model with the delta method (Agresti 1990),
which uses a Taylor series analysis. To simplify the
calculation of the MB model’s variance, we assumed
that there was no error associated with gut evacuation
rate and that parameter covariance was minimal.

Ingestion

Daily ingestion was estimated as the sum of food in-
gested in six consecutive 4-h intervals over a 24-h period
(i.e. from 0800 to 0800) following Elliott and Persson
(1978). For both fish species, we estimated daily inges-
tion during two 24-h periods (16 February and 19 March
1999). Since neither Ancistrus nor Chaetostoma has a
true stomach, we defined the first 15 cm of the fish’s gut
as the foregut. To determine the ingestion rate, we
measured the mass of food in the foregut of ten Ancis-
trus and ten Chaetostoma collected from Rio Las Marias
during each 4-h interval. Prior to analysis, ingestion fish
were preserved in 10% formalin. In the lab, all food
particles were squeezed out of the gut, placed on a pre-
combusted (475°C for 4 h), preweighed glass fiber filter
(Gelman AE, 25 mm diameter), which was then dried
(60°C) and reweighed.

To determine fore- and hindgut nutrient contents, a
second set of ten fishes were collected at midnight on both
dates. These fishes were frozen and dissected as described
earlier. C and N concentrations of foregut material were
measured with a Perkin Elmer Series II 2400 elemental
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analyzer. The P content of foregut samples was deter-
mined by ashing followed by HCI digestion and sub-
sequent analysis of liberated SRP following Stainton
et al. (1977). Before calculating daily N and P ingestion,
we corrected for the effects of formalin preservation using
the nutrient ration to formalin ration ratio.

Gut evacuation rate

Measurement of ingestion rate requires information on
both gut contents (above) and the rate at which food
passes through the gut (gut evacuation rate). The gut
evacuation rate of Ancistrus was measured with a serial
slaughter technique (Salvatore et al. 1987). Fishes were
sacrificed at predetermined times and the passage of a
dyed food was tracked through the gut. Methodological
details are described in Hood (2000). Gut evacuation
rate was calculated as an exponential function following
Persson (1981) and Heroux and Magnan (1996). One
serial slaughter experiment was conducted with Ancis-
trus in March 1999; this rate was used for Chaetostoma.

Assimilation efficiency and egestion

Daily nutrient egestion (F;) was calculated following
Fisher and Gray (1983):

F; = I;(1 — AE)).

Nutrient AE; was calculated as the ratio of hindgut
nutrient content to foregut nutrient content, where both
foregut nutrient and hindgut nutrient concentrations were
corrected for ash content (Conover 1966). Here, we as-
sume that minimal nutrient assimilation occurs in the
foregut of these fishes and that nutrient assimilation is
complete for hindgut samples. Therefore, we use hindgut
samples as a surrogate for feces. Dissection methods and
sample processing were the same as described earlier in the
Ingestion section. Inorganic matter samples were ashed at
550°C for 5 h. Foregut-hindgut nutrient relationships
were compared with reduced major axis (RMA) analysis
using the software (SYMATR (Sokal and Rohlf 1995;
Falster et al. 2003); although, the 95% confidence inter-
vals for the intercept were calculated with RMA for JAVA
(Bohonak and Van Der Linde 2004). Both packages
produced identical results but (S)MATR does not calcu-
late error for regression intercepts. The RMA techniques
provide a superior estimate of bivariate relationships
compared to typical least-squares regression because the
residual variance is minimized in both x-dimension and y-
dimension (Sokal and Rohlf 1995).

N and P growth

Daily nutrient growth is the product of the daily dry
mass growth rate (mg dry mass day ') and the fish’s
body N or P content (mg N or P mg~' dry mass).
During February and March 1999, daily growth rates of
Ancistrus and Chaetostoma were measured in two sepa-

rate cage experiments. Ancistrus or Chaetostoma were
reared in 1xX1 m Vexar cages (6 mm diameter mesh) in
Rio Las Marias at commonly occurring stream densities
(Ancistrus: 6 m > ; Chaetostoma: 10 m~>) for approxi-
mately 1 month. Cages were placed in the habitat where
each species was most abundant. Each cage bottom was
tiled with stream rocks to mimic the natural substrate
and provide food. To avoid potential changes in the
algal community or standing crop, we replaced cage
rocks with fresh stream rocks midway through each
month-long experiment.

Each fish was weighed and measured at the beginning
of the experiment and after approximately 1 month.
Growth rates were calculated for each size class as the
difference between initial and final masses divided by the
experiment’s duration. Ancistrus’ growth rate increased
with body size (Hood 2000), so we used the growth rates
of size classes most similar to the fish used to estimate
ingestion (Ancistrus: February: 3.3 g [wet wt], March:
3.1 g; Chaetostoma (March): 2.9 g). Fish body C, N, and
P contents were determined for a subset (n=4/month) of
the fish collected for nutrient ingestion in February and
March following Vanni et al. (2002).

Model simulations

We conducted additional simulations with the MB
model to evaluate the sensitivity of Ancistrus and
Chaetostoma’s P balance. For Ancistrus we manipulated
the MB model to first obtain zero P excretion rates and
then to obtain the excretion rates similar to those di-
rectly measured in March. Here, using the March values
we manipulated several combinations of parameters on
a percentile basis. First, we simultaneously varied food P
(holding ingestion rate constant), growth rate (holding
body P constant), and P AE. We excluded body P from
this analysis because fish are thought to have a homeo-
static body P content, at least over short periods of time
(Sterner and George 2000), and no evidence to the
contrary was observed in this study. In this analysis, we
capped P AE at the maximum observed, 75%. To
determine the effect of growth rate and food P content
on Ancistrus’ P balance, we manipulated each parameter
in isolation. For Chaetostoma we manipulated both
growth rate and food P in isolation to obtain zero P
excretion rates.

Direct excretion measurements

Excretion was measured directly in March 1999 following
Vanni et al. (2002). To describe diel differences, N and P
excretion rates were measured during both daytime and
night-time periods. Briefly, one or two Ancistrus or
Chaetostoma were incubated intraspecifically in 3.8 L
bags (Ziploc) containing 1 L offiltered stream water (n =35
for each species). Following the incubation period, which
was always less than 1 h, SRP and NH, samples were
taken. The protocol for treatment and analysis of water



chemistry samples and the equations required to calculate
excretion rates are described in Vanni et al. (2002). Day
and night rates were combined, assuming a 12-h day, to
estimate daily excretion.

Biofilm C, N, and P samples

Biofilm samples were collected from Rio Las Marias for
comparison with fish gut contents. Samples were col-
lected from one riffle and one pool, near fish collection
sites, in February and March of 1999. Biofilm samples
were taken from rocks (12 rocks per site) with a tooth-
brush and a circular 4.5 cm? plastic template. From each
rock, one sample was filtered (Gelman AE, 25 mm) for
C and N analysis and another for P analysis. Carbon
and nutrient concentrations were determined as de-
scribed in the Ingestion section. For each month, we
compared biofilm and foregut C, N, and P concentra-
tions with a one-way ANOVA. Post hoc comparisons
were conducted with a Scheffé test in Statistica (StatSoft
Inc.).

Results
N and P excretion rates

Both species excreted nutrients at high N/P ratios
(Table 1). For these catfishes, high excretion N/P ratios
were achieved by excreting N at moderate rates and P at
very low rates (Table 1). Except for the Ancistrus P
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excretion model, the MB models and direct measure-
ments produced statistically similar excretion rates
(Table 1). These mass specific N and P excretion rates
are similar to other directly measured excretion rates of
these catfishes (Fig. 1). Furthermore, our model per-
formed well in terms of generating low excretion rates,
relative to rates observed for other taxa (Vanni et al.
2002). However, the Ancistrus P excretion model did not
balance and produced negative P excretion rates during
both months (Table 1).

Evaluation of magnitude of P imbalance

We used model simulations to determine the magnitude
of Ancistrus’ P imbalance. To simply achieve zero P
excretion rates it was necessary to simultaneously
change the March values by decreasing growth rate,
increasing food %P, and increasing P AE by 30% each.
A simultaneous 48% change in all three of these
parameters was required to achieve P excretion rates
similar to the direct measurements. Alternatively, if only
growth rate was manipulated, a 58% decrease was re-
quired to achieve a P excretion rate of zero. Here, when
only growth rate was manipulated, gross growth effi-
ciency for C (GGEg, i.e. growth rate divided by inges-
tion rate) declined from the observed value of 9.6 to
4.1% before Ancistrus’ P budget balanced; GGE¢ had to
be reduced to 1.0% to produce the observed P excretion
rate. Finally, when only food P content was varied, a
130% increase (3.2 SD) in food P content was necessary
to achieve positive excretion rates.

Table 1 Parameters (X = 1 SD) calculated for Ancistrus and Chaetostoma mass balance models for February and March 1999

Parameter Units Ancistrus Chaetostoma

February March February March
Daily ingestion mg g~ ' day™! 44.5 (15.3) 31.5 (8.6) 43.0 (7.7) 22.3 (4.6)
Gut evacuation rate h! 0.65 (0.015)*
C AE % 473 (19)° 49.8 (18)°
N AE % 47.9 (18)° 49.6 (21)°
P AE % 55.3 (20)° 48.7 (12)°
C Egestion (model) mg C g~ day™! 4.6 (3.7) 4.2 (3.0) 4.4 (5.4) 2.1 (1.3)
N Egestion (model) mg N g~ ! day! 1.4 (1.5) 0.8 (0.8) 0.5 (1.1) 0.3 (0.6)
P Egestion (model) mg P g~! day™! 0.07 (0.58) 0.05 (0.60) 0.09 (0.62) 0.05 (0.50)
Growth rate mg (dry) g~ day™! 3.8 (0.07) 3.0 (0.05) e 0.5 (0.01)
Body C % Dry mass 42.4 (1.5) 40.9 (2.1) 42.4 (1.5) 40.9 (2.1)
Body N % Dry mass 8.1 (0.3) 8.4 (0.4) 8.1 (0.4) 7.8 (0.2)
Body P % Dry mass 4.4 (0.3) 4.5 (0.5) 4.6 (0.4) 4.4 (0.3)
N Excretion (direct) pgNg'ht 21.1 (25.9)¢ 17.8 (22.0)¢
N Excretion (model) pgPg ' h! 41.5 (33.3) 20.4 (16.8) 18.5 (17.0) 10.0 (8.6
P Excretion (direct) pg N g 'h! 1.8 (1.0)¢ 0.9 (0.2)
P Excretion (model) pgP g 'h! -3.2(2.2) —3.2(1.6) 2.7 (2.3) 1.1 (1.0)
N/P Excretion Molar 57.3 (56.0)¢ 63.9 (41.1)¢

All fish masses are wet masses

% Only one gut evacuation was conducted. Ancistrus® March gut evacuation rate was used in all models
® Ancistrus and Chaetostoma C, N, and P assimilation efficiencies were an average of each species’ assimilation efficiencies in both

February and March

¢ Only one growth experiment was conducted for Chaetostoma. Chaetostoma’s March growth rate was used in the February Chaetostoma

model
4 Excretion experiments were only conducted in March
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We also evaluated Chaetostoma’s sensitivity to P
limitation of growth. In March, Ancistrus’ GGEc was
more than four times higher than Chaetostoma’s (9.6%
vs. 2.2%, respectively). Therefore, we manipulated
Chaetostoma’s growth rate, and thus its GGE¢, until its
P excretion rate was zero. Chaetostoma’s P excretion rate
reached zero when its GGE¢ was increased a little more
than 100%, from 2.2 to 4.8% (33.8 SD of growth rate).

Comparison of fish, fish gut contents, and biofilm

Both Ancistrus and Chaetostoma consumed food that
was stoichiometrically out of balance with their body
tissues in terms of N/P and especially C/P (Fig. 2). While
both catfishes had relatively high P material in their

Table 2 Elemental concentrations (% dry mass, =1 SD) of An-
cistrus and Chaetostoma’s gut contents and pool and riffle biofilm
in February and March 1999

February March

Carbon

Ancistrus gut contents 17.9 (6.6) 21.6 (7.4)

Chaetostoma gut contents 20.5 (11.8) 18.0 (2.7)

Riffle Biofilm 28.7 (10.6) 37.5(9.4)

Pool Biofilm 23.7 (7.3) 38.2(9.4)
Nitrogen

Ancistrus gut contents 5.3(2.2) 4.0 (1.5)

Chaetostoma gut contents 2.3 (1.6) 2.3(0.9)

Riffle Biofilm 3.4 (2.0) 4.5(1.2)

Pool Biofilm 2.1 (0.7) 44 (2.1)
Phosphorus

Ancistrus gut contents 0.36 (0.13) 0.26 (0.12)

Chaetostoma gut contents 0.43 (0.22) 0.44 (0.13)

Riffle Biofilm 0.10 (0.03) 0.11 (0.03)

Pool Biofilm 0.08 (0.03) 0.09 (0.05)

foregut compared to the biofilm, these fishes also had
extremely high body P concentrations (Table 1). In
comparison, differences among fish C/N, the C/N ratio
of foregut contents, and biofilm C/N were relatively
slight (Fig. 2).

Ancistrus and Chaetostoma’s food was higher in P
content than stream biofilm (Table 2, February:
F3‘33: 199, P<00001, March: F3,35:31'5’ P<0001)
In February, fish gut contents and stream biofilm had
similar C concentrations, while in March gut contents
were lower in C than stream biofilm (Table 2; February:
F3,30:2'2’ P:0084, March: F3’33:15.1, P:0002)
The relationship between fish gut content N and stream
biofilm N varied between months. In February, fish gut
contents differed in N concentrations and only Ancis-
trus’ foregut contents differed from pool biofilm (Ta-
ble 2; F53,=5.4, P=0.004, AN vs. CH: P=0.018, AN
vs. pool: P=0.012). In March, fish gut contents were
similar but only Chaetostoma’s foregut contents differed
from riffle biofilm (Table 2; F536=3.4, P=0.027, CH vs
riffle: P=0.045).

Patterns of C, N, and P egestion

Following Sterner and George (2000), we evaluated
patterns of C, N, and P egestion by examining the
relationship between foregut and hindgut elemental ra-
tios. Here, an elemental ratio can either be the quantity
of one element relative to another (i.e. C/P) or relative to
the dry mass of material (i.e. %P). Sterner and George
(2000) discussed three model relationships between
hindgut and foregut elemental ratios. (1) The passive
model would have any slope and an intercept at the
origin. (2) The first active model would have a negative
slope and a non-zero intercept. This is the only model,
which allows for homeostatic regulation through AE. (3)
The second active model would have a positive slope and
a non-zero intercept. This relationship would magnify
elemental imbalances between the fish and its resource.
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Patterns of nutrient assimilation varied between ele-
ments and we observed all three-model relationships
discussed earlier. First, in terms of C/P assimilation,
these catfishes magnified the P imbalance they encoun-

253

tered in their food (model 3). That is, Ancistrus and
Chaetostoma preferentially assimilated C over P when
diet C/P was high; in contrast, when diet C/P was low
(<100), the fish absorbed P more efficiently than C
(Fig. 3a, Table 3). Second, following the passive model
both catfish exhibited constant assimilation efficiencies
for N relative to P across variable food N/P (Fig. 2b,
Table 3). Third, Ancistrus and Chaetostoma differed in
their patterns of C/N egestion. Ancistrus assimilated C
and N from food such that hindgut C/N ratios were
statistically constant over the range of food C/N
encountered (Table 3). In contrast, Chaetostoma’s C/N
assimilation acted to maintain C and N homeostasis
(model 2); this species preferentially egested the element
that was present in excess relative to the other (Fig. 2c,
Table 3). However, this relationship is largely driven by
one observation (Fig. 2¢).

Finally, both catfishes used AE to maintain C and P
homeostasis. Hindgut and foregut C and P concentra-
tions were positively related with a non-zero intercept
(Table 3; C and P: p<0.001). Since one minus the ratio
of hindgut to foregut elemental concentrations is AE, a
positive intercept indicates that there was a negative
relationship between C and P AE and foregut C and P
concentrations, respectively. We observed no relation-
ship between foregut and hindgut N concentrations
(Table 3).

Discussion
Potential for P limitation of fish growth

We tested the generality that fish growth is energy lim-
ited with two P-rich, herbivorous armored catfishes. Our
results suggest that during the dry season in Rio Las
Marias the growth of both Ancistrus and Chaetostoma
was at or near the boundary for P limitation of growth.
Several lines of evidence support this conclusion. First,
theory predicts P limitation of growth for animals con-
suming food with C/P ratios much higher than their
body C/P (Sterner and Elser 2002). During our study
both catfish taxa consumed extremely stoichiometrically
imbalanced diets, which were especially deficient of P
(Fig. 2). For example, Urabe and Watanabe (1992)
estimated that D. galeata, which has a C/P of approxi-
mately 95, becomes P limited when consuming algae
with C/P ratios higher than 150. Thus, D. galeata
exhibits P limitation of growth while feeding on algae
with a C/P less than two times its body C/P. In contrast,
the C/P of Ancistrus is nine times greater than foregut
material; furthermore, biofilm, the putative resource of
these fishes, had a C/P ratio over four times higher than
foregut contents (Fig. 2). Second, P-limited consumers
are predicted to release nutrients at high N/P ratios
(Sterner 1990). Our results (both MB models and direct
measurements) show that both catfishes excrete at very
high N/P ratios as compared to other fishes, mainly
because they excrete P at very low rates, presumably by
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Table 3 Regression statistics for the relationship: hindgut x =foregut x x + a; where, x is an elemental ratio

n B o o 95% CI p-Value R? Hg= AN=CH

N/P 33 1.02 0.884 0.001 0.323 0.875 0.084
C/P 32 0.603 41.000 0.008 0.214 0.003 0.605
C/N 0.001

Ancistrus 17 0.371 1.760 0.966 0.000 <0.001

Chaetostoma 18 1.550 —5.756 0.003 0.440 0.028
pg C pg ash™! 30 0.282 0.031 0.015-0.046 0.025 0.167 <0.001 0.837
pg N pg ash™! 0.001

Ancistrus 15 0.417 0.009 0.212 0.117 0.002

Chaetostoma 15 0.857 0.039 0.857 0.003 0.327
pg P pg ash™! 30 0.308 0.001 0.0009-0.0021 <0.0001 0.520 <0.0001 0.437

Here, we evaluate two null hypotheses: (1) the slope of the relationships was one (Hg=1), and (2) Ancistrus and Chaetostoma had similar
relationships in terms of slope (AN =CH). In the foregut-hindgut comparisons of food elemental content (e.g., pg C pg ash™'), a non-

zero intercept indicates that AE is related to food elemental content

preferentially retaining P. Mass specific excretion rates
of non-loricariid species of similar size were approxi-
mately 1.8x higher for N and 5.5x higher for P than
excretion rates of Ancistrus and Chaetostoma (Vanni
et al. 2002). Finally, according to our estimates, Ancis-
trus did not consume enough P to account for its
growth. Large changes in the most sensitive parameter
values (growth, food P, and AE) were required to simply
obtain positive P excretion rates. In addition, simula-
tions demonstrated that if Chaetostoma had the same
GGEc as Ancistrus,Chaetostoma’s P budget would also
not balance. Taken together these results strongly sug-
gest that Ancistrus was P limited and that Chaetostoma
was close to P limitation of growth.

Phosphorus limitation of fish growth may be more
common than formerly realized. Previously, researchers
have suggested that P limitation of fish growth may be
rare in natural populations (Schindler and Eby 1997).
However, herbivorous and high P fishes may commonly
be on the border of P limitation of growth. Herbivorous
fishes face great stoichiometric imbalances with their
food. The body C/P and N/P of most fishes is lower than
all but the most P-rich algae (Elser et al. 2000; Tanner
et al. 2000; Vanni et al. 2002). Although herbivory is not
common in temperate zone freshwater pelagic fishes
(where most information on stoichiometric relationships
has been generated), it is common in streams, wetlands,
and most freshwater ecosystem types in the tropics
(Matthews et al. 1987, Wootton and Oemke 1992;
Gerking 1994). Furthermore, in the Neotropics P-rich
taxa such as the Loricariidae are common and diverse
(Power 1990; Winemiller 1990; Flecker 1992). Phos-
phorus limitation of growth may be common through-
out this family. Even insectivorous loricariids likely
consume a stoichiometrically imbalanced diet. The
average C/P of six loricariid species was 25 (Vanni et al.
2002) while the C/P of stream insects range from 93 to
877 (Cross et al. 2003).

In aquatic ecosystems with P-limited species, fishes
may play a unique role in nutrient cycles. When nutrient
excretion by fishes is substantial, the N/P ratio recycled
can determine the status of algal nutrient limitation

(Elser et al. 1988) and algal community composition
(Vanni and Layne 1997). Fishes limited by energy ex-
crete a moderate N/P ratio, generally slightly less than
the Redfield ratio of 16:1 (Schindler and Eby 1997). In
contrast, animals that consume a stoichoimetrically
imbalanced diet will preferentially retain the limiting
element. Thus, P-limited fishes will excrete at a high N/P
ratio, just as we observed for Ancistrus and Chaetos-
toma. By changing the soluble N/P ratio, P-limited fishes
may facilitate the decline of algal species that are poor P
competitors, exasperate P limitation in P-limited algae,
and increase algal C/P. Thus by recycling at a high N/P
ratio, P-limited herbivorous fishes could indirectly de-
crease the quality (C/P) of their resource. Furthermore,
P-limited fishes represent a potentially large P sink.

In Rio Las Marias, for example, nutrient excretion by
catfish will likely raise soluble N/P ratios. During the dry
season, Rio Las Marias is an N-limited stream (Flecker
et al. 2002), where Ancistrus and Chaetostoma alone
recycle as much as 10% of the N required for algal
production (Hood 2000). Since catfish recycle at a high
N/P ratio, nutrient recycling by catfish likely acts to
diminish periphyton N-limitation but it also likely in-
creases periphyton C/P, leading to further P-limitation
of catfish growth. Our results suggest that the role of
herbivorous and P-rich fishes in nutrient cycles and food
webs requires further examination.

Patterns of C, N, and P egestion

Since herbivorous fishes consume food with far greater
stoichiometric variation than their own bodies, these
fishes must maintain homeostasis through either ele-
mental assimilation in their guts or via excretory pro-
cesses. Sterner and George (2000) demonstrated that
cyprinid fishes do not maintain C and N homeostasis
through AE. Instead, they concluded that fishes main-
tain C and N homeostasis through physiological pro-
cessing of assimilated nutrients (i.e., via excretion). Our
results are consistent with Sterner and George’s (2000)
only for C/P. In contrast to Sterner and George (2000),



we demonstrate that the patterns of AE vary greatly
between fishes and elements. Ancistrus and Chaetostoma
exhibited three different patterns of elemental assimila-
tion (Fig. 3). Thus, patterns of fecal material stoichi-
ometry may differ between elements and species, and be
difficult to predict. This suggests that while fish stoichi-
ometry is likely a major factor in determining the C/N/P
of released elements, the physiology of an individual
species may play an even greater role. When both
excretion and egestion are examined, species identity
appears to be a strong determinate of N/P release.

The relationship between food C, N, and P content
and AE appears to be highly variable between taxa
(Nakashima and Leggett 1980b; Sterner and George
2000; Galholt and Vanni 2005). Studies have shown that
the relationship between AE and food nutrient concen-
trations may be non-existent or may be negative as we
describe here. This variation may have important
implications for efforts to model nutrient use or excre-
tion by fishes. Many bioenergetics and MB studies uti-
lize a single nutrient AE from the literature, rather than
values measured in the field for the particular population
being modeled (Kraft 1992, 1993; Vanni 1996; Schindler
and Eby 1997). The use of generalized nutrient assimi-
lation efficiencies may be a source of error in model
prediction both because of the apparent variation be-
tween species and the variation with food nutrient con-
tent.

Modeled versus measured excretion rates

Mass balance models and direct excretion measurements
are the two most common methods used to determine
nutrient excretion rates by fish (Kraft 1992; Vanni 1996;
Schaus et al. 1997; Schindler and Eby 1997; Vanni et al.
2002). To our knowledge, this is the first direct com-
parison of mass balance models and direct measure-
ments of excretion. Previous comparisons demonstrated
only that the two methods produced excretion rates
within the same range (e.g., Mather et al. 1995; Vanni
1996; Schaus et al. 1997). In contrast, this study dem-
onstrates that these two methods produce statistically
similar excretion rates for the same fish population
(Table 1). However, our comparison suggests that these
methods produced similar results only when nutrients do
not limit fish growth. When nutrients limit fish growth
direct measurements are likely to be more accurate.

Potential sources of uncertainty

The Ancistrus P excretion model did not balance and
predicts negative P excretion. This result is not reason-
able, because even starved fishes excrete some P (Mather
et al. 1995). However, as noted earlier, measured P
excretion rates are quite low for loricariids, compared to
other fish taxa. Therefore, obtaining negative-modeled
excretion rates are more likely for these fishes than other
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fishes that excrete P at higher rates, given the parameter
uncertainty inherent in modeling efforts. Since negative
nutrient excretion rates are not possible and it is unlikely
that we missed a major aspect of Ancistrus P budget,
Ancistrus’ negative P excretion rates must be the result of
one or more inaccurate parameters. The parameters
strongly affecting Ancistrus’ P budget are body P, P AE,
food P, and growth rate. All of these parameters appear
reasonable. Our estimates of Ancistrus body P content
are similar to Vanni et al.’s (2002) and reflect Ancistrus’
bony body. Furthermore, the MB models’ assumption
of nutrient homeostasis was supported by our results.
Model simulations demonstrated that there is not en-
ough variation inherent in P AE to fully account for
Ancistrus’ P imbalance.

Both food P and growth rate have a large effect on
the P MB model (Hood 2000) and were not measured as
explicitly as the other parameters. Ancistrus’ daily pat-
tern of P ingestion may not have been adequately de-
scribed since we only measured food P at midnight.
However, our data indicate that at midnight both catf-
ishes consume food highly enriched in P over stream
biofilm. Since algal C/P is rarely lower than 100 (Elser
et al. 2000), to achieve P balance, these fishes would
have to consume animal material or high P detritus
during the day. Both stable isotopes and direct diet
measurements demonstrate that these catfishes consume
periphyton (P. McIntyre and B. Daley, personal com-
munications). Alternatively, Ancistrus’ negative P
excretion rates may be the result of an overestimate of
Ancistrus’ growth rate. It is noteworthy that Ancistrus
exhibited far higher growth rates than Chaetostoma.
Yet, model simulations suggest that a 58% (37 SD) de-
crease in growth rate is required to merely balance An-
cistrus’ P budget. Furthermore, other studies have
recorded much higher growth rates for Ancistrus in Rio
Las Marias (Solomon et al. 2004). Regardless of the
actual source of this P imbalance, our results demon-
strate that P uptake and conservation have an impact on
Ancistrus growth rates and nutrient excretion in Rio Las
Marias. In addition, since P excretion rates are only
sensitive to growth rate when fishes reach the border of
P limitation of growth (Schindler and Eby 1997; Vanni
and Headworth 2004), our observation that P excretion
rates are sensitive to growth is a further evidence for P
limitation of growth.

Ancistrus gut evacuation rate was used in the Chae-
tostoma MB model. Differences between Chaetostoma
and Ancistrus gut evacuation rates will likely have a
small effect on the MB model for several reasons. First,
Ancistrus and Chaetostoma have similar gut morphology
and consume similar food; two factors known to affect
gut evacuation rate (Persson 1992; He and Wurtsbaugh
1993). Second, gut evacuation rate often varies more
with temperature than between species (Olson and
Boggs 1986; Targett and Targett 1990; Horn et al. 1995).
Finally, neither the N nor P mass balance model is
particularly sensitive to the gut evacuation rate (Hood
2000). Taken together, this suggests that although An-
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cistrus and Chaetostoma may have different gut evacu-
ation rates, these differences are likely to be small in
comparison to variation in gut evacuation rate in re-
sponse to environmental conditions.

Conclusions

We conclude that in Rio Las Marias, during the dry
season Ancistrus and Chaetostoma, either experience
P-limited growth or are on the border of P limited
growth. Our results suggest that if herbivores and
families with high body P concentrations received more
attention, P limitation of fish growth would appear to
be more common. Both the potential for P limitation
of fish and the relationship between AE and food
nutrient content indicate that N and P release by fish
may be far more dynamic and complicated than pre-
viously thought. If the magnitude of nutrients recycled
by herbivorous fishes is high, nutrient recycling by fish
will modify the N/P ratio available to algae and
potentially decrease the quality of their food. In zoo-
plankton communities similar interactions have been
predicted to affect zooplankton coexistence and the
stability of food web dynamics (Andersen 1997).
Finally, our results suggest that consumer-resource
stoichiometry, phylogeny, and functional identity may
be important in determining the role fishes play in
nutrient cycling in aquatic ecosystems.
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