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Abstract
1. Herbivorous ectothermic vertebrates are more diverse and abundant at lower lati-

tudes. While thermal constraints may drive this pattern, its underlying cause remains 
unclear. We hypothesized that this constraint stems from an inability to meet the el-
evated	phosphorus	demands	of	bony	vertebrates	feeding	on	P-poor	plant	material	at	
cooler temperatures because low gross growth efficiency at warmer temperatures 
facilitates higher P ingestion rates. We predicted that dietary carbon:phosphorus 
(C:P)	 should	 exceed	 the	 threshold	 elemental	 ratio	 between	 carbon	 and	 P-limited	
growth (TERC:P) for herbivores feeding at cooler temperatures, thereby limiting the 
range	of	herbivorous	ectothermic	vertebrates	facing	P-limited	growth.

2.	 We	tested	this	hypothesis	using	the	Andean	suckermouth	catfishes	Astroblepus 
and Chaetostoma. Astroblepus are	invertivores	that	inhabit	relatively	cool,	high-el-
evation streams while Chaetostoma are	grazers	that	inhabit	relatively	warm,	low-
elevation streams. We calculated TERC:P for each genus across its elevational 
range and compared these values to measured values of food quality over an ele-
vational	 gradient	 in	 the	Andes.	We	 also	 broadly	 summarized	measurements	 of	
TERC:P across diverse groups of fishes.

3.	 Supporting	our	hypothesis,	we	found	that	dietary	C:P	was	predicted	to	exceed	the	
TERC:P for the grazer Chaetostoma near the highest elevation where this genus has 
been recorded. Conversely, the TERC:P for the invertivore Astroblepus was consist-
ently higher than that of Chaetostoma and thus its dietary C:P never approached 
the TERC:P. We found that, among all fishes, omnivores had higher average TERC:P 

than invertivores, and TERC:P did not vary with temperature.
4.	 Our	 results	 suggest	 that,	 at	 least	 for	Andean	suckermouth	catfishes,	 cool	 tem-

peratures constrain herbivory at higher elevations. Increased gross growth effi-
ciency	at	cooler	temperatures	evidently	restricts	the	ability	of	P-limited	consumers	
to meet P demand. However, our survey of fish TERC:P estimates suggests that 
some	fishes	are	able	to	circumvent	this	constraint	through	behavioural	and	life-
history adaptations that reduce P demand or increase P use efficiency.

5.	 The	physiological	 trade-offs	underlying	 these	 functional	 shifts	 reveal	 that	geo-
graphic dietary patterns can be predicted by stoichiometric theory, but variation 
in food quality and consumer traits that reduce P demand and/or increase P effi-
ciency can create exceptions to these patterns.
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1  | INTRODUC TION

The strength of herbivory can shape the structure and function of a 
wide	variety	of	ecosystems	(Carpenter,	Kitchell,	&	Hodgson,	1985;	
Estes	et	al.,	2011;	Hairston,	Smith,	&	Slobodkin,	1960).	Moreover,	
the evolution of herbivory has affected the diversification of mul-
tiple animal lineages, as herbivorous clades tend to diversify more 
rapidly than predatory and omnivorous clades (Davis, Unmack, Vari, 
&	Betancur-R,	2016;	Price,	Hopkins,	Smith,	&	Roth,	2012;	Wiens,	
Lapoint,	&	Whiteman,	2015).	Whereas	herbivory	can	have	strong	
impacts across multiple scales, its prevalence is often limited by the 
physiological challenges of processing large amounts of recalcitrant 
and	nutrient-poor	material	(Karasov,	Martínez	del	Río,	&	Caviedes-
Vidal, 2011). These challenges may have given rise to latitudinal and 
elevational gradients in herbivore diversity, with members of sev-
eral animal groups having been shown to consume higher propor-
tions	of	plant	material	at	warmer	temperatures	(Behrens	&	Lafferty,	
2007;	 Boersma	 et	 al.,	 2016;	 Carreira	 et	 al.,	 2016).	 For	 example,	
herbivorous fishes tend to be more abundant and diverse in warm, 
tropical ecosystems than in cool, temperate ecosystems (Floeter, 
Behrens,	 Ferreira,	 Paddack,	 &	 Horn,	 2005;	 González-Bergonzoni	
et al., 2012). These observations of increased herbivory at lower 
latitudes have generated considerable research interest, yet a clear 
explanation for their cause remains elusive.

Proposed explanations for the increased diversity of herbivorous 
fishes in the tropics have largely centred around the temperature de-
pendence of metabolism and assimilation efficiency when feeding on 
plant	material	(Behrens	&	Lafferty,	2007;	Clements,	Raubenheimer,	&	
Choat,	2009).	As	a	result,	Clements	et	al.	(2009)	advocated	for	more	
widespread	application	of	a	theory-based	nutritional	framework	in	the	
study of fish herbivory. Ecological stoichiometry, the balance of mul-
tiple chemical elements and energy in ecological systems, provides a 
useful theoretical framework for understanding dietary constraints at 
the	level	of	individual	elements	(Sterner	&	Elser,	2002).	Indeed,	stoi-
chiometric theory has informed nutrient constraints on fish diets (e.g., 
Benstead	et	al.,	2014;	Hood,	Vanni,	&	Flecker,	2005)	and	their	conse-
quences	for	ecosystem	function	(e.g.,	Moody	et	al.,	2018;	Schindler	&	
Eby,	1997;	Vanni,	Layne,	&	Arnott,	1997).	 Integrating	stoichiometry	
with metabolic processes in particular could provide a unified frame-
work	 for	 understanding	 dietary	 constraints	 (e.g.,	 Allen	 &	 Gillooly,	
2009;	Doi	et	al.,	2010;	Gillooly	et	al.,	2005;	Ott	et	al.,	2014).	These	
constraints are characterized by the threshold elemental ratio (TER), 
which explicitly bridges metabolism and stoichiometry by linking diet 
quality and assimilation efficiency to organismal growth.

The TER for two elements, such as carbon (C) and phosphorus 
(P), is defined as the dietary C:P ratio above which consumer growth 

switches	 from	 C-limitation	 to	 P-limitation	 (Frost	 et	 al.,	 2006).	 This	
concept	 was	 first	 developed	 for	 crustacean	 zooplankton	 (Urabe	 &	
Watanabe, 1992), and much subsequent work has retained this tax-
onomic	 focus	 (e.g.,	 Frost,	 Xenopoulos,	 &	 Larson,	 2004;	 Malzahn,	
Doerfler,	&	Boersma,	2016;	Sterner,	1997).	This	narrow	focus	has	lim-
ited our ability to understand broader patterns in how and why the 
TERC:P varies among taxa. Because TERC:P depends on maximum gross 
growth efficiency for C (GGEC), which itself is proportional to met-
abolic rate, more detailed studies of TERs could illuminate links be-
tween metabolic theory and ecological stoichiometry (Doi et al., 2010; 
Frost	et	al.,	2006).	Variation	in	the	TERC:P may explain geographic pat-
terns in herbivory in ectotherms due to the temperature dependence 
of	metabolic	and	ingestion	rates.	As	metabolic	rate	is	more	sensitive	
to temperature than ingestion rate, max GGEC tends to decline with 
temperature (Doi et al., 2010; Iles, 2014). However, the shallow slope 
of this relationship may lead to a weak dependence of TERC:P on meta-
bolic	rate	(Doi	et	al.,	2010).	This	dependence	may	be	taxon-specific,	as	
the relationship between max GGEC and temperature is strongest in 
vertebrates (Doi et al., 2010). Therefore, temperature dependence of 
the TERC:P should be strongest in ectothermic vertebrates, which are 
often the dominant consumers in aquatic ecosystems.

If max GGEC decreases with temperature in ectothermic verte-
brates, the TERC:P will increase with temperature when all else is 
equal. We therefore hypothesize that vertebrate grazers are more 
abundant	in	warm,	tropical	latitudes	due	to	the	constraints	of	P-lim-
ited growth at cooler temperatures. If this hypothesis explains the 
phenomenon of higher grazer diversity in the tropics, then TERC:P 

should increase with temperature in fishes. Here, we test this hypoth-
esis with a detailed study of closely related invertivorous and grazing 
suckermouth	catfishes	in	the	Andes,	Astroblepus and Chaetostoma, in 
combination with a broader survey of TERC:P in fishes.

2  | MATERIAL S AND METHODS

2.1 | Study system and elevational patterns

Astroblepidae	 and	 Loricariidae	 are	 sister	 families	 of	 loricari-
oid catfishes widely distributed throughout tropical South 
America	and	into	Panamá	(Lujan,	Armbruster,	Lovejoy,	&	Lόpez-
Fernández,	 2015).	 Astroblepidae,	 the	 naked	 suckermouth	 cat-
fishes,	contains	only	 the	exclusively	Andean	genus	Astroblepus, 
but Loricariidae, the family of armoured suckermouth catfishes, 
contains	over	950	species	within	111	genera	(Eschmeyer,	Fricke,	
&	 Laan,	 2018).	 In	 this	 study,	 we	 focus	 on	Astroblepus and the 
primarily	 Andean	 loricariid	 genus	 Chaetostoma	 (Lujan,	 Meza-
Vargas,	 Astudillo-Clavijo,	 Barriga-Salazar,	 &	 Lόpez-Fernández,	

K E Y W O R D S
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2015;	Figure	1).	Chaetostoma are considered obligate grazers of 
algae and detritus, whereas Astroblepus feed primarily on aquatic 
invertebrates	 (Angermeier	 &	 Karr,	 1983;	 Lujan,	 Winemiller,	 &	
Armbruster,	 2012;	 Vélez-Espino,	 2003).	 While	 Astroblepus are 
generally considered to inhabit higher elevation streams than 
Chaetostoma (Carvajal-Quintero	et	al.,	2015;	Lujan	et	al.,	2013;	
Schaefer	&	Arroyave,	2010),	we	formally	tested	this	hypothesis	
by examining museum collection records of both genera in the 
FishNet	 2.0	 database.	 The	 results	 spanned	 the	 entire	 distribu-
tion of these genera, but the majority of records were from 
Andean	 drainages.	We	 filtered	 these	 results	 by	 those	 that	 in-
cluded GPS coordinates, from which we used a digital elevation 
model	 (NASA	 SRTM3)	 to	 calculate	 elevation.	Our	 final	 dataset	
for	this	analysis	included	355	records	of	Astroblepus and	339	re-
cords of Chaetostoma.	We	then	performed	a	Mann–Whitney	test	
on these data to test for differences in the elevation occupied 
by each genus.

2.2 | Field sampling

Fish specimens were collected for body stoichiometry analyses 
using combinations of nets and electricity during expeditions to 

southern	 Peru	 (2010;	 ~13°S	 latitude;	 Lujan	 et	 al.,	 2013),	 central	
Ecuador	 (2012;	 ~2°S	 latitude;	 Lujan,	 Meza-Vargas	 et	 al.,	 2015)	
and	eastern	Panamá	 (2013;	 ~9°N	 latitude;	 E.	K.	Moody,	 F.	Alda,	
&	 B.	 L.	 Turner,	 unpublished	 data).	 We	 also	 included	 previously	
published	 data	 from	 the	 Río	 Las	 Marías	 in	 Venezuela	 (Hood	 et	
al.,	2005;	~9°N	latitude)	 (Figure	1).	While	Chaetostoma were col-
lected in all of these regions, Astroblepus were collected only over 
an	elevational	gradient	in	the	Inambari	watershed	of	Peru.	All	fish	
specimens were euthanized after capture via overdose of clove 
oil,	 following	 approved	 Royal	Ontario	Museum	 and	 Smithsonian	
Tropical	 Research	 Institute	 Institutional	 Animal	 Care	 and	 Use	
guidelines. Due to the remote sampling locations without access 
to electricity, whole specimens for nutrient analyses were field 
preserved	in	an	excess	of	table	salt	(NaCl).	Additional	replicates	of	
all morphotypes used for nutrient analyses were fixed in 10% for-
malin,	then	preserved	in	70%	ethanol	and	cataloged	at	the	Royal	
Ontario	Museum	or	 the	 Smithsonian	Tropical	 Research	 Institute	
Neotropical	 Fish	 Collection	 for	 taxonomic	 confirmation	 and	 re-
vision. In addition to fish collections, we also measured water 
temperature, specific conductance, pH, dissolved oxygen and sa-
linity at each sampling site with a Hydrolab internally monitoring 
Minisonde	(Ott	Hydromet,	Loveland,	CO,	USA).

2.3 | Laboratory analyses

Salt-preserved	specimens	were	transported	to	the	United	States	for	
laboratory	 analyses.	 Specimens	 were	 rinsed	 in	 NANOpure-filtered	
water	then	rehydrated	for	3	days	to	remove	any	salt	or	other	unrelated	
soluble	material.	We	then	re-dried	them	at	60°C	until	 they	reached	
constant mass, at which time we individually homogenized each fish 
using a ball mill. Subsamples of homogenized fishes were then ana-
lysed	for	body	elemental	contents.	We	measured	body	%C	and	%N	
using	a	PerkinElmer	2400	CHN	analyser	and	%P	using	the	acid	mo-
lybdate method following HCl digestion. We observed the presence 
of oils in the salt medium, indicating that salt preservation likely led to 
some losses of lipids relative to standard preservation methods such 
as freeze drying or immediate drying after collection. Such losses in 
turn	likely	reduced	%C	and	elevated	%N	and	%P	values.	Because	the	
same methods were applied to both genera and our mean C:P value 
for Chaetostoma fell within the range of published values for this genus 
(Vanni,	Flecker,	Hood,	&	Headworth,	2002),	we	believe	any	bias	result-
ing from this was minor and should not affect our conclusions.

2.4 | Threshold elemental ratio modelling

To test whether variation in elevational distributions reflects shifts 
in nutrient limitation, we then used these data to model molar TERs 
for	C:P	using	Equation	(1)	as	defined	by	Frost	et	al.	(2006):

In this equation, AP represents the assimilation efficiency for P, 
GGEC represents the gross growth efficiency for C, QC represents 

(1)TERC:P= (AP∕GGEC)∗ (QC∕QP)

F I G U R E  1  Map	of	museum	specimen	(circle)	and	body	
stoichiometry (square) localities for Astroblepus (yellow points) 
and Chaetostoma (red	points)	across	South	and	Central	America.	
Museum	records	were	compiled	from	fish	specimens	indexed	in	
FishNet	2.0
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the body C content, and QP represents the body P content. While 
the latter two parameters were directly measured from specimens 
as described above, the former two were estimated using a vari-
ety of sources. We used a fixed value of AP across temperatures 
given that there is no clear evidence that AP	 is	 temperature-de-
pendent. Specifically, we used the approximate AP value calcu-
lated	 by	Hood	 et	 al.	 (2005),	 0.8,	 for	Chaetostoma in	 an	 Andean	
piedmont river. In contrast to AP, GGEC typically decreases with 
temperature (Doi et al., 2010). We thus used the relationship mea-
sured by Doi et al. (2010) in vertebrates to model growth rate as 
a function of temperature over elevational gradients using GGEC 
calculated	 by	Hood	 et	 al.	 (2005)	 at	 low	 elevation	 (225	m	 a.s.l.).	
Estimates of variation in body C and P contents with elevation 
were included in the model based on linear model predictions of 
body C:P over the range of elevations where each taxon occurred. 
We then estimated uncertainty in the TERC:P based on intraspe-
cific variation in body C:P by calculating the standard deviation 
body	C:P	within	each	250	m	elevational	bin	and	calculating	upper	
and lower bounds to the TERC:P using these standard deviations. 
Beyond the known elevational range of each taxon, we conserva-
tively assumed a static C:P predicted at the maximum or minimum 
range of the distribution. We estimated the relationship between 
stream water temperature and elevation using data collected 
during the collection of field samples across an elevational gradi-
ent	from	50	to	4,300	m	a.s.l.	Even	though	multiple	factors	influ-
ence stream temperature, these tropical montane streams tend to 
be thermally stable, and a logarithmic decay function effectively 
explained temperature variation with elevation among our sam-
pled streams (R2	=	0.86).

We compared modelled TERC:P values against published C:P 
data of potential dietary resources over an elevational gradient 
from	 1,260	 to	 4,045	m	 a.s.l.	 in	 the	 Ecuadorean	 Andes	 (Atkinson	
et al., 2018). For Astroblepus, we used body stoichiometry data 
from the baetid mayfly genus Andesiops as these small mayflies 
are widespread across the studied elevation gradient and likely 
an important prey item for fishes that specialize on aquatic inver-
tebrates	 (Angermeier	 &	 Karr,	 1983;	 Pouilly,	 Barrera,	 &	 Rosales,	
2006;	Vimos,	Encalada,	Ríos-Touma,	Suárez,	&	Prat,	2015).	While	
Astroblepus cyclopus in	the	Río	Quindio,	Colombia,	fed	primarily	on	
aquatic	beetle	 larvae	and	adults	 (Román-Valencia,	2001),	 a	wide-
spread	stoichiometric	dataset	for	those	taxa	in	the	Andes	was	not	
available. However, a more limited dataset for larvae of the bee-
tle Anchytarsus among	six	Panamanian	streams	(E.	K.	Moody,	J.	J.	
Elser,	 A.	 T.	 Rugenski,	 &	 B.	 L.	 Turner,	 unpublished	 data)	 suggests	
that body C:P of Anchytarsus (mean	C:P	=	151)	is	somewhat	higher	
than in Andesiops (mean	C:P	=	113);	 as	 this	 difference	would	 not	
qualitatively affect our conclusions, we used the more elevation-
ally comprehensive Andesiops dataset. For Chaetostoma, we used 
periphyton	as	the	food	resource	of	these	algal	grazers	 (Kramer	&	
Bryant,	1995;	Lujan	et	al.,	2012).	While	these	dietary	stoichiometry	
data	 represent	only	one	basin,	 that	 is	 the	Napo	at	approximately	
1ºS latitude, they are broadly consistent with patterns in other 
Andean	streams	that	are	largely	driven	by	typical	alpine	trends	in	

which canopy cover declines and light exposure increases at higher 
elevations	 (Atkinson	 et	 al.,	 2018;	Kohler	 et	 al.,	 2012;	Martyniuk,	
Modenutti,	&	Balseiro,	2016).	As	a	result,	these	data	provide	neces-
sary context to understand the importance of any observed TERC:P 
shifts with elevation. Finally, we empirically tested the predictions 
of the TER models by sampling for the presence of loricarioid cat-
fishes	at	eight	sites	in	the	upper	Marañon	drainage	in	Peru	with	a	
combination	of	electrofishing	and	seining	in	August	2018.

2.5 | Broader TER variation

To place the generality of this case study within the broader 
context of fishes, we examined the literature for studies of the 
TERC:P.	All	previously	published	estimates	were	found	in	a	single	
paper	(Frost	et	al.,	2006).	As	a	result,	we	also	searched	for	cases	
where GGEC, AP, and body stoichiometry have been measured in 
the same genus or species and added an additional 14 studies 
from which we were able to calculate twenty additional TERC:P 

estimates,	yielding	a	total	of	31	TERC:P estimates. When possible, 
we calculated individual TERC:P estimates for each temperature 
for which data were available. In some cases, body stoichiometry 
data were compiled from a large stoichiometric database (Vanni 
et	al.,	2017).	If	AP could not be calculated from the study, it was 
assumed	to	be	0.8	(Frost	et	al.,	2006).	When	necessary,	we	also	
converted feed conversion ratio, a measure of the wet mass of 
fish gained relative to the amount of food consumed, to gross 
growth efficiency, which is based on dry mass, assuming a dry 
mass	 to	 wet	 mass	 conversion	 factor	 of	 0.25	 (Doi	 et	 al.,	 2010).	
We then tested whether TERC:P varied with temperature, dietary 
strategy	 or	 their	 interaction	 using	 ANOVA.	 Temperature	 and	
body mass data were obtained from the source studies, and di-
etary categories were divided between predators and omnivores/
herbivores based on information about trophic ecology reported 
in	the	source	studies	and	Vanni	et	al.	(2017).	Assumptions	of	nor-
mality and homogeneity of variance of residuals were visually as-
sessed	using	Q-Q	plots	and	 residuals	versus	 fitted	values	plots,	
respectively.	All	statistical	analyses	were	performed	in	R	(R	Core	
Team,	2017).

3  | RESULTS

3.1 | Elevational patterns

Our	 search	 of	 museum	 records	 yielded	 355	 lots	 of	 Astroblepus 
and	 339	 lots	 of	 Chaetostoma with georeferenced locality infor-
mation.	 As	 predicted,	 we	 found	 that	 Astroblepus inhabited sig-
nificantly higher elevations than Chaetostoma	 (Mann–Whitney	
test, U	=	105,860,	p < 0.001; Figure 2). In spite of this difference, 
however, there was a considerable range of overlap in elevations 
where both genera have been recorded between 100 and 2,000 m 
a.s.l. (Figure 2). Using the specimens we collected, we then ex-
amined whether body stoichiometry of these taxa varied with el-
evation.	For	these	analyses,	we	included	data	from	26	specimens	
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of Astroblepus (all	 from	 Peru)	 and	 78	 specimens	 of	Chaetostoma 
(from	 Ecuador,	 Panamá,	 and	 Peru). Interestingly, body C:P did 
not vary with elevation in either genus (F1,100	=	0.60,	p = 0.440), 
but was significantly lower in Chaetostoma than in Astroblepus 
(F1,100 = 144.19, p	<	0.001;	Figure	3).	Body	C:P	was	also	consider-
ably more variable in Astroblepus than in Chaetostoma (Figure	3). 
We found no interacting effect of elevation and genus on body C:P 
(F1,100	=	2.38,	p	=	0.126),	indicating	that	differences	among	genera	
in body stoichiometry are relatively consistent across the eleva-
tions	we	sampled.	However,	we	did	find	a	non-significant	trend	of	
decreasing body C:P with elevation in Chaetostoma.

3.2 | TER calculations

We then used these body stoichiometry data to model the TERC:P 

for Astroblepus and Chaetostoma across the elevational ranges of 
these genera. Because Astroblepus are	less	P-rich	than	Chaetostoma 
(Figure 2), the TERC:P for Astroblepus was approximately twice as 
high as that for Chaetostoma across all elevations (Figure 4). The pre-
dicted TERC:P declined	 steeply	with	elevation	up	 to	 around	500	m	
for Astroblepus and up to around 1,200 m for Chaetostoma, but 
then levelled off at higher elevations for both species (Figure 4). 
The higher elevation at which Chaetostoma TERC:P continued to de-
cline was due to the trend of declining body C:P up to 1,200 m in 
that genus. We also found considerably higher uncertainty in the 
Astroblepus TERC:P due to the higher degree of body stoichiometric 
variation in that genus. While these results indicate greater poten-
tial	for	P-limited	growth	in	Chaetostoma, particularly at higher eleva-
tions,	 the	presence	of	P-limitation	can	only	be	 inferred	 relative	 to	
dietary C:P. We therefore compared these thresholds to published 
periphyton and invertebrate C:P ratios over an elevational gradient 
in	the	Ecuadorean	Andes.

For Astroblepus, the C:P of potential invertebrate prey in-
creased slightly with elevation, but was considerably lower than 
the calculated TERC:P at	 all	 elevations	 (Figure	 5).	 This	 was	 true	
even when considering the high degree of variation in the lower 
bound of the TERC:P. In contrast, variation in Chaetostoma dietary 
C:P	 led	 to	 predicted	 shifts	 from	 C-limited	 to	 P-limited	 growth.	
As	periphyton	C:P	 increased	with	elevation	in	the	Andes,	the	di-
etary C:P was predicted to exceed the TERC:P for Chaetostoma at 
an	elevation	around	1,900	m	(Figure	6).	This	predicted	shift	from	

F I G U R E  2   Probability density of elevational records of 
Astroblepus and Chaetostoma from	the	Andes	in	South	America.	
Records	compiled	from	fish	specimens	indexed	in	FishNet	2.0

Astroblepus Chaetostoma

F I G U R E  3   Body C:P of Astroblepus and Chaetostoma across 
the elevations sampled. Body C:P was consistently lower in 
Chaetostoma than in Astroblepus across elevations. Each point 
represents the body C:P of an individual fish
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F I G U R E  4  Modelled	threshold	elemental	ratios	between	C-	
and	P-limited	growth	(TERC:P) for Astroblepus (dashed line) and 
Chaetostoma (solid line). Thick lines represent TERC:P modelled 
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C-limited	 growth	 to	P-limited	 growth	 corresponded	 closely	with	
the maximum recorded elevation for Chaetostoma in our dataset, 
a population of C. microps at	1,970	m	a.s.l.	and	6°S	latitude	in	the	
Río	Huancabamba	in	Peru	(Figure	6).	Our	own	validation	sampling	
across	an	elevational	gradient	in	the	Marañon	drainage	further	sup-
ported these predictions, as no Chaetostoma were recorded above 
1,836	m	a.s.l.	in	the	Río	Huancabamba.	Further,	Chaetostoma catch 

per unit effort (CPUE) declined approaching the predicted eleva-
tion	where	growth	shifts	to	P-limitation	(Figure	7).

3.3 | Broader TER variation

We compiled or calculated TERC:P values based on data from the pub-
lished	 literature	 to	 examine	whether	 patterns	 observed	 for	Andean	
catfishes are general. Contrary to our hypothesis, we found that TERC:P 

did	not	vary	with	temperature	among	the	31	TERC:P estimates we com-
piled (F1,27	=	0.63,	 p	=	0.435).	 These	 broader	 results	 also	 contrasted	
with	those	from	our	case	study	of	Andean	catfishes.	Specifically,	we	

F I G U R E  5   TERC:P for Astroblepus relative to Andesiops C:P 
(from	Atkinson	et	al.,	2018)	and	the	known	elevational	range	of	
Astroblepus in	the	Andes.	The	bold	line	represents	the	modelled	
TERC:P, while the shaded grey region around it reflects uncertainty 
due to the standard deviation in Astroblepus body C:P. Astroblepus 
are	predicted	to	be	C-limited	throughout	their	range	when	feeding	
on invertebrates such as Andesiops
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F I G U R E  6   TERC:P for Chaetostoma relative to periphyton C:P 
(from	Atkinson	et	al.,	2018)	and	the	known	elevational	range	of	
Chaetostoma in	the	Andes.	The	bold	line	represents	the	modelled	
TERC:P, while the shaded grey region around it reflects uncertainty 
due to the standard deviation in Chaetostoma body C:P. The known 
range depicted in blue roughly corresponds to the elevation at 
which periphyton C:P is predicted to exceed the TERC:P, indicating 
that	P-limitation	may	limit	the	distribution	of	Chaetostoma in the 
Andes
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F I G U R E  7   Catch per unit effort (CPUE) of Astroblepus (blue 
points) and Chaetostoma (green points) from eight sites over an 
elevational	gradient	in	the	upper	Marañon	drainage	of	Peru.	All	
sites were sampled with a combination of electrofishing and seining 
for	45–90	min.	Data	are	shown	against	the	predicted	elevation	
above which Chaetostoma growth	is	predicted	to	shift	to	P-
limitation, and above which no Chaetostoma were collected

Chaetostoma Astroblepus 

Chaetostoma TERC:P

F I G U R E  8   Probability density of TERC:P estimates for 
invertivorous and omnivorous/grazing fishes from published 
studies (including this study). TERC:P was higher in omnivores/
grazers but did not vary with temperature 
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found that omnivorous and grazing fishes had a higher average TERC:P 

than invertivorous fishes (F1,27	=	5.98,	p = 0.021; Figure 8) among all 
fish TERC:P estimates. There was no significant interaction between 
temperature and diet (F1,27 = 2.81, p	=	0.105).	Whereas	several	omni-
vores had TERC:P within the same range as invertivores, their higher 
average TERC:P seems to be driven by a few particular species with high 
TERC:P (Figure 8). Our highest TERC:P estimates for omnivores were for 
goldfish (Carassius auratus), mullet (Liza spp.) and guppies (Poecilia re-
ticulata) (Supporting Information Table S1).

4  | DISCUSSION

Interactions between stoichiometric traits and the environment 
can constrain the distribution of species and even entire functional 
groups. We found that modelled TERC:P declines as food resource 
C:P increases with elevation, suggesting that there is a greater risk of 
P-limitation	in	cooler,	high-elevation	streams.	The	predicted	eleva-
tion where the TERC:P of Chaetostoma exceeds periphyton C:P lies 
remarkably near the highest elevation where this genus has been re-
corded,	suggesting	that	this	shift	to	P-limitation	could	constrain	the	
colonization of grazing loricariids into cooler habitats. Conversely, 
their	 insectivorous	sister	family	Astroblepidae	dominates	at	higher	
elevations where their diet is predicted to fall substantially below the 
TERC:P. While these results support our hypothesis that lower TERC:P 

in grazing fishes constrains their distribution at cooler temperatures, 
a broader survey of fish TERC:P estimates found no variation with 
temperature.	 In	 contrast	 to	 our	 results	 for	 Andean	 catfishes,	 we	
also found that omnivorous fishes generally have higher TERC:P than 
predators. These apparent discrepancies merit further consideration 
to evaluate why our hypotheses were not clearly supported.

We hypothesized that TERC:P should decrease with temperature 
due to the inverse relationship between GGEC and temperature. 
However, we assumed that body C:P was invariant with tempera-
ture and with it, metabolic rate. In the case of Astroblepus and 
Chaetostoma, we found the expected decline in TERC:P with tem-
perature while body C:P did not vary significantly with temperature 
in either genus. However, fish body C:P can decrease with metabolic 
rate due to reduced lipid storage under higher metabolic expendi-
tures	(Dalton	&	Flecker,	2014).	Thus,	body	C:P	may	also	be	inversely	
related	 to	 temperature	 in	 aquatic	 vertebrates	 (e.g.,	 Moody	 et	 al.,	
2018). Therefore, our predictions may only be useful for groups with 
relatively	fixed	body	stoichiometry.	Another	possibility,	however,	is	
that interspecific variation in the relationship between TERC:P and 
temperature muddled the relationship among taxa. While GGEC may 
decrease with temperature in all or most fishes, the parameters de-
scribing this relationship may vary considerably among taxa adapted 
to	different	thermal	regimes	(Moffett,	Fryxell,	Palkovacs,	Kinnison,	
&	Simon,	2018;	Munday,	Donelson,	&	Domingos,	2017).	Supporting	
this hypothesis, we found negative relationships between TERC:P 
and temperature for the three additional taxa for which we were 
able to calculate TERC:P at multiple temperatures: robust Gambusia 
(Gambusia marshi), mullet (Liza spp.) and rainbow trout (Oncorhynchus 

mykiss) (Supporting Information Table S1). Given these possibilities, 
we examine our focal study system of Astroblepus and Chaetostoma 
in further detail to understand what aspects of these taxa may have 
led to support for our hypotheses in this system.

Andean	 suckermouth	 catfishes	 provide	 a	 highly	 suitable	 study	
system to examine stoichiometric constraints on the trophic niche for 
many reasons. Loricariidae is among the most diverse fish families in 
the	Neotropics,	yet	the	native	geographic	range	of	this	family	is	lim-
ited	to	warmer	latitudes	and	elevations,	from	approximately	10ºN	to	
35ºS	and	sea-level	to	approximately	2,000	m	a.s.l.	While	the	Central	
American	isthmus	historically	represented	a	northern	barrier	to	lori-
cariid	expansion	(Smith	&	Bermingham,	2005),	 loricariids	could	have	
easily	 colonized	higher	elevation	 streams	 in	 the	Andes	and	 streams	
south	of	their	current	southern	range	limit	in	central	Argentina.	In	spite	
of	this,	upland-dwelling	loricariid	genera,	such	as	Chaetostoma and the 
phenotypically similar genus Ancistrus, typically reach their upper ele-
vational	limit	between	1,100	and	1,200	m	a.s.l.	(Carvajal-Quintero	et	
al.,	2015;	Lujan	et	al.,	2013).	While	our	data	suggest	that	some	degree	
of body stoichiometric variation within these genera can modulate 
the TERC:P and explain this indistinct upper elevational range limit 
(Figure	6),	there	is	evidently	still	a	point	where	temperatures	become	
too	cold	for	any	grazing	loricariid	population	to	persist.	In	the	Andes,	
the	increase	in	periphyton	C:P	with	elevation	(Atkinson	et	al.,	2018;	
Martyniuk	et	al.,	2016)	 in	concert	with	the	decreased	TERC:P appar-
ently constrains the upper elevation at which these grazers can sus-
tain viable populations. However, other potential contributing factors, 
such as atmospheric pressure, UV radiation, geology, slope, vegetation 
and discharge, also vary in relation to elevation. While these factors 
likely play some role in determining the distribution of the biota across 
this landscape, we note that introduced populations of loricariids at 
more	 northern	 latitudes	 typically	 establish	 in	 warm,	 nutrient-rich	
systems, such as rivers affected by wastewater treatment discharges 
and	 sewage	 effluent	 (e.g.,	 Capps,	 Castillo,	 Pease,	 Jarquín-Sánchez,	
&	Rodiles-Hernández,	2017;	Nico	&	Martin,	2001).	This	observation	
supports our hypothesis that the interacting effects of food quality 
and temperature play an important role in delimiting loricariid distribu-
tions.	In	light	of	this	evidence,	we	must	evaluate	whether	P-limitation	
alone could truly constrain the distribution of fish populations.

The	question	of	 the	prevalence	and	 importance	of	P-limitation	
to fishes has been a subject of considerable debate (Benstead et 
al.,	2014;	Boersma	et	al.,	2008;	Hood	et	al.,	2005;	Schindler	&	Eby,	
1997).	 As	 loricariid	 catfishes	 are	 among	 the	most	 P-rich	 of	 fresh-
water fishes, they have served as an early model for studying the 
possibility	 of	 P-limited	 fish	 growth	 (Hood	 et	 al.,	 2005).	 In	 the	Río	
Las	 Marías,	 an	 Andean	 piedmont	 stream	 at	 approximately	 225	m	
a.s.l.	 and	 9	 ºN	 latitude,	Hood	 et	 al.	 (2005)	 found	 strong	 evidence	
for	P-limited	growth	in	both	Chaetostoma and Ancistrus. These fishes 
maintained robust populations in this river, however, suggesting that 
they	could	compensate	for	P-limited	growth	by	increasing	consump-
tion rate. Indeed, this phenomenon has been described in aquacul-
ture	 studies	 of	 fish	 fed	 P-poor	 diets	 (e.g.,	 Sumagaysay-Chavoso,	
2003;	Storebakken,	Shearer,	&	Roem,	1998).	At	cooler	temperatures,	
however, fishes with reduced metabolic rates would be challenged 
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to	 increase	 consumption	 to	meet	P	demand.	As	 suggested	by	our	
validation	data	from	the	Marañon	drainage,	loricariids	may	persist	at	
lower densities in cooler environments to compensate for reduced 
food	 quality	 (Figure	 7).	 Ultimately,	 however,	 they	 must	 reach	 a	
threshold temperature where population size decreases to the point 
that the population is no longer viable. This hypothesis lends support 
to the utility of incorporating stoichiometric traits into species dis-
tribution	models	(Leroux	et	al.,	2017).	However,	while	this	may	ex-
plain	why	loricariids	do	not	colonize	cooler,	high-elevation	streams,	
it does not explain why Astroblepus do not occur at lower elevations.

Astroblepus occur in streams within the same elevational range 
as loricariids, but typically inhabit streams at much at higher eleva-
tions	(Figures	1	and	7).	However,	they	too	are	absent	from	the	high-
est	elevation	streams	in	the	Andes	(Carvajal-Quintero	et	al.,	2015;	
Lujan	et	al.,	2013).	These	invertivores	do	not	directly	compete	with	
loricariids	 and	do	not	 seem	 to	be	 food-limited	at	high	elevations;	
thus, some other mechanism must constrain their distribution. One 
possibility is that Astroblepus are susceptible to excess UV radia-
tion	in	open	canopy,	high-elevation	streams,	as	suggested	by	their	
uniformly dark pigmentation at their upper elevational range limit 
and their avoidance at these elevations of the main river channel, 
whereas lower elevation populations can be abundant in the main 
river	channel	and	more	 lightly	or	variably	pigmented	 (N.	K.	Lujan,	
personal	observations).	A	second,	non-mutually	exclusive	hypothe-
sis	is	that	these	unarmoured	catfishes	may	be	adapted	to	low-pre-
dation	environments	and	unable	to	persist	in	low-elevation	streams	
with diverse piscivore assemblages. Astroblepus populations of 
high-elevation	 streams	 are	 negatively	 affected	 by	 introduced	
rainbow trout, Oncorhynchus mykiss	 (Alexiades	&	Encalada,	 2017;	
Anderson	&	Maldonado-Ocampo,	2011).	Supporting	this	hypothe-
sis,	our	FishNet	2.0	search	found	that	Astroblepus specimens were 
collected	in	the	area	of	La	Oroya,	Peru	(elevation:	3,700	m	a.s.l.),	in	
1918	by	Eigenmann,	but	were	not	represented	in	1974	collections	in	
the same area when rainbow trout was collected. By reducing bone 
volume and, therefore, P demand, relative to their sister lineage 
Loricariidae, astroblepids may have expanded their lower ther-
mal limit while trading off their ability to coexist with piscivorous 
fishes	and	therefore	may	be	out-competed	by	other	invertivores	at	
lower elevations. Given the high degree of intrageneric variation 
in Astroblepus stoichiometry within a single watershed, however, 
more work on the taxonomy and functional ecology of these fishes 
is needed to interpret these geographic patterns. Loricariids, on 
the	other	hand,	are	typically	P-rich	and	co-occur	with	a	wide-range	
of	piscivores	in	virtually	all	habitats.	Major	predators	of	loricariids	
include piscivorous birds, such as kingfishers, egrets, herons and 
cormorants (Power, 1984; K. O. Winemiller personal observations), 
and fishes, such as Hoplias malabaricus (K. O. Winemiller unpub-
lished data), Arapaima gigas (Castello, 2008) and pimelodid catfishes 
(Barbarino	Duque	&	Winemiller,	2003).	Potential	trade-offs	involv-
ing ossified structures for defence against predators, P demand, P 
availability in food resources and temperature provide an excellent 
basis for future studies of how functional trait variation across en-
vironmental	gradients	can	alter	ecosystem	function	and	vice-versa.

Broadly, we found that variation in the TERC:P with dietary strategy 
and temperature appears to depend on the relationship between GGEC 

and temperature for a given taxa. Specifically, TERC:P decreased with 
temperature and with herbivory among two genera of catfishes, but 
this was not consistent among fishes (Supporting Information Table 
S1). Similarly, patterns consistent with what we found in Astroblepus 
and Chaetostoma have been observed in some aquatic invertebrate 
taxa	(e.g.,	Malzahn	et	al.,	2016)	while	contradictory	patterns	have	been	
observed	in	other	invertebrates	(e.g.,	Persson,	Wojewodzic,	Hessen,	&	
Andersen,	2011).	Among	invertebrates,	Frost	et	al.	 (2006)	also	found	
that detritivores had higher average TERC:P than other trophic groups 
and suggested that this may be due to physiological adjustments 
needed	to	process	P-poor	detritus.	Specifically,	detritivores	may	face	a	
trade-off	of	reducing	growth	rate	(a	P-rich	investment	for	invertebrates)	
in	order	to	exploit	detritus.	Among	fishes,	we	also	found	that	omnivores	
had higher average TERC:P than predators (Supporting Information Table 
S1),	suggesting	that	some	fishes	may	trade-off	anti-predator	defences	
such	as	bony	armour	and	skeletal	 reinforcement	when	feeding	on	P-
poor food. This may be especially the case in cooler habitats, where re-
duced metabolism constrains feeding rate and may lead to a greater risk 
of	P-limitation.	Supporting	this	hypothesis,	some	of	the	highest	TERC:P 

values	we	found	for	fishes	were	those	with	other	known	anti-predatory	
defences	 such	 as	 life-history	 adaptations	 (Poecilia reticulata; Reznick, 
Bryga,	&	Endler,	1990),	phenotypic	plasticity	in	body	shape	(Carassius 
auratus;	Domenici,	Turesson,	Brodersen,	&	Brönmark,	2008)	and	be-
havioural defences (Liza spp.;	Marras	&	Domenici,	2013)	or	those	that	
are	limited	to	low-predation	environments	(Astroblepus spp.;	Alexiades	
&	Encalada,	2017).	While	this	variation	suggests	that	general	patterns	
in TERC:P are, at best, poor predictors for any given species, it also in-
triguing	potential	to	serve	as	a	basis	for	linking	evolutionary	trade-offs	
to	ecosystem	properties.	Future	work	focusing	on	these	trade-offs	in	
the context of food quality and P demand will further illuminate our 
understanding of how ecological gradients select for traits affecting 
ecosystem	processes	such	as	consumer-driven	nutrient	recycling.

ACKNOWLEDG EMENTS

José	Birindelli,	David	Brooks,	Dean	Jacobsen,	Vanessa	Meza,	Hernan	
Ortega,	 Donald	 Taphorn	 (Peru),	 Ramiro	 Barriga,	 Andrew	 Jackson,	
Veronica	Román,	Donald	Taphorn	(Ecuador),	Fernando	Alda,	Rigoberto	
González	and	Evelyn	Ríos	(Panamá)	provided	assistance	with	field	col-
lections. Funding was provided by the Coypu Foundation, the Estate of 
George and Carolyn Kelso via the International Sportfish Foundation, 
NSF	OISE-1064578	(International	Research	Fellowship)	to	NKL,	and	a	
Smithsonian	Tropical	Research	Institute	Fellowship	to	EKM.

AUTHORS’  CONTRIBUTIONS

E.M.,	N.L.,	K.R.	and	K.W.	conceived	the	ideas,	designed	the	method-
ology	and	interpreted	results.	E.M.,	N.L.	and	K.R.	collected	the	data.	
E.M.	analysed	the	data.	E.M.	 led	the	writing	of	the	manuscript.	All	
authors contributed critically to the drafts and gave final approval 
for publication.



     |  9Functional EcologyMOODY et al.

DATA ACCE SSIBILIT Y

Data	 are	 available	 from	 the	 DRYAD	 repository	 https://doi.
org/10.5061/dryad.d5f6h00	 (Moody,	 Lujan,	 Roach,	 &	 Winemiller,	
2019).

ORCID

Eric K. Moody  https://orcid.org/0000-0002-7484-448X 

R E FE R E N C E S

Alexiades,	 A.	 V.,	 &	 Encalada,	 A.	 C.	 (2017).	 Distribution	 and	 hab-
itat	 suitability	 of	 Andean	 climbing	 catfish	 in	 the	 Napo	 River	
basin, Ecuador. Tropical Conservation Science, 10,	 1–7.	 https://doi.
org/10.1177/1940082917709598

Allen,	A.	P.,	&	Gillooly,	 J.	 F.	 (2009).	Towards	an	 integration	of	ecologi-
cal stoichiometry and the metabolic theory of ecology to better un-
derstand nutrient cycling. Ecology Letters, 12,	369–384.	https://doi.
org/10.1111/j.1461-0248.2009.01302.x

Anderson,	E.	P.,	&	Maldonado-Ocampo,	J.	A.	(2011).	A	regional	perspective	
on	the	diversity	and	conservation	of	tropical	Andean	fishes.	Conservation 
Biology, 25,	 30–39.	 https://doi.org/10.1111/j.1523-1739.2010. 
01568.x

Angermeier,	P.	L.,	&	Karr,	J.	R.	 (1983).	Fish	communities	along	environ-
mental gradients in a system of tropical streams. Environmental 
Biology of Fishes, 9,	117–135.	https://doi.org/10.1007/BF00690857

Atkinson,	C.	L.,	Encalada,	A.	C.,	Rugenski,	A.	T.,	Thomas,	S.	A.,	Landeira-
Dabarca,	 A.,	 Poff,	 N.	 L.,	 &	 Flecker,	 A.	 S.	 (2018).	 Determinants	 of	
food resource assimilation by stream insects along a tropical ele-
vation gradient. Oecologia, 187,	 731–744.	 https://doi.org/10.1007/
s00442-018-4142-2

Barbarino	Duque,	 A.,	 &	Winemiller,	 K.	O.	 (2003).	 Dietary	 segregation	
among	 large	catfishes	of	 the	Aoure	and	Arauca	Rivers,	Venezuela.	
Journal of Fish Biology, 63,	410–427.

Behrens,	M.	D.,	&	Lafferty,	K.	D.	(2007).	Temperature	and	diet	effects	
on omnivorous fish performance: Implications for the latitudinal di-
versity gradient in herbivorous fishes. Canadian Journal of Fisheries 
and Aquatic Sciences, 64,	 867–873.	 https://doi.org/10.1139/
f07-063

Benstead,	J.	P.,	Hood,	J.	M.,	Whelan,	N.	V.,	Kendrick,	M.	R.,	Nelson,	D.,	
Hanninen,	A.	F.,	&	Demi,	L.	M.	(2014).	Coupling	of	dietary	phospho-
rus	and	growth	across	diverse	 fish	 taxa:	A	meta-analysis	of	exper-
imental aquaculture studies. Ecology, 95,	 2768–2777.	 https://doi.
org/10.1890/13-1859.1

Boersma,	M.,	 Aberle,	 N.,	 Hantzsche,	 F.,	 Schoo,	 K.	 L.,	Wiltshire,	 K.	 H.,	
&	Malzahn,	A.	M.	 (2008).	Nutritional	 limitation	travels	up	the	food	
chain. International Review of Hydrobiology, 93,	479–488.	https://doi.
org/10.1002/iroh.200811066

Boersma,	M.,	Mathew,	K.	A.,	Niehoff,	B.,	Schoo,	K.	L.,	Franco-Santos,	R.	
M.,	&	Meunier,	C.	L.	(2016).	Temperature	driven	changes	in	the	diet	
preference	of	omnivorous	copepods:	No	more	meat	when	 it’s	hot?	
Ecology Letters, 19,	45–53.

Capps,	 K.	 A.,	 Castillo,	 M.	 M.,	 Pease,	 A.	 A.,	 Jarquín-Sánchez,	 A.,	 &	
Rodiles-Hernández,	R.	(2017).	Tourism,	wastewater,	and	freshwater	
conservation	in	Palenque	National	Park,	Mexico.	The Southwestern 
Naturalist, 62,	220–225.	https://doi.org/10.1894/0038-4909-62.3. 
220

Carpenter,	S.	R.,	Kitchell,	J.	F.,	&	Hodgson,	J.	R.	(1985).	Cascading	trophic	
interactions and lake productivity. BioScience, 35,	634–639.	https://
doi.org/10.2307/1309989

Carreira,	B.	M.,	Segurado,	P.,	Orizaola,	G.,	Gonçalves,	N.,	Pinto,	V.,	Laurila,	
A.,	 &	 Rebelo,	 R.	 (2016).	 Warm	 vegetarians?	 Heat	 waves	 and	 diet	

shifts in tadpoles. Ecology, 97,	2964–2974.	https://doi.org/10.1002/
ecy.1541

Carvajal-Quintero,	 J.	 D.,	 Escobar,	 F.,	 Alvarado,	 F.,	 Villa-Navarro,	 F.	 A.,	
Jaramillo-Villa,	U.,	&	Maldonado-Ocampo,	J.	A.	 (2015).	Variation	 in	
freshwater fish assemblages along a regional elevation gradient in 
the	northern	Andes,	Colombia.	Ecology and Evolution, 5,	2608–2620.	
https://doi.org/10.1002/ece3.1539

Castello, L. (2008). Lateral migration of Arapaima gigas in floodplains 
of	 the	 Amazon.	 Ecology of Freshwater Fish, 17,	 38–46.	 https://doi.
org/10.1111/j.1600-0633.2007.00255.x

Clements,	K.	D.,	Raubenheimer,	D.,	&	Choat,	J.	H.	(2009).	Nutritional	ecol-
ogy of marine herbivorous fishes: Ten years on. Functional Ecology, 
23,	79–92.	https://doi.org/10.1111/j.1365-2435.2008.01524.x

Dalton,	C.	M.,	&	Flecker,	A.	S.	 (2014).	Metabolic	stoichiometry	and	the	
ecology of fear in Trinidadian guppies: Consequences for life histo-
ries and stream ecosystems. Oecologia, 176,	 691–701.	 https://doi.
org/10.1007/s00442-014-3084-6

Davis,	A.	M.,	Unmack,	P.	J.,	Vari,	R.	P.,	&	Betancur-R,R.	(2016).	Herbivory	
promotes dental disparification and macroevolutionary dynam-
ics in grunters (Teleostei: Terapontidae), a freshwater adaptive 
radiation. The American Naturalist, 187,	 320–333.	 https://doi.
org/10.1086/684747

Doi,	 H.,	 Cherif,	 M.,	 Iwabuchi,	 T.,	 Katano,	 I.,	 Stegen,	 J.	 C.,	 &	 Striebel,	
M.	 (2010).	 Integrating	 elements	 and	 energy	 through	 the	 met-
abolic dependencies of gross growth efficiency and the 
threshold elemental ratio. Oikos, 119,	 752–765.	 https://doi.
org/10.1111/j.1600-0706.2009.18540.x

Domenici,	 P.,	 Turesson,	 H.,	 Brodersen,	 J.,	 &	 Brönmark,	 C.	 (2008).	
Predator-induced	morphology	enhances	escape	 locomotion	 in	cru-
cian carp. Proceedings of the Royal Society of London B: Biological 
Sciences, 275,	195–201.

Eschmeyer,	W.	N.,	Fricke,	R.,	&	van	der	Laan,	R.	(Eds).	(2018)	CATALOG	
OF	 FISHES:	 GENERA,	 SPECIES,	 REFERENCES.	 Retrieved	 from	
http://researcharchive.calacademy.org/research/ichthyology/cata-
log/fishcatmain.asp

Estes,	J.	A.,	Terborgh,	J.,	Brashares,	J.	S.,	Power,	M.	E.,	Berger,	J.,	Bond,	
W.	J.,	…	Wardle,	D.	A.	(2011).	Trophic	downgrading	of	Planet	Earth.	
Science, 333,	301–306.	https://doi.org/10.1126/science.1205106

Floeter,	S.	R.,	Behrens,	M.	D.,	Ferreira,	C.	E.	L.,	Paddack,	M.	J.,	&	Horn,	
M.	H.	(2005).	Geographical	gradients	of	marine	herbivorous	fishes:	
Patterns and processes. Marine Biology, 147,	1435–1447.	https://doi.
org/10.1007/s00227-005-0027-0

Frost,	 P.	 C.,	 Benstead,	 J.	 P.,	 Cross,	W.	 F.,	Hillebrand,	H.,	 Larson,	 J.	H.,	
Xenopoulos,	M.	A.,	&	Yoshida,	T.	(2006).	Threshold	elemental	ratios	
of carbon and phosphorus in aquatic consumers. Ecology Letters, 9, 
774–779.	https://doi.org/10.1111/j.1461-0248.2006.00919.x

Frost,	P.	C.,	Xenopoulos,	M.	A.,	&	Larson,	 J.	H.	 (2004).	The	stoichiom-
etry of dissolved organic carbon, nitrogen, and phosphorus release 
by a planktonic grazer, Daphnia. Limnology and Oceanography, 49, 
1802–1808.

Gillooly,	 J.	 F.,	Allen,	A.	P.,	Brown,	 J.	H.,	 Elser,	 J.	 J.,	Martínez	del	Río,	
C.,	Savage,	V.	M.,	…	Woods,	H.	A.	 (2005).	The	metabolic	basis	of	
whole-organism	RNA	and	phosphorus	content.	Proceedings of the 
National Academy of Sciences of the United States of America, 102, 
11923–11927.

González-Bergonzoni,	 I.,	 Meerhoff,	 M.,	 Davidson,	 T.	 A.,	 Teixeira-de	
Mello,	F.,	Baattrup-Pedersen,	A.,	&	Jeppesen,	E.	(2012).	Meta-anal-
ysis shows a consistent and strong latitudinal pattern in fish om-
nivory across ecosystems. Ecosystems, 15,	 492–503.	 https://doi.
org/10.1007/s10021-012-9524-4

Hairston,	N.	G.,	Smith,	F.	E.,	&	Slobodkin,	L.	B.	(1960).	Community	struc-
ture, population control, and competition. The American Naturalist, 
94,	421–425.	https://doi.org/10.1086/282146

Hood,	 J.	 M.,	 Vanni,	 M.	 J.,	 &	 Flecker,	 A.	 S.	 (2005).	 Nutrient	 recy-
cling	 by	 two	 phosphorus-rich	 grazing	 catfish:	 The	 potential	 for	

https://doi.org/10.5061/dryad.d5f6h00
https://doi.org/10.5061/dryad.d5f6h00
https://orcid.org/0000-0002-7484-448X
https://orcid.org/0000-0002-7484-448X
https://doi.org/10.1177/1940082917709598
https://doi.org/10.1177/1940082917709598
https://doi.org/10.1111/j.1461-0248.2009.01302.x
https://doi.org/10.1111/j.1461-0248.2009.01302.x
https://doi.org/10.1111/j.1523-1739.2010.01568.x
https://doi.org/10.1111/j.1523-1739.2010.01568.x
https://doi.org/10.1007/BF00690857
https://doi.org/10.1007/s00442-018-4142-2
https://doi.org/10.1007/s00442-018-4142-2
https://doi.org/10.1139/f07-063
https://doi.org/10.1139/f07-063
https://doi.org/10.1890/13-1859.1
https://doi.org/10.1890/13-1859.1
https://doi.org/10.1002/iroh.200811066
https://doi.org/10.1002/iroh.200811066
https://doi.org/10.1894/0038-4909-62.3.220
https://doi.org/10.1894/0038-4909-62.3.220
https://doi.org/10.2307/1309989
https://doi.org/10.2307/1309989
https://doi.org/10.1002/ecy.1541
https://doi.org/10.1002/ecy.1541
https://doi.org/10.1002/ece3.1539
https://doi.org/10.1111/j.1600-0633.2007.00255.x
https://doi.org/10.1111/j.1600-0633.2007.00255.x
https://doi.org/10.1111/j.1365-2435.2008.01524.x
https://doi.org/10.1007/s00442-014-3084-6
https://doi.org/10.1007/s00442-014-3084-6
https://doi.org/10.1086/684747
https://doi.org/10.1086/684747
https://doi.org/10.1111/j.1600-0706.2009.18540.x
https://doi.org/10.1111/j.1600-0706.2009.18540.x
http://researcharchive.calacademy.org/research/ichthyology/catalog/fishcatmain.asp
http://researcharchive.calacademy.org/research/ichthyology/catalog/fishcatmain.asp
https://doi.org/10.1126/science.1205106
https://doi.org/10.1007/s00227-005-0027-0
https://doi.org/10.1007/s00227-005-0027-0
https://doi.org/10.1111/j.1461-0248.2006.00919.x
https://doi.org/10.1007/s10021-012-9524-4
https://doi.org/10.1007/s10021-012-9524-4
https://doi.org/10.1086/282146


10  |    Functional Ecology MOODY et al.

phosphorus-limitation	 of	 fish	 growth.	 Oecologia, 146,	 247–257.	
https://doi.org/10.1007/s00442-005-0202-5

Iles,	 A.	 C.	 (2014).	 Toward	 predicting	 community-level	 effects	 of	 cli-
mate: Relative temperature scaling of metabolic and ingestion rates. 
Ecology, 95,	2657–2668.	https://doi.org/10.1890/13-1342.1

Karasov,	W.	H.,	Martínez	del	Río,	C.,	&	Caviedes-Vidal,	E.	(2011).	Ecological	
physiology of diet and digestive systems. Annual Review of Physiology, 
73,	69–93.	https://doi.org/10.1146/annurev-physiol-012110-142152

Kohler,	T.	J.,	Heatherly,	T.	N.,	El-Sabaawi,	R.	W.,	Zandonà,	E.,	Marshall,	
M.	 C.,	 Flecker,	 A.	 S.,	 …	 Thomas,	 S.	 A.	 (2012).	 Flow,	 nutrients,	 and	
light	 availability	 influence	 Neotropical	 epilithon	 biomass	 and	
stoichiometry. Freshwater Science, 31,	 1019–1034.	 https://doi.
org/10.1899/11-141.1

Kramer,	D.	L.,	&	Bryant,	M.	J.	(1995).	Intestine	length	in	the	fishes	of	a	
tropical stream: 2. Relationships to diet—The long and short of a con-
voluted issue. Environmental Biology of Fishes, 42, 129–141. https://
doi.org/10.1007/BF00001991

Leroux,	S.	J.,	Wal,	E.	V.,	Wiersma,	Y.	F.,	Charron,	L.,	Ebel,	J.	D.,	Ellis,	N.	
M.,	…	Yalcin,	S.	(2017).	Stoichiometric	distribution	models:	Ecological	
stoichiometry at the landscape extent. Ecology Letters, 20,	 1495–
1506.	https://doi.org/10.1111/ele.12859

Lujan,	N.	K.,	Armbruster,	J.	W.,	Lovejoy,	N.	R.,	&	Lόpez-Fernández,	H.	
(2015).	 Multilocus	 molecular	 phylogeny	 of	 the	 suckermouth	 ar-
mored catfishes (Siluriformes: Loricariidae) with a focus on sub-
family Hypostominae. Molecular Phylogenetics and Evolution, 82, 
269–288.

Lujan,	 N.	 K.,	 Meza-Vargas,	 V.,	 Astudillo-Clavijo,	 V.,	 Barriga-Salazar,	 R.,	 &	
Lόpez-Fernández,	 H.	 (2015).	 A	 multilocus	 molecular	 phylogeny	 for	
Chaetostoma clade genera and species with a review of Chaetostoma 
(Siluriformes:	Loricariidae)	from	the	Central	Andes.	Copeia, 103,	664–701.

Lujan,	N.	K.,	Roach,	K.	A.,	Jacobsen,	D.,	Winemiller,	K.	O.,	Meza	Vargas,	
V.,	Rimarachín	Ching,	V.,	&	Arana	Maestre,	J.	(2013).	Aquatic	commu-
nity	 structure	 across	 an	Andes-to-Amazon	 fluvial	 gradient.	 Journal 
of Biogeography, 40,	1715–1728.	https://doi.org/10.1111/jbi.12131

Lujan,	 N.	 K.,	 Winemiller,	 K.	 O.,	 &	 Armbruster,	 J.	 W.	 (2012).	 Trophic	
diversity in the evolution and community assembly of lorica-
riid catfishes. BMC Evolutionary Biology, 12, 124. https://doi.
org/10.1186/1471-2148-12-124

Malzahn,	 A.	 M.,	 Doerfler,	 D.,	 &	 Boersma,	 M.	 (2016).	 Junk	 food	 gets	
healthier	 when	 it’s	 warm.	 Limnology and Oceanography, 61,	 1677–
1685.	https://doi.org/10.1002/lno.10330

Marras,	S.,	&	Domenici,	P.	(2013).	Schooling	fish	under	attack	are	not	all	
equal: Some lead, others follow. PLoS ONE, 8,	 e65784.	https://doi.
org/10.1371/journal.pone.0065784

Martyniuk,	N.,	Modenutti,	B.,	&	Balseiro,	E.	(2016).	Forest	structure	af-
fects the stoichiometry of periphyton primary producers in mountain 
streams of northern Patagonia. Ecosystems, 19,	1225–1239.	https://
doi.org/10.1007/s10021-016-9996-8

Moffett,	E.	R.,	Fryxell,	D.	C.,	Palkovacs,	E.	P.,	Kinnison,	M.	T.,	&	Simon,	
K. S. (2018). Local adaptation reduces the metabolic cost of environ-
mental warming. Ecology, 99,	 2318–2326.	 https://doi.org/10.1002/
ecy.2463

Moody,	E.	K.,	Carson,	E.	W.,	Corman,	J.	R.,	Espinosa-Pérez,	H.,	Ramos,	
J.,	Sabo,	J.	L.,	&	Elser,	J.	J.	(2018).	Consumption	explains	intraspecific	
variation in nutrient recycling stoichiometry in a desert fish. Ecology, 
99,	1552–1561.	https://doi.org/10.1002/ecy.2372

Moody,	 E.	 K.,	 Lujan,	 N.	 K.,	 Roach,	 K.	 A.,	 &	Winemiller,	 K.	 O.	 (2019).	
Data	from:	Threshold	elemental	ratios	and	the	temperature-depen-
dence of herbivory in fishes. Dryad Digital Repository, https://doi.
org/10.5061/dryad.d5f6h00

Munday,	P.	L.,	Donelson,	J.	M.,	&	Domingos,	J.	A.	(2017).	Potential	for	ad-
aptation to climate change in a coral reef fish. Global Change Biology, 
23,	307–317.	https://doi.org/10.1111/gcb.13419

Nico,	 L.	 G.,	 &	Martin,	 R.	 T.	 (2001).	 The	 South	 American	 suckermouth	
armored catfish, Pterygoplichthys anisitsi (Pisces: Loricariidae), in 

Texas,	with	comments	on	foreign	fish	introductions	in	the	American	
Southwest. The Southwestern Naturalist, 46, 98–104.

Ott,	D.,	Digel,	C.,	Rall,	B.	C.,	Maraun,	M.,	Scheu,	S.,	&	Brose,	U.	(2014).	
Unifying elemental stoichiometry and metabolic theory in predict-
ing species abundances. Ecology Letters, 17,	1247–1256.	https://doi.
org/10.1111/ele.12330

Persson,	J.,	Wojewodzic,	M.	W.,	Hessen,	D.	O.,	&	Andersen,	T.	A.	(2011).	
Increased risk of phosphorus limitation at higher temperatures for 
Daphnia magna. Oecologia, 165,	 123–129.	 https://doi.org/10.1007/
s00442-010-1756-4

Pouilly,	M.,	Barrera,	S.,	&	Rosales,	C.	(2006).	Changes	of	taxonomic	and	
trophic structure of fish assemblages along an environmental gradi-
ent in the Upper Beni watershed (Bolivia). Journal of Fish Biology, 68, 
137–156.	https://doi.org/10.1111/j.0022-1112.2006.00883.x

Power,	M.	E.	(1984).	Distributions	of	armored	catfish:	Predator-induced	
resource	avoidance?	Ecology, 65,	523–528.

Price,	S.	A.,	Hopkins,	S.	S.	B.,	Smith,	K.	K.,	&	Roth,	V.	L.	 (2012).	Tempo	
of trophic evolution and its impact on mammalian diversifica-
tion. Proceedings of the National Academy of Sciences of the United 
States of America, 109(18),	 7008–7012.	 https://doi.org/10.1073/
pnas.1117133109

R	Core	 Team	 (2017).	R: A language and environment for statistical com-
puting.	 Vienna,	 Austria:	 R	 Foundation	 for	 Statistical	 Computing.	
Retrieved	from	https://www.R-project.org/

Reznick,	D.	N.,	Bryga,	H.,	&	Endler,	J.	A.	(1990).	Experimentally	induced	
life-history	evolution	in	a	natural	population.	Nature, 346,	357–359.	
https://doi.org/10.1038/346357a0

Román-Valencia,	 C.	 (2001).	 Ecología	 trófica	 y	 reproductiva	 de	
Trichomycterus caliense y Astroblepus cyclopus (Pisces: Siluriformes) en 
el	río	Quindio,	Alto	Cauca,	Colombia.	Revista De Biología Tropical, 49, 
657–666.

Schaefer,	S.	A.,	&	Arroyave,	J.	(2010).	Rivers	as	islands:	Determinants	of	the	
distribution	of	Andean	astroblepid	catfishes.	Journal of Fish Biology, 
77,	2373–2390.	https://doi.org/10.1111/j.1095-8649.2010.02822.x

Schindler,	D.	E.,	&	Eby,	L.	A.	(1997).	Stoichiometry	of	fishes	and	their	prey:	
Implications for nutrient recycling. Ecology, 78,	1816–1831.	https://
doi.org/10.1890/0012-9658(1997)078[1816:SOFATP]2.0.CO;2

Smith,	 S.	 A.,	 &	 Bermingham,	 E.	 (2005).	 The	 biogeography	 of	 lower	
Mesoamerican	freshwater	fishes.	Journal of Biogeography, 32,	1835–
1854.	https://doi.org/10.1111/j.1365-2699.2005.01317.x

Sterner,	R.	W.	(1997).	Modelling	interactions	of	food	quality	and	quantity	
in homeostatic consumers. Freshwater Biology, 38,	473–481.	https://
doi.org/10.1046/j.1365-2427.1997.00234.x

Sterner,	R.	W.,	&	Elser,	J.	J.	(2002).	Ecological stoichiometry.	Princeton,	NJ:	
Princeton University Press.

Storebakken,	T.,	Shearer,	K.	D.,	&	Roem,	A.	J.	(1998).	Availability	of	pro-
tein,	phosphorus	and	other	elements	 in	fish	meal,	soy-protein	con-
centrate	 and	 phytase-treated	 soy-protein-concentrate-based	 diets	
to	Atlantic	salmon,	Salmo salar. Aquaculture, 161,	365–379.	https://
doi.org/10.1016/S0044-8486(97)00284-6

Sumagaysay-Chavoso,	N.	S.	(2003).	Nitrogen	and	phosphorus	digestibil-
ity	and	excretion	of	different-sized	groups	of	milkfish	(Chanos chanos) 
fed	formulated	and	natural	 food-based	diets.	Aquaculture Research, 
34,	407–418.

Urabe,	 J.,	 &	 Watanabe,	 Y.	 (1992).	 Possibility	 of	 N	 or	 P	 limitation	 for	
planktonic	 Cladocerans:	 An	 experimental	 test.	 Limnology and 
Oceanography, 37,	244–251.

Vanni,	 M.	 J.,	 Flecker,	 A.	 S.,	 Hood,	 J.	 M.,	 &	 Headworth,	 J.	 L.	 (2002).	
Stoichiometry of nutrient recycling by vertebrates in a tropical 
stream: Linking species identity and ecosystem processes. Ecology 
Letters, 5,	 285–293.	 https://doi.org/10.1046/j.1461-0248.2002. 
00314.x

Vanni,	M.	J.,	Layne,	C.	D.,	&	Arnott,	S.	E.	(1997).	“Top-down”	trophic	in-
teractions in lakes: Effects of fish on nutrient dynamics. Ecology, 78, 
1–20.

https://doi.org/10.1007/s00442-005-0202-5
https://doi.org/10.1890/13-1342.1
https://doi.org/10.1146/annurev-physiol-012110-142152
https://doi.org/10.1899/11-141.1
https://doi.org/10.1899/11-141.1
https://doi.org/10.1007/BF00001991
https://doi.org/10.1007/BF00001991
https://doi.org/10.1111/ele.12859
https://doi.org/10.1111/jbi.12131
https://doi.org/10.1186/1471-2148-12-124
https://doi.org/10.1186/1471-2148-12-124
https://doi.org/10.1002/lno.10330
https://doi.org/10.1371/journal.pone.0065784
https://doi.org/10.1371/journal.pone.0065784
https://doi.org/10.1007/s10021-016-9996-8
https://doi.org/10.1007/s10021-016-9996-8
https://doi.org/10.1002/ecy.2463
https://doi.org/10.1002/ecy.2463
https://doi.org/10.1002/ecy.2372
https://doi.org/10.5061/dryad.d5f6h00
https://doi.org/10.5061/dryad.d5f6h00
https://doi.org/10.1111/gcb.13419
https://doi.org/10.1111/ele.12330
https://doi.org/10.1111/ele.12330
https://doi.org/10.1007/s00442-010-1756-4
https://doi.org/10.1007/s00442-010-1756-4
https://doi.org/10.1111/j.0022-1112.2006.00883.x
https://doi.org/10.1073/pnas.1117133109
https://doi.org/10.1073/pnas.1117133109
https://www.R-project.org/
https://doi.org/10.1038/346357a0
https://doi.org/10.1111/j.1095-8649.2010.02822.x
https://doi.org/10.1890/0012-9658(1997)078[1816:SOFATP]2.0.CO;2
https://doi.org/10.1890/0012-9658(1997)078[1816:SOFATP]2.0.CO;2
https://doi.org/10.1111/j.1365-2699.2005.01317.x
https://doi.org/10.1046/j.1365-2427.1997.00234.x
https://doi.org/10.1046/j.1365-2427.1997.00234.x
https://doi.org/10.1016/S0044-8486(97)00284-6
https://doi.org/10.1016/S0044-8486(97)00284-6
https://doi.org/10.1046/j.1461-0248.2002.00314.x
https://doi.org/10.1046/j.1461-0248.2002.00314.x


     |  11Functional EcologyMOODY et al.

Vanni,	M.	J.,	McIntyre,	P.	B.,	Allen,	D.,	Arnott,	D.	L.,	Benstead,	J.	P.,	Berg,	
D.	J.,	…	Zimmer,	K.	D.	(2017).	A	global	database	of	nitrogen	and	phos-
phorus excretion rates of aquatic animals. Ecology, 98,	1475.	https://
doi.org/10.1002/ecy.1792

Vélez-Espino,	 L.	 A.	 (2003).	 Taxonomic	 revision,	 ecology,	 and	 endan-
germent	 categorization	 of	 the	 Andean	 catfish	 Astroblepus ubidiai 
(Teleostei:	 Astroblepidae).	Reviews in Fish Biology and Fisheries, 13, 
367–378.	https://doi.org/10.1007/s11160-004-1096-8

Vimos,	D.	J.,	Encalada,	A.	C.,	Ríos-Touma,	B.,	Suárez,	E.,	&	Prat,	N.	(2015).	Effects	
of	exotic	trout	on	benthic	communities	in	high-Andean	tropical	streams.	
Freshwater Science, 34,	770–783.	https://doi.org/10.1086/681540

Wiens,	J.	J.,	Lapoint,	R.	T.,	&	Whiteman,	N.	K.	(2015).	Herbivory	increases	
diversification across insect clades. Nature Communications, 6,	8370.	
https://doi.org/10.1038/ncomms9370

SUPPORTING INFORMATION

Additional	 supporting	 information	 may	 be	 found	 online	 in	 the	
Supporting Information section at the end of the article.

How to cite this article:	Moody	EK,	Lujan	NK,	Roach	KA,	
Winemiller KO. Threshold elemental ratios and the 
temperature dependence of herbivory in fishes. Funct Ecol. 
2019;00:1–11. https://doi.org/10.1111/1365-2435.13301

https://doi.org/10.1002/ecy.1792
https://doi.org/10.1002/ecy.1792
https://doi.org/10.1007/s11160-004-1096-8
https://doi.org/10.1086/681540
https://doi.org/10.1038/ncomms9370
https://doi.org/10.1111/1365-2435.13301

