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Trade of ornamental aquatic species is a multi-billion dollar industry responsi-
ble for the introduction of myriad fishes into novel ecosystems. Although
aquarium invaders have the potential to alter ecosystem function, regulation
of the trade is minimal and little is known about the ecosystem-level conse-
quences of invasion for all but a small number of aquarium species. Here,
we demonstrate how ecological stoichiometry can be used as a framework
to identify aquarium invaders with the potential to modify ecosystem pro-
cesses. We show that explosive growth of an introduced population of
stoichiometrically unique, phosphorus (P)-rich catfish in a river in southern
Mexico significantly transformed stream nutrient dynamics by altering nutri-
ent storage and remineralization rates. Notably, changes varied between
elements; the P-rich fish acted as net sinks of P and net remineralizers of nitro-
gen. Results from this study suggest species-specific stoichiometry may be
insightful for understanding how invasive species modify nutrient dynamics
when their population densities and elemental composition differ sub-
stantially from native organisms. Risk analysis for potential aquarium
imports should consider species traits such as body stoichiometry, which
may increase the likelihood that an invasion will alter the structure and
function of ecosystems.

1. Introduction

Global trade of live organisms is a multi-billion-dollar industry that supports
economies throughout the world; yet species invasions are often the inadver-
tent consequences of commerce. The costs invasions impose frequently
outweigh the economic benefits derived from the industry [1]. For example,
while sales of nursery and greenhouse-grown plants grossed almost $16 billion
in 2004 in the USA [2], the economic losses suffered after ornamental plant
introduction and spread were estimated to be more than double this value
[3]. This paradox is universal as policy-makers attempt to stimulate economic
activities, while minimizing the threats imposed by species invasion [1,2].
More than one billion wild-caught and captive-bred fishes were traded through
more than 100 countries in 2000 [4]. Of the freshwater fishes, approximately
90% of the entire trade volume comprises a relatively small number of species
[5]. The most popular fishes sold in the aquarium trade are the most likely to
become introduced and established in freshwater habitats [6]. Yet little is
known about the potential effects of these aquarium invaders on ecosystem
processes in freshwater systems. By identifying traits, such as body and dietary
stoichiometry, that characterize invaders with the potential to modify ecosys-
tem processes, policy-makers may design species-specific import restrictions
for organisms posing threats to ecosystem function.

Fishes can play important roles in freshwater ecosystem function via nutrient
sequestration in body tissues [7,8] and nutrient remineralization via excretion
and egestion [9-11]. The strength of these interactions is often regulated by the
amount and ratio of elements stored in and cycled through fishes [12]. Ecological
stoichiometry, or the ratio of elements in ecological processes [13], is a useful
framework to employ when evaluating the potential effects of non-native, inva-
sive species on nutrient dynamics in invaded freshwater ecosystems. There is a
wide range of body and diet stoichiometries among freshwater fishes
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[11,12,14], which mediates the amount of food consumed and
the waste products produced by a species, thereby influencing
ecosystem-wide resource availability and nutrient dynamics
[12]. The effect of organismal stoichiometry on nutrient
dynamics may be nutrient-specific [15]. Therefore, an invader
with high requirements for one element may selectively
sequester that element in body tissues relative to other
elements. In other words, a stoichiometrically unique invader
may function as a net nutrient sink for one element, while func-
tioning as a net remineralizer for other elements, thereby
altering nutrient cycling patterns in invaded habitats.

To understand and mitigate the effects of introduced
species on ecosystem function, it is imperative to document
changes in ecosystem processes after invasion. We argue that
ecological stoichiometry could be employed to help predict
which species have the potential to exert strong influences on
ecosystem structure and function, and allow policy-makers to
initiate targeted actions to restrict the import of specific organ-
isms. Such activities may be especially important in developing
economies where human populations are often directly depen-
dent upon native biodiversity for their food sources and
income [16,17], and where the primary (and sometimes only)
action taken to control invasive species is to ban potentially
harmful species prior to import [18].

Here, we examine the influence of the sailfin catfish
(Loricariidae: Pterygoplichthys) on nutrient storage and cycling
after introduction to a nutrient-limited river system in southern
Mexico. Sailfin catfish and other loricariids are bottom-dwell-
ing fishes native to South America, Panama and Costa Rica
[19,20]. Relative to other fish families, loricariids are phos-
phorus (P)-rich due to bony-plated armour covering their
bodies [11,12,21]. Loricariids are among the most popular
freshwater fishes sold in the aquarium trade, where they are
marketed as ‘plecos” or ‘algae eaters’, and have become
established in freshwater bodies throughout the globe [22,23].
Non-native Pterygoplichthys were first documented in Chiapas,
Mexico in 2004, where they have been linked to the collapse of
small-scale fisheries [24,25].

Employing stoichiometric theory, we predicted the high
population density of non-native loricariids coupled with their
unique stoichiometry would have significant effects on nutrient
remineralization and storage in a nutrient-limited system. We
began by documenting the density and biomass of loricariids,
and measuring their body carbon (C), nitrogen (N) and P con-
tent to estimate nutrient storage rates. Second, we estimated
the nutrient remineralization rates of loricariids and dominant
native fish species and compared them with in-stream nutrient
uptake rates. Finally, we used both storage and remineralization
rates to estimate whether loricariids were functioning as net
sinks or net remineralizers of nutrients. We predicted high den-
sities of loricariids would function as a net remineralizer of N,
but would act as a net sink of P relative to their remineralization
rates within the invaded system because of their high P demand.

2. Methods
(a) Study site

The fieldwork for this study was conducted in the Chacamax
River (17°29'047" N, 91°58'430” W) in Chiapas, Mexico during
the dry season months of March—May 2008-2010. The native
fish assemblage found in the Chacamax River during the study
period was similar to species assemblages found in uninvaded

streams in the region [26]. Ambient nutrient concentrations in
the study reaches were moderate to low (average values:
NH; -N, 10 pg 1% NOj5 -N, 353 pg 17%; total dissolved nitro-
gen, 387 pg 1% soluble reactive P, less than 2 pg 1% total
dissolved phosphorus, 3 ugl™'). Stream discharge averaged
approximately 16001s~ ' throughout the study. We employed
nutrient diffusing substrata using methods outlined by Capps
et al. [27] in 2008 and 2009, to estimate nutrient limitation of pri-
mary producers. We determined that primary producers in the
river were P-limited.

(b) Fish biomass and remineralization

To estimate the density and areal biomass of Pterygoplichthys and
native fishes in the study site, we counted fishes along transects
in a 550 m reach of stream using methods modified from Thurow
[28]. Loricariids were identified as small (less than 15 cm stan-
dard length (SL)), medium (15-25 cm SL) or large (more than
25 cm SL). Five whole individual fishes from each species were
collected for C, N, P analysis using standard electroshocking
(ABP-3-600 Electrofishing Backpack System, Electrofishing,
LLC, Verona, WI) and seining techniques [29,30], and fish were
euthanized using an overdose of MS-222. To compare the density
and estimate the biomass of Pterygoplichthys with native fishes,
we conducted two snorkelling surveys on two dates (10 March
2010 and 5 May 2010) using the aforementioned methods.
Carbon, N and P storage rates were calculated as the change in
the product of the areal biomass estimates and percentage
element in the fish tissue samples between 2008 and 2010.

Fish nutrient recycling rates were estimated based on the
difference in dissolved N and P concentrations between plastic
tubs incubated with and without fishes using standard methods
that accounted for matrix effects [10,11,31]. After collection, we
immediately incubated five individuals from the seven most
common native fish genera (Astyanax, Monopterus, Poecillia,
Rhamdia, Theraps, Thorichthys and Vieja) and five Pterygoplichthys
in 10 I plastic tubs with 2—71 of stream water for 1 h. At the end
of the incubation, we collected water samples for NH," and sol-
uble reactive phosphorus (SRP) analysis. Areal excretion
estimates were calculated as the product of the areal biomass esti-
mates and the mass-based excretion rates for each species [10].
Water samples were filtered through glass-fibre filters (Gelman
A/E) to remove faeces and other particles. Water samples col-
lected for P analysis were acidified with 2N H,SO, (less than
pH 2) for preservation and shipped to the USA for analysis.
We employed standard colorimetric methods to analyse P
samples [32] using a Lachat QuickChem 8000 (Lachat Instru-
ments, Loveland, CO). All NH," samples were refrigerated and
analysed in the field using the fluorometric methods outlined
by Taylor et al. [31].

(i) Nutrient dynamics

Nutrient demand of primary producers and the microbial com-
munity was estimated using nutrient additions in 2010 after
methods outlined by Hall & Tank [33]. Briefly, we measured
NH," and SRP uptake in the river in April 2010 by conducting
two additions of NH4Cl and two additions of KH,PO, using
NaBr as a conservative tracer. Uptake was calculated using the
formula: In N, = In N,— ax, where N, and N, were the nutrient con-
centrations at the addition site and x m downstream from the
addition site, and a was the uptake rate per m” [34]. We also calcu-
lated excretion turnover distance, the distance required for
excretion to completely turn over the ambient nutrient pool,
using methods outlined by Benstead et al. [35]. To estimate whether
loricariids were acting as net sinks or net remineralizers of nutri-
ents, we subtracted the amount of nutrients produced via areal
nutrient remineralization from the amount of nutrients stored in
loricariid tissues through growth between 2008 and 2010.
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Figure 1. Pterygoplichthys in the Chacamax River (17°29'047" N,
91°58'430” W). (a) Individual Pterygoplichthys, (b) underwater close-up of
part of a Pterygaplichthys aggregation, (c) surface photo of Pterygaplichthys
aggregations denoted by the black dotted lines. (Online version in colour.)

(ii) Statistical analysis

We performed linear regressions with and without Pterygoplichthys
to estimate the change in cross-species relationships between
nutrient excretion and body mass, and nutrient excretion and
body nutrient content after Pterygoplichthys invasion (see electronic
supplementary material, table S1). We analysed the effect of taxon
on fish body nutrient concentration and fish excretion rate (per
gram of fish) using a generalized linear model (PROC GLM),
with Tukey’s adjustment for multiple comparisons. All data
were logjg-transformed to address non-uniform variance. Fish
body and excretion data were analysed using SAS v. 9.2 (SAS
Institute, 2010).

3. Results

Loricariids attained a high areal biomass (230 g Pterygoplichthys
m™?), at least two orders of magnitude greater than the
native fish biomass (1.42 g native fishes m ™2 figures 1 and 2).
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Figure 2. Pterygoplichthys density and biomass in the Chacamax River
(17°29'047" N, 91°58'430” W). (a) Density of Pterygoplichthys. (b) Areal bio-
mass of Pterygoplichthys. Small fish (less than 15 cm SL) are represented in grey,
medium fish (15—25 cm SL) in black, and large fish (more than 25 cm SL) in
white. The dashed line denotes native fish biomass in 2010 (1.42 g m ).

Pterygoplichthys biomass increased by approximately 100 g m >
per year between 2008 and 2010 (figure 2). Loricariids had signifi-
cantly lower body C (p <0.0001, F;3, =10.54; electronic
supplementary material, figure S1A) and N concentrations
(p <0.0001, Fy3,=27.55; electronic supplementary material,
figure S1B) relative to the other fishes we examined (C mean:
32% versus 41% and N mean: 8% versus 11%, respectively). As
predicted, Pterygoplichthys were almost twice as rich in P
(mean: 5.7%) relative to the other fishes (mean: 3.3%) sampled
(p <0.0001, F73,=12.01; electronic supplementary material,
figure S1C), which yielded significantly lower molar C: P (p <
0.0001, F;3, = 12.63; electronic supplementary material, figure
S1E) and N: P (p < 0.0001, F7 3, = 19.59; electronic supplemen-
tary material, figure S1F) than the native fish species. Thus,
in 2010, loricariids sequestered approximately 11.5gm > P,
whereas native fishes sequestered an average of 0.05gm > P
in the Chacamax.

Pterygoplichthys excreted significantly less N per gram of
body mass compared with all other genera measured except
the swamp eel, Synbranchidae: Monopterus sp. (p < 0.0001,
F73, =20.83; electronic supplementary material, figure S2).
Phosphorus excretion per gram of Pterygoplichthys was less
than the characid, Astyanax aeneus, the molly, Poecilia mexicana
and the native pimelodid catfish, Rhamdia guatemalensis, but
did not significantly differ from the native cichlids (Vieja sp.,
Cichlasoma sp., Theraps sp.) or the swamp eel (Monopterus sp.)
we sampled (p <0.0001, F73 =23.50). Despite differences
in body stoichiometry, nutrient remineralization ratios of
Pterygoplichthys differed only from two species sampled
(p < 0.0001, F73, = 23.50), whereby the N : P excretion ratio for
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Figure 3. (a) Nutrient excretion rate relative to stream nutrient uptake (%) over a 100 m reach in the Chacamax River. (b) Excretion turnover distance (in kilometres)
by loricariids and native fishes in the Chacamax River. Note the y-axes are on log scales. Black bars denote NH,™ and white bars denote SRP.

Pterygoplichthys was significantly less than the cichlid, Theraps
sp., and significantly greater than Astyanax aeneus (see electronic
supplementary material, figure S2). Areal excretion estimates
showed that loricariids excreted approximately 25 times the
amount of N (191 versus 7.5 pmol Nm ?h™') and P (4.5
versus 0.18 umol P m ™2 h ™) than native fishes.

Nutrient uptake rates in the Chacamax were approximately
75 umol NH;'-Nm 2h™! and 7 umol PO;3~-Pm 2h L
Consequently, loricariid excretion was equivalent to approxi-
mately 255% of the NH," and 70% of the P demand in the
Chacamax. By contrast, excretion by native fishes was equival-
ent to approximately 10% of the NH," and 3% of the P demand
(figure 3a). Moreover, loricariids dramatically reduced the fish
excretion turnover distance of NH;" and P from 21 (native
fishes) to 0.8 km (loricariids) for NH;" and 102 (native fishes)
to 4.06 km (loricariids) for P (figure 3b). To estimate the net
effects of loricariids on nutrient dynamics, we subtracted the
nutrients loricariids remineralized (see electronic supplemen-
tary material, figure S2; 191 pmol Nm 2h ! and 75 pmol
Pm 2h 1) from the nutrients sequestered in loricariid tissues
through growth between 2008 and 2010 (figure 2; 60 pmol
Nm ?h 'and 20 pmol P m ™2 h™!). The net effect of loricariids
on nutrient dynamics was element-dependent; loricariids were
net remineralizers of N (131 pmol N m ™2 h '), but at the same
time sequestered P through growth (12.5umol Pm *h™’;
figure 4).

4. Discussion

Our results indicate that stoichiometrically unique invaders
can exert strong impacts on nutrient dynamics and have the
ability to alter the functional role of fishes in aquatic ecosys-
tems, especially when they attain high population densities.
Relative to the contribution from native fishes, loricariid inva-
sion converted the upper Chacamax River to a system where
fishes formed an important pool of stored nutrients, and
where fish remineralization had the potential to meet most
of the ammonium and P demand. As we predicted, the
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Figure 4. Nutrient remineralization estimates of nutrients by loricariids in the
Chacamax River. The values were obtained by subtracting areal rate of nutri-
ent sequestration by loricariids from the areal nutrient recycling rates of
loricariids in the Chacamax River. Positive values indicate that loricariids
are acting as a recycler of nutrients via remineralization and negative
values indicate that loricariids are acting as net sink of nutrients through
sequestration in body tissue.

high population density and unique body stoichiometry of
loricariids influenced their effect on nutrient dynamics; they
produced a net sink of P relative to their remineralization
rates. These results illustrate the utility of ecological stoichi-
ometry as a predictive framework for understanding the
potential effects of non-native fishes on nutrient dynamics
in freshwater ecosystems. Moreover, this study highlights
the importance of estimating both elemental storage and
remineralization rates of invaders to elucidate net ecosystem
effects of invaders on biogeochemical processes.
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(a) Predicting consequences of non-native fishes using
ecological stoichiometry

The elemental requisites of all species observe the law of con-
servation of mass [15]; therefore, the general principles of
ecological stoichiometry may provide additional insights
into understanding the ability of introduced organisms to
flourish in novel ecosystems [36]. Body stoichiometry is
diverse among aquatic species and displays phylogenetic
and size-based interactions [11,12]. Stoichiometric differences
can be used to predict the influence of aquatic organisms on
nutrient dynamics [10,11,37,38]; thus, stoichiometrically
unique aquarium invaders would be expected to alter nutri-
ent dynamics after invasion if they attain high biomass
relative to other species and/or if they modify the flux of lim-
iting nutrients in invaded ecosystems [39,40]. Loricariids are
P-rich compared with the majority of freshwater fishes that
have been studied [12,21]. In the Chacamax River, P-rich lor-
icariids invaded a P-limited system and strongly influenced P
storage and remineralization. Availability of N and P often
constrains other ecosystem processes, such as organic
matter decomposition and primary productivity [12]; conse-
quently, dense populations of loricariids may influence
trophic interactions by altering the availability and nutrient
content of basal food resources in invaded systems [41].

Fishes are often the most nutrient-rich species in freshwater
ecosystems, and, when abundant, can form the dominant pool
of nutrients in streams and lakes [7,12]. Hence, invading fishes
attaining high biomass may significantly shift where and for
how long nutrients are stored in an ecosystem. In less than a
decade [24,25], loricariids attained a biomass two orders of
magnitude larger than native fishes, and substantially altered
the amount of N and P stored in fish tissues in the Chacamax
River. The areal biomass of loricariids increased steadily
throughout the study period, growing at a rate of approxima-
tely 100 g Pterygoplichthys m > yr ' (figure 2), sequestering
approximately 8 gN m 2 yr71 and 6gP m 2 yrfl. Although
there are no published estimates of native fish biomass prior
to loricariid invasion in the Chacamax, we are confident that
the current biomass of invasive catfish is much greater than
would have been observed for native fishes prior to invasion.
Biomass of native fishes in similar reaches of uninvaded
streams in the region never approach the biomass attained by
loricariids in the upper Chacamax, and both ichthyologists
and local fishers who witnessed the invasion corroborate the
explosive increase in fish biomass associated with loricariids
(A. A. Pease 2010, personal communication).

Nutrient remineralization by fishes can also influence
nutrient dynamics in aquatic environments [10,14,42], and
recent work has demonstrated that the aggregating behaviour
of non-native loricariids can create areas of enhanced biogeo-
chemical activity or hotspots, in stream ecosystems [43]. In
our study, loricariid excretion was equivalent to approxi-
mately 255% of the NH;" demand and 70% of the P
demand, compared with 10% of the NH," demand and 3%
of the P demand met by native fish excretion (figure 3a). Day-
time areal excretion estimates indicated that loricariids
excreted approximately 25 times the amount of N and P
than was excreted by the native fish community. This led to
a 95% reduction in the distance required for fish excretion
to turn over the ambient pools of NH,;" and SRP relative
to the turnover distance of the native fish community
(figure 3b). Loricariids recycled nutrients via excretion and

sequestered nutrients through growth in the Chacamax
River; however, they influenced N and P dynamics differen-
tly. When combined, recycling and sequestration estimates
suggest that the loricariid population may act as a net remi-
neralizer of N (131 pmol Nm ™ 2h™!), but a net sink of P
(125 pmol Pm ?h™ ") (figure 4). Few studies have simul-
taneously examined elemental storage and remineralization
of fish invaders [44,45]; yet both measurements are needed to
elucidate the net effects of an invader on biogeochemical
cycling. Our findings demonstrate that body stoichiometry
is a useful predictor of how invaders can influence nutrient sto-
rage and cycling among elements, and suggest that organisms
can simultaneously function as a net remineralizer of one nutri-
ent, while functioning as a net sink of another in the same
system. It is most likely that the effects of loricariids on nutrient
storage and remineralization take on great importance in the
Chacamax River due to the combined effects of the high
biomass and unique body stoichiometry of Pterygoplichthys.
Invaders that are stoichiometrically imbalanced with
their food would also be expected to have greater effects than
organisms consuming food items that are stoichiometrically
similar to their own body chemistry [12]. Low-trophic-
position fishes, such as herbivores and detritivores, are often
stoichiometrically imbalanced with their food [11,12]. They
compensate for this disparity by consuming large quantities
of plant matter and detritus, and remineralizing nutrients
via excretion and egestion [13]. Barring other life-history limit-
ations to invasion, grazing fishes, such as Pterygoplichthys,
are predicted to be successful invaders, because they are
rarely food-limited [46,47]. Coupled with a lack of natural pre-
dators, this characteristic may also enable loricariids to attain
such high population densities. Some of the most popular
aquarium fishes, such as guppies (Poecilia reticulata), neon
tetras (Paracheirodon innesi), goldfish (Carassius auratus), sword-
tails (Xiphophorus maculatus) [48] and armoured catfish
(Pterygoplichthys sp., Hypostomus sp.) [23,49], can maintain her-
bivorous and detritivorous diets [50]. Stoichiometric theory
indicates that aquarium invaders with the aforementioned
trophic ecology have the potential to restructure the chemical
environment of an ecosystem by altering nutrient storage,
cycling and demand via consumption, excretion and egestion.

(b) Global implications for aquarium fish invasions

At present, global trade of aquarium fishes is minimally regu-
lated [51], though many studies have documented the risk the
aquarium trade poses to freshwater fish faunas [52]. Up to
5300 species of fishes have been sold in the aquarium trade
[51], and many of the commonly sold species will probably
be released into ecosystems outside their native range [6].
While the cost of eradicating invaders and managing their
effects can be high, the challenge for policy-makers to bolster
economic activities while mitigating negative environmen-
tal impacts from introduced species is often more acute in
developing countries [17,53]. This is likely to be due to the
dependence of many developing economies on natural and
agricultural resources [16] and the minimal financial
resources available to document, monitor and manage
species invasions [16,18,54]. For instance, in Mexico, loricariid
invasion has decimated freshwater fisheries in several states.
Loricariids now make up 70-85% of the fish biomass harves-
ted by commercial and subsistence fishers in fisheries in the
Infernillo Dam in the state of Michoacan (see electronic
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supplementary material, figure S3) [55]. Currently, no com-
merce has developed around invasive loricariids in Mexico;
therefore, the fisheries have collapsed and thousands of fishers
are out of work because of an aquarium invader [49,55].

The argument that import restrictions on selected species
put too much financial burden on those involved with the
live animal trade is a limited viewpoint that puts freshwater
ecosystems at risk. This argument does not take into account
the costs levied on local populations by invaders that modify
ecosystem processes [17]. As demonstrated in this study,
popular aquarium species can have profound effects on eco-
system processes, and ecological stoichiometry can be used to
predict potential changes in ecosystem function after inva-
sion. Therefore, risk analysis for potential aquarium imports
should not be limited to the probability of establishment of
the species and the identification of actions to manage or
reduce risks that reflect potential socioeconomic or cultural
consequences. Rather, risk analyses should strive to identify
and examine traits, such as body and dietary stoichiometry,
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