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phosphorus enrichment in a Neotropical stream

Gaston E. Small • Catherine M. Pringle

Received: 8 April 2009 / Accepted: 15 October 2009 / Published online: 15 November 2009

� Springer-Verlag 2009

Abstract A central tenet of ecological stoichiometry is

that consumer elemental composition is relatively inde-

pendent of food resource nutrient content. Although the P

content of some invertebrate consumer taxa can increase as

a consequence of P-enriched food resources, little is known

about how ecosystem nutrient loading can affect the ele-

mental composition of entire consumer assemblages. Here

we examine the potential for P enrichment across inverte-

brate consumer assemblages in response to chronic high P

loading. We measured elemental ratios in invertebrate

consumers and basal food resources in a series of streams

in lowland Costa Rica that range widely in P levels

(2-135 lg l-1 soluble reactive P). Streams with high P levels

receive natural long-term (over millennia) inputs of solute-

rich groundwater while low-P streams do not receive these

solute-rich groundwater inputs. P content of leaf litter and

epilithon increased fourfold across the natural P gradient,

exceeding basal resource P content values reported in the

literature from other nutrient-rich streams. Invertebrate

consumers from the high-P study stream were elevated

twofold in P content across multiple taxonomic and func-

tional feeding groups, including predators. Our results

strongly support the hypothesis that elevated P content in

consumers feeding on P-enriched food resources is a con-

sequence of deviation from strict homeostasis. In contrast

to prior studies, we found that between-stream variation in

P content of a given taxon greatly exceeded within-stream

variation among different taxa, suggesting that environ-

ment may be as important as phylogeny in controlling

consumer stoichiometry. Relaxing the assumption of strict

homeostasis presents challenges and opportunities for

advancing our understanding of how nutrient limitation

affects consumer growth. Moreover, our findings may

provide a window into the future of how chronic anthro-

pogenic nutrient loading can alter stoichiometric relation-

ships in food webs.
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Introduction

Ecological stoichiometry at the organismal level is an

important component of nutrient dynamics within ecosys-

tems. The elemental composition of organisms affects the

storage and fluxes of nutrients within the food web. Like-

wise, the degree to which organisms maintain homeostasis

influences the rates at which limiting nutrients are retained

and excess nutrients are mineralized.

Differences in elemental composition among taxonomic

and functional feeding groups are well documented (e.g.,

Cross et al. 2003; Evans-White et al. 2005), due to varia-

tion among different consumers in body nutrient demand

and dietary nutrient supply. While the P content of verte-

brate consumers is largely a function of ‘‘structural bio-

mass’’ (e.g., bones and scales; Vanni et al. 2002), nearly all

body P in invertebrate consumers is found in ‘‘metabolic

biomass’’ (sensu Allen and Gillooly 2008). Ribosomal

RNA and other intra-cellular pools of P may vary based on
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dietary P availability (Sterner and Elser 2002), potentially

causing large changes in invertebrate body P content within

a taxon. However, stoichiometric theory has assumed that,

within a species, animals maintain a fixed elemental

composition (i.e., strict homeostasis) that is independent of

diet quality (e.g., Andersen and Hessen 1991; Urabe and

Watanabe 1992; Sterner and Hessen 1994). Despite these

assumptions of strict homeostasis, a growing body of

evidence has demonstrated that the P content of some

invertetebrate taxa can vary substantially with diet P

content (e.g., DeMott et al. 1998; Carrillo et al. 2001; Fink

and Von Elert 2006; Shimizu and Urabe 2008). These

deviations from strict homeostasis, observed for inverte-

brates feeding on high-P food, have been attributed to

increased levels of RNA (Schade et al. 2003; Acharya

et al. 2004; Elser et al. 2005) as well as P stored in

hemolymph (Woods et al. 2002). However, there are few

data on the extent to which ecosystem nutrient loading

affects the elemental composition of entire consumer

assemblages (e.g., Singer and Battin 2007). Only one

study to date has examined effects of a multi-year, whole-

stream nutrient enrichment on the elemental composition

of invertebrate consumers. In that study, moderately ele-

vated levels of N and P led to increased P content in a

subset of the invertebrate assemblage, showing that at

least some taxa (notably Trichoptera) deviated from strict

homeostasis (Cross et al. 2003).

P loading is a ubiquitous problem in many freshwater

ecosystems (Carpenter et al. 1998) and can greatly increase

the P content of both algal epilithon and leaf litter (e.g.,

Cross et al. 2003), which constitute the base of stream food

webs. If deviation from strict homeostasis is a widespread

trait in aquatic invertebrates, then chronic high stream P

loading could lead to the entire benthic consumer assem-

blage becoming P enriched as a consequence of feeding on

high-P food resources.

To better understand how P loading affects stoichiom-

etric relationships throughout a stream food web, we

measured the elemental composition of invertebrate con-

sumers and basal food resources in streams in lowland

Costa Rica that vary widely in P levels due to natural, long-

term (over millennia) inputs of solute-rich groundwater.

We analyzed: (1) assemblage-level patterns between

streams; (2) paired comparisons of similarly sized, con-

specific taxa (in order to evaluate deviation from strict

homeostasis); (3) comparisons between streams by insect

order (to examine phylogenetic patterns in homeostasis);

and (4) comparisons between streams by functional feeding

group (in order to examine the effects of diet on homeo-

stasis). We predicted that the historically high concentra-

tions of dissolved P in our study streams would result in

high P content across all taxa in the invertebrate consumer

assemblage.

Materials and methods

Study site

La Selva Biological Station (10�260N, 84�010W) is situated

on the Caribbean Slope of Costa Rica at the gradient break

between the mountains and coastal plain, receiving almost

4,000 mm of rainfall each year (Sanford et al. 1994).

Geomorphological features of the La Selva landscape

result in natural interbasin transfers of solute-rich ground-

water entering some streams (Pringle et al. 1990). These

groundwater inputs are characterized by high solute con-

centrations (e.g., P, Na?, Cl-, HCO3
-; Pringle et al. 1993).

Dense riparian vegetation results in light-limited algal

communities (Pringle and Triska 1991) and high inputs of

allochthonous material into streams.

We chose seven streams that differed widely in average

soluble reactive P (SRP) concentration (2–135 lg l-1) due

to differential inputs of solute-rich groundwater (Table 1).

These sites are second- to third-order streams, within close

proximity (\2 km apart), and surrounded by dense forest.

Channel widths range from 1 to 3 m, and the dominant

substrata are detritus, silt, and clay, with boulders present

at some sites. Our seven study streams are a subset of sites

used in a long-term study of the physicochemistry of La

Selva streams (Pringle and Triska 1991; Triska et al. 2006),

for which continuous monthly data have been available

since 1997. We analyzed the elemental composition of leaf

litter and epilithon at all seven sites. Insect assemblages

vary widely among streams at La Selva, largely due to

differences in geomorphology (Ramı́rez et al. 2006). In

order to maximize the number of comparisons between

similar taxa, we selected one high-P stream (Arboleda;

SRP = 135 lg l-1) and one low-P stream (Sura-60;

SRP = 2.8 lg l-1) to compare the elemental composition

of insect consumers, based on their largely overlapping

insect assemblages (Ramı́rez et al. 2006), as well as simi-

larities in discharge and substrate (Table 1).

Sample collection and analysis

Leaf litter and epilithon were collected from our seven

study streams in February and July 2006. At each sampling

date, we collected three replicate grab samples of sub-

merged leaves, so that individual leaf species were repre-

sented roughly in proportion to their abundance in the

stream. Epilithon was collected from unglazed ceramic

tiles after 4 weeks of incubation in each stream. Epilithon

was scrubbed from the tiles, filtered (0.45 lm GF/F), and

dried. In the Arboleda and Sura-60, we also sampled fine

particulate organic matter (FPOM) and filamentous algae.

FPOM samples consisted of deposited material from the

upper 5 cm of substrate, and were collected with a syringe.
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Filamentous algae was collected by hand from submerged

rocks.

Invertebrates were collected in the Arboleda and Sura-

60 in May 2007 from all major stream habitats (leaf packs,

boulders, depositional areas). Insects were sorted live

under a dissecting microscope, length was measured to the

nearest millimeter, and specimens were identified to family

or genus. Guts were not removed prior to stoichiometric

analysis due to the small size of many individuals (see

Discussion). For smaller taxa, composite samples consist-

ing of three to 50 individuals of a similar size class (within

2 mm) were used for C, N, and P analysis; otherwise,

individual organisms were used. Some low-mass samples

were analyzed only for P. Functional feeding groups

(FFGs) were designated according to Merritt and Cummins

(1996) and Jackson and Sweeney (1995). FFGs are based

on mouthpart morphology and behavioral characteristics

and include scrapers (scrape biofilm from hard surfaces),

shredders (consume primarily leaf material), collector-

gatherers (gather fine organic particles), collector-filterers

(filter fine particles) and predators (consume other

animals).

All samples were dried at 50�C for 48 h and homoge-

nized. For C and N analysis, samples were analyzed on a

Carlo Erba NA 1500 CHN analyzer (Carlo Erba, Milan).

For P analysis, samples were acid-digested (Aqua Regia

double acid; Jones et al. 1991), and analyzed spectropho-

tometrically (ascorbic acid method). Ground pine needles

(US National Institute of Standards and Technology,

1575a) and poplar leaves (Analytical Chemistry Labora-

tory, University of Georgia) were used as external stan-

dards for P and N analyses. In each stream, nutrient

concentrations were measured from filtered water samples

(0.045 lm Millipore filters) for SRP (ascorbic acid

method), NO3–N (cadmium reduction method), and NH4–

N [phenate method; American Public Health Association

(APHA) 1998].

Statistical analyses

Relationships among leaf litter and epilithon nutrient

content and stream SRP were determined using regression

analysis. Mean SRP values for each stream were calculated

from monthly samples from January 2006 to August 2007.

For each stream, we calculated mean %P, C:P, and N:P for

leaf litter and epilithon. The relationship between SRP and

leaf litter or epilithon %P was fit with a linear model.

Because %C and %N showed no relation to SRP, C:P and

N:P were inverse-transformed (i.e., to P:C and P:N,

respectively) and fit with a linear model.

Overall differences in the elemental composition of

insect assemblages between the high-P Arboleda and low-

P Sura-60 were assessed using t-tests (a = 0.05), based onT
a

b
le

1
M

ea
n

s
(a

n
d

ra
n

g
es

)
o

f
p

h
y

si
co

ch
em

ic
al

v
ar

ia
b

le
s

in
th

e
se

v
en

st
u

d
y

st
re

am
s

al
o

n
g

th
e

n
at

u
ra

l
P

g
ra

d
ie

n
t

fr
o

m
m

o
n

th
ly

sa
m

p
le

s
co

ll
ec

te
d

Ja
n

u
ar

y
2

0
0

6
–
A

u
g

u
st

2
0

0
7

S
tr

ea
m

D
IN

a
:S

R
P

(m
o

la
r)

S
R

P
(l

g
l-

1
)

N
O

3
–

N
(l

g
l-

1
)

N
H

4
–

N
(l

g
l-

1
)

T
em

p
er

at
u

re
(�

C
)

D
is

ch
ar

g
e

(m
3

s-
1
)

C
o

n
d

u
ct

iv
it

y
(l

S
cm

-
1

at
2

5
�C

)
p

H

A
rb

o
le

d
a

2
.3

9
1

3
5

(2
7

–
3

9
7

)
1

2
6

(6
3

–
1

6
2

)
2

0
(7

–
4

2
)

2
5

.6
(2

4
.7

–
2

6
.4

)
0

.1
7

(0
.0

9
–

0
.2

1
)

2
5

7
(1

7
3

–
3

1
0

)
6

.2
(5

.9
–

6
.5

)

S
u

ra
-3

0
4

.8
2

8
3

(3
9

–
1

5
0

)
1

6
3

(6
0

–
2

7
7

)
1

8
(0

–
8

7
)

2
5

.4
(2

4
.7

–
2

6
.7

)
0

.6
1

(0
.4

3
–

0
.8

6
)

1
5

7
(7

3
–

1
8

8
)

6
.1

(5
.8

–
6

.8
)

S
al

ti
to

-6
0

7
.8

4
3

3
(1

.6
–

8
7

)
9

8
(3

5
–

1
7

0
)

1
9

(0
–

6
4

)
2

5
.0

(2
4

.0
–

2
5

.9
)

0
.1

1
(0

.0
4

–
0

.2
0

)
1

1
0

(3
7

–
1

7
0

)
6

.1
(5

.9
–

6
.9

)

S
al

to
-6

0
4

4
.2

1
0

(4
.3

–
2

1
)

1
8

0
(1

0
1

–
2

6
1

)
2

0
(0

–
5

9
)

2
4

.7
(2

3
.7

–
2

5
.6

)
0

.4
5

(0
.0

7
–

0
.9

3
)

3
2

(2
8

–
4

4
)

5
.9

(5
.6

–
6

.6
)

S
al

ti
to

-1
0

0
1

4
3

3
.1

(0
–

7
.2

)
1

6
3

(7
8

–
4

6
0

)
3

7
(1

8
–

6
0

)
2

4
.3

(2
3

.6
–

2
5

.6
)

0
.0

3
(0

.0
2

–
0

.0
6

)
1

9
(1

7
–

2
4

)
5

.7
(5

.3
–

6
.7

)

S
u

ra
-6

0
1

7
4

2
.8

(0
–

9
.0

)
1

9
9

(5
8

–
3

5
3

)
2

1
(0

–
5

1
)

2
4

.8
(2

4
.0

–
2

6
.2

)
0

.1
9

(0
.0

5
–

0
.5

5
)

2
0

(1
6

–
2

6
)

5
.6

(4
.7

–
6

.5
)

P
ip

er
2

1
9

2
.3

(0
–

6
.8

)
1

8
8

(9
9

–
4

0
4

)
4

0
(6

–
1

6
6

)
2

5
.0

(2
4

.3
–

2
5

.9
)

0
.0

3
(0

.0
1

–
0

.1
0

)
2

2
(1

9
–

2
6

)
5

.5
(4

.8
–

6
.2

)

D
IN

D
is

so
lv

ed
in

o
rg

an
ic

N
,

S
R

P
so

lu
b

le
re

ac
ti

v
e

P
a

N
O

3
–

N
?

N
H

4
–

N

Oecologia (2010) 162:581–590 583

123



all samples collected for each stream (where each sample

represents a certain size class of a species; sensu Cross

et al. 2003). We compared 33 samples consisting of 16 taxa

from the Arboleda and 41 samples consisting of 16 taxa

from the Sura-60. Thirteen taxa overlapped between the

two streams in this analysis, three taxa were found only in

the Arboleda (Baetidae, Naucoridae, and Tricorythiidae),

and three taxa were found only in the Sura-60 (Calamoc-

eratidae, Gomphidae, and Lutrochidae).

Differences in elemental composition between samples

of similarly sized (within 2 mm), conspecific taxa between

the two streams were analyzed using a paired t-test. Dif-

ferences among FFGs and orders were analyzed with two-

way ANOVA. Where stream identity and the interaction

term (stream 9 FFG or stream 9 order) were both sig-

nificant, Tukey’s honest significant difference was used to

compare differences between streams for each FFG or

order. All analyses were conducted in SAS (SAS Institute

2001). All data are presented as either %C, N, and P of dry

mass or as molar ratios.

Results

P content of basal food resources

Leaf litter %P increased with SRP from 0.05 to 0.22 %P

(r2 = 0.91, P = 0.0008), and led to subsequent decreases

in C:P from 1986 to 466 (r2 = 0.88, P = 0.0016) and N:P

from 66 to 17 (r2 = 0.91, P = 0.0007; Fig. 1). Leaf litter

%C, %N, and C:N did not differ among streams.

The P content of epilithon was more variable than that

of leaf litter, but %P increased significantly with SRP from

0.12 to 0.47 %P (r2 = 0.83, P = 0.0042). Epilithon

decreased in C:P from 245 to 41 (r2 = 0.90, P = 0.001)

with increasing stream SRP (Fig. 1). Epilithon N:P ranged

from 5.4 to 28.9 but was not related to stream SRP. Epil-

ithon %C, %N, and C:N did not differ among streams.

The P content of basal food resources was elevated in

the high-SRP Arboleda relative to the low-SRP Sura-60. P

content by dry weight increased fourfold for leaf litter

(0.22 vs. 0.05 %P), more than twofold for epilithon (0.47

Fig. 1 Changes in mean P, C to P molar ratio (C:P), and N to P molar

ratio (N:P) (±SE) of leaf litter (a, c, e) and epilithon (collected from

tiles; b, d, f) from seven streams along a natural P gradient. Stream

soluble reactive P (SRP) values are means from each stream studied in

La Selva Biological Station, Costa Rica January 2006–August 2007.

For C:P and N:P, linear regressions were plotted for P:C and P:N,

respectively; see text for explanation. Regression statistics:

a r2 = 0.91, P = 0.0008, b r2 = 0.83, P = 0.0042, c r2 = 0.88,

P = 0.0016, d r2 = 0.90, P = 0.001, e r2 = 0.91, P = 0.0007, f
r2 = 0.15, P = 0.46

Fig. 2 Frequency histograms of invertebrate body P, C, N, C:P, N:P,

and C:N for high-P Arboleda (135 lg SRP l-1; shaded bars) and low-

P Sura-60 (2.8 lg SRP l-1; open bars) streams. Summary statistics

(n, mean ± SD): a Arboleda, 33, 1.1 ± 0.4; Sura-60, 41, 0.5 ± 0.2; b
Arboleda, 29, 124.0 ± 83.8; Sura-60, 38, 238.8 ± 71.3; c Arboleda,

30, 44.4 ± 2.9; Sura-60, 37, 42.8 ± 7.7; d Arboleda, 30, 24.4 ±

17.6; Sura-60, 39, 47.2 ± 13.2; e Arboleda, 30, 10.3 ± 1.4; Sura-60,

38, 10.2 ± 0.9; f Arboleda, 29, 5.1 ± 0.4; Sura-60, 38, 5.1 ± 0.5
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vs. 0.18 %P), sixfold for FPOM (0.18 vs. 0.03 %P), and

fivefold for filamentous algae (0.30 vs. 0.06 %P).

P content of invertebrate consumers

P content in invertebrate consumer assemblage averaged

twofold higher in the high-P Arboleda (mean %P = 1.15)

relative to the low-P Sura-60 (mean %P = 0.51; Fig. 2). In

the Arboleda, 79% of invertebrates sampled had a P content

[1.0%. In contrast, in the Sura-60, only 5% of inverte-

brates sampled had a P content exceeding 1.0%. The Ar-

boleda consumer assemblage was significantly higher in

%P (t = 8.05, df = 40.4, P \ 0.0001), and lower in C:P

(t = 6.10, df = 66, P \ 0.0001) and N:P (t = 6.19,

df = 68, P \ 0.0001; Fig. 2) relative to the Sura-60

assemblage. Invertebrate %C, %N, and C:N did not differ

among streams (P [ 0.05).

Paired comparisons of similar-sized conspecific taxa

between the two streams showed that these taxa deviate

from strict homeostasis, with a twofold average increase in

P content in the high-P Arboleda. Invertebrates in the high-

P Arboleda had significantly higher %P (t = 6.70, df = 16,

P \ 0.0001; Fig. 3) and lower C:P (t = 7.04, df = 13,

P \ 0.0001) and N:P (t = 7.72, df = 13, P \ 0.0001)

compared to the low-P Sura-60. Paired taxa did not differ

in %C, %N, and C:N between the two streams (P [ 0.05).

When grouped by order, %P was significantly higher

among Arboleda invertebrates (mean 1.17) compared to

Sura-60 invertebrates (mean 0.52, F1,58 = 57.25,

P \ 0.0001; Fig. 4). Mean %P differed among orders

(F8,58 = 3.15, P = 0.005), ranging from 0.68 (Odonata) to

1.16 (Plecoptera). The difference in insect %P between

streams varied by order (stream 9 order interaction:

F8,58 = 3.42, P \ 0.01), with significant differences

between streams observed in Diptera, Ephemeroptera, and

Plecoptera. Insect C:P was significantly lower for orders in

the Arboleda (stream effect: F1,52 = 13.53, P = 0.0006).

No differences in C:P were observed among different

orders (F8,52 = 1.02, P = 0.43), and differences between

streams in C:P did not vary by order (stream 9 order

interaction: F7,52 = 0.93, P = 0.49). Likewise, insect N:P

was lower for orders in the Arboleda (F1,53 = 13.17,

P = 0.0006), but no differences were detected among

different orders (F8,53 = 0.70, P = 0.69) and stream

effects did not vary among orders (stream 9 order inter-

action: F8,53 = 0.95, P = 0.48).

Insect %C varied among orders (F7,52 = 47.04,

P \ 0.0001), ranging from 43.0 (Trichoptera) to 48.6

(Hemiptera), but did not vary between streams

(F1,52 = 0.30, P = 0.58), nor was there a significant

stream 9 order interaction (F5,52 = 1.37, P = 0.25).

Insect %N did not vary between streams (F1,53 = 0.36,

Fig. 3 P content (%P) of paired invertebrates of similar size from

high-P Arboleda (solid circles) and low-P Sura-60 (open circles)

streams. Numbers in parentheses indicate length of larvae in

millimeters; taxa are arranged in order of increasing size. C
Coleoptera, E Ephemeroptera, P Plecoptera, O Odonata, T Trichop-

tera, D Diptera, H Hemiptera

Fig. 4 P, C, N, C:P, N:P, and C:P (mean ± 1 SE) for invertebrates of

four dominant insect orders in the Arboleda (shaded bars) and Sura-

60 (open bars) streams. Overall statistical differences in elemental

composition between streams (P \ 0.05) indicated by double aster-
isks. Differences in elemental composition within an order indicated

by a single asterisk. EPHE Ephemeroptera, ODON Odonata, PLEC
Plecoptera, TRIC Trichoptera
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P = 0.55) or among orders (F8,53 = 1.60, P = 0.15), and

there was no stream 9 order interaction (F8,53 = 1.32,

P = 0.25). Insect C:N varied among orders (F8,52 = 2.61,

P = 0.02), ranging from 3.38 (Diptera) to 5.61 (Trichop-

tera). Insect C:N did not vary between streams

(F1,52 = 0.10, P = 0.75), nor was there a significant

stream 9 order interaction (F7,52 = 1.10, P = 0.37).

When grouped by FFG, insects were again significantly

higher in %P (F1,64 = 30.52, P \ 0.001) in the high-P

Arboleda (mean = 1.11) relative to the low-P Sura-60

(mean = 0.51; Fig. 5). There was no difference in %P

among different FFGs (F4,64 = 0.17, P = 0.95), nor was

there a significant stream 9 FFG interaction (F4,64 = 0.16,

P = 0.96). Likewise, insect C:P was lower across insect

FFGs in the Arboleda (F1,57 = 17.12, P = 0.001) but did

not vary among different FFGs (F4,57 = 0.24, P = 0.91),

and there was no stream 9 FFG interaction (F4,57 = 0.73,

P = 0.57). Insect N:P was also lower in the Arboleda

(mean = 22.2) relative to the Sura-60 (mean = 45.8;

F1,59 = 21.93, P \ 0.0001). There were no differences in

N:P among different FFGs (F4,59 = 0.62, P = 0.65), nor

was there a stream 9 FFG interaction (F4,59 = 0.62,

P = 0.65).

There was no difference in insect %C between streams

(F1,57 = 0.04, P = 0.85) or among FFGs (F4,57 = 1.91,

P = 0.12), and the stream 9 FFG interaction term was not

significant (F4,57 = 1.09, P = 0.37). Insect %N did not

differ between streams (F1,59 = 2.50, P = 0.12), but there

were differences among FFGs (F4,59 = 10.45,

P \ 0.0001), as %N ranged from 8.8 (shredders) to 11.0

(predators). There was a stream 9 FFG interaction for %N

(F4,59 = 3.09, P = 0.02), although there were no signifi-

cant differences in %N within a given FFG between the

two streams. Likewise, there was no difference in C:N

between streams (F1,57 = 3.51, P = 0.07), but differences

among FFGs were significant (F4,57 = 6.35, P = 0.0003),

as mean C:N ranged from 4.88 (predator) to 5.84 (shred-

der). The stream 9 FFG interaction term was not signifi-

cant for C:N (F4,57 = 1.12, P = 0.36).

Discussion

Observed high P levels in basal resources and elevated P

levels across the invertebrate assemblage indicate a general

deviation from strict homeostasis among invertebrate

consumers. Our results are unique in the generality of the

observed response of all invertebrate consumers to P

enrichment (i.e., across orders and FFGs). Even taxa

identified as predators showed elevated P content in the

high-P stream, the first such evidence for altered elemental

composition in higher trophic levels. In contrast, other

studies have reported highly variable invertebrate P content

among taxa in nutrient-enriched streams, or no relationship

between elevated stream P and invertebrate P content. For

example, in a comparison of streams above and below

municipal wastewater treatment plant inputs (3–29 lg l-1

total P), Bowman et al. (2005) found an increase in the P

content of heptageniid mayflies (Ephemeroptera) at only

one of four high-nutrient sites, despite a tenfold increase in

epilithon P content. In a survey of streams ranging in SRP

from 3 to 99 lg l-1, Evans-White et al. (2005) found no

relationship between stream SRP and invertebrate P con-

tent. After 2 years of an experimental N ? P addition in a

detritus-based headwater stream (increasing SRP from 7 to

46 lg l-1), Cross et al. (2003) only found significant

increases in P content in one group of primary consumers

(Trichoptera). In contrast, our findings show that insect

consumers were enriched in P across all taxonomic and

functional feeding groups in the high-P Arboleda.

The generality of P enrichment across invertebrate

consumers in the naturally high-P Arboleda is a conse-

quence of high historic levels of P loading, resulting in

extremely high P content across all basal food resources.

Basal food resources in the Arboleda were highly enriched

in P relative to low-P La Selva streams and are higher than

values reported from other nutrient-enriched streams.

Mixed-species leaf litter collected from streams across the

SRP gradient showed a fourfold increase in P content,

Fig. 5 P, C, N, C:P, N:P, and C:P (mean ± 1 SE) for invertebrates

from five functional feeding groups in the Arboleda (shaded bars) and

Sura-60 (open bars) streams. Overall statistical differences in

elemental composition between streams (P \ 0.05) indicated by

double asterisks. SCRA Scraper, SHRE shredder, COL-G collector

gatherer, COL-F collector filterer, PRED predator
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similar to values reported by Ardón et al. (2006) for single-

species leaf packs incubated in the same study streams.

Leaf litter P content in the Arboleda (0.22 %P) greatly

exceeded the only other published values for leaf litter

from a nutrient-enriched stream (0.05 %P; Cross et al.

2003). Increased microbial biomass on leaf litter in our

high-P study stream likely accounts for this difference

(Cross et al. 2003; Ardón et al. 2006). Epilithon P content

increased fourfold over the SRP range exhibited by our

seven study streams, and values from our high-P study

streams exceed reported values from other P-enriched

streams (Stelzer and Lamberti 2001; Cross et al. 2003;

Bowman et al. 2005), which could result from luxury P

uptake by algal cells or increased densities of P-rich het-

erotrophic bacteria.

Our findings support the hypothesis that deviation from

strict homeostasis may be a general trait among inverte-

brate consumers, observable when food resources are suf-

ficiently P enriched. The paired comparison of taxa

between the Arboleda and Sura-60 shows that similar-sized

individuals of the same taxon were uniformly enriched in P

in the high-P stream. All 17 samples of similar-sized taxa

increased in P content in the high-P stream, from 1.3 to 4.7-

fold (mean = 2.7; Table S1). In contrast, Cross et al.

(2003) found a more limited response, with 15 of 24

comparable samples (of similar-sized taxa) enriched in P,

from 1.1 to 4.0-fold (mean = 2.1). The difference in

responses between these two studies is likely due to the

much greater degree of basal resource P enrichment in our

high-P study streams. Primary consumers in high-P La

Selva streams consume food resources that are 2–6 times

greater in P content relative to those in low-P streams, and

invertebrate predators in high-P streams consume prey

items that are twofold greater in P. By contrast, primary

consumers in the nutrient-enriched stream studied by Cross

et al. (2003) consumed food resources that were on average

1.5 times higher in P, and invertebrate predators fed on

prey items that were enriched only 1.2 times in P over

reference conditions.

The strength of homeostasis can be evaluated as the

change in consumer body elemental composition relative to

the change in the elemental content of its food resources,

according to the equation:

log ðyÞ ¼ log ðcÞ þ log ðxÞ
H

where y = consumer stoichiometry, x = resource stoichi-

ometry, c is a constant, and H represents strength of

homeostatic regulation (Sterner and Elser 2002). Values of

H [ 1 are consistent with some degree of homeostasis (i.e.,

the increase in consumer P content is smaller than the

increase in food resource P content), and very large H

values reflect strict homeostasis. While controlled feeding

experiments are required to accurately determine H for a

given taxon, we can estimate this value based on field data.

Across invertebrate taxa in our study, we estimated values

of H ranging from 0.4 to 5.4 (Fig. 6; Table S1). For

comparison, among those taxa that exhibited increased P

content in the study by Cross et al. (2003), we calculated H

values that ranged from 0.3 to 11.0. Taxa classified as

shredders had the lowest H values (i.e., they were the least

homeostatic) among primary consumers in our study and

among all consumers in the Cross et al. (2003) study. The

most striking difference between the two datasets is that

invertebrate predators showed a high degree of P enrich-

ment and had the lowest calculated H values in our study

(range 0.4–1.4), whereas most predators in Cross et al.

(2003) did not increase in P content in the nutrient-enriched

stream. We suspect that this difference is due to the higher

degree of P enrichment in food resources of invertebrate

predators in the high-P La Selva stream, rather than a

higher degree of homeostasis among predators analyzed by

Cross et al. (2003). These values should be interpreted with

caution, however, since we assume that our measurements

of food resource stoichiometry accurately represent the

nutrient content of food ingested by the consumer (e.g., no

selective grazing). In a parallel study (G. E. Small,

unpublished data), the P content of chironomid larvae from

both the Arboleda and Sura-60 increased from 0.5 to 1.0

%P with increasing P content of leaf litter when groups of

larvae from each source stream were reared on leaf litter

conditioned in streams across the natural P gradient. These

results add weight to our contention that differences in

Fig. 6 Comparison of strength of homeostasis (H) for primary

consumers and predators from a La Selva Biological Station (LSBS)

and from a nutrient enrichment experiment at b Coweeta Hydrologic

Laboratory (CWT; Cross et al. 2003). Higher H values denote strict

homeostasis, whereas low, positive values of H reflect a high

sensitivity of consumer stoichiometry relative to changes in food

nutrient content. Negative values result from consumers decreasing in

nutrient content in the presence of nutrient-enriched food resources.

Details on calculations of H are provided in Table S1
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invertebrate P content between streams are due to deviation

from strict homeostasis.

Another potential mechanism for how the primary

consumer assemblage could increase in response to P-

enriched food resources is through a community shift

toward species with higher P demand (Singer and Battin

2007). This is unlikely since our two study streams were

purposely selected for their similarity in invertebrate spe-

cies composition (Ramı́rez et al. 2006). It is also possible

that populations of invertebrate consumers in naturally

high-P streams could have evolved to have a higher P

content. However, some degree of genetic isolation would

also be required, which is very unlikely in this landscape.

Our study sites are all within close proximity (within

2 km), and low-P streams become high-P at the gradient

break (at 35 m above sea level) where high-solute springs

emerge. In order to maintain genetic isolation sufficient for

adaptation to very local conditions, ovipositing female

insects would have to show high site fidelity, and inverte-

brate drift would have to be low. In contrast, lowland

tropical streams of La Selva are characterized by large

numbers of drifting invertebrates (Ramı́rez and Pringle

1999, 2001). Similarly, Peckarsky et al. (2005) found that

phenotypic plasticity, rather than genetic differentiation,

was the primary explanation for different invertebrate

responses between adjacent streams with contrasting

environmental conditions. Thus, while it is possible that

invertebrate populations between streams may differ in

their P demands, our results support the conclusion that

increased P content in consumers is primarily due to

deviation from strict homeostasis.

A fraction of the elevated P content measured in

invertebrates in the high-P Arboleda is due to the elevated

P content of food in their guts. To minimize the effect of

undigested food, some studies have reported consumer

biomass nutrient values that were based on measurements

made after guts were removed (e.g., Cross et al. 2003) or

after consumers were allowed time to clear their guts (e.g.,

Evans-White et al. 2005). Potential effect of actual gut

contents on our nutrient measurements may be evaluated

by a simple mixing model:

GCmass � GC%Pð Þ þ Bmass � B%Pð Þ ¼ Smass � S%P

where GC is gut contents, B is body (i.e., insect tissue

without guts), and S is the composite sample which

includes gut contents. For example, a consumer feeding on

leaf litter, whose gut contents constitute 20% of its dry

mass (Cain et al. 1995), ingests food that is 0.22 %P in the

Arboleda and 0.05 %P in the Sura-60. If similar-sized

individuals (consumer tissue ? gut contents) are 0.97 %P

in the Arboleda and 0.62 %P in the Sura-60, then the

consumer body %P (with gut contents excluded) would be

1.16 and 0.76 %P, respectively. Even with basal food

resources increasing up to fivefold in P content, the total-P

represented in consumer gut contents is a small fraction of

the total-P in the organism and should be a relatively small

source of error in our measurements.

Primary consumers in many aquatic ecosystems face P-

limited growth due to the large discrepancy between their

body C:P ratio and the C:P ratio of their food resources

(Cross et al. 2003). In contrast, the high degree of P

enrichment in basal food resources in the high-P Arboleda

is likely to release consumers from P limitation. Leaf litter

C:P decreased from approximately 2,000 (molar ratio) in

our low-P study streams to 500 in the high-P Arboleda,

much lower than threshold elemental ratio (TERC:P) values

(i.e., the optimal value of food C:P for a given consumer)

calculated for detritivorous aquatic invertebrates (mean

*1,000; Frost et al. 2006). Similarly, epilithon C:P values

ranged from 200 in low-P streams to 50 in the highest-P

stream, relative to a mean TERC:P of 200 for grazing

invertebrates (Frost et al. 2006). This alleviation from P

limitation in primary consumers is likely the cause of

elevated growth rates that have been recorded for some

primary consumers in high-P La Selva streams (Rosemond

et al. 2002; Ramı́rez and Pringle 2006).

In contrast to prior studies, our study found that between-

stream variation in P content within each taxon greatly

exceeded within-stream variation among different taxa,

suggesting that environment may be as important in con-

trolling consumer stoichiometry as phylogeny. In fact, P

content of some invertebrate taxa from our high-P stream

was similar to values from some vertebrates reported by

Vanni et al. (2002). Stoichiometric theory, under the

assumption of strict homeostasis, has attributed variation in

measured C:P values among taxa solely to differences in P

demand by these organisms (Sterner and Elser 2002).

However, if consumers are not strictly homeostatic, then

high C:P values measured in invertebrate consumers could

also reflect P limitation by these organisms (Hillebrand

et al. 2008; Shimizu and Urabe 2008). The increase in P

content of the entire consumer assemblage that we observed

in the high-P Arboleda is consistent with this hypothesis,

and adds to the weight of evidence that deviation from strict

homeostasis may be a common trait in invertebrate con-

sumers. Additionally, models predicting nutrient limitation

in consumers typically assume strict homeostasis (Sterner

and Elser 2002), and calculations of TERC:P values are

highly sensitive to input values for consumer elemental

composition (Frost et al. 2006). Relaxing the assumption of

strict homeostasis presents challenges and opportunities for

advancing our understanding of how nutrient limitation

affects the growth of consumers.

The most significant ecological effects of P-enriched food

resources would be expected for primary consumers, which

are most likely to be P limited (Sterner and Elser 2002).
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Secondary production of primary consumers in an experi-

mentally nutrient-enriched stream was between 1.2 and 3.3

times higher than in a reference stream, and resulted in

greater secondary production of invertebrate predators

(Cross et al. 2006). Combined with increases in secondary

production, elevated P content in primary consumers would

have a multiplicative effect on the amount of P moving

through the food web. While nutrient limitation may be

common in primary consumers, it is not limited to this tro-

phic level (Boersma et al. 2008). Invertebrate predators,

feeding on relatively low-P aquatic insects, also have the

potential to be P limited in low-P streams. The increased %P

observed in invertebrate predators in the Arboleda suggests

that any P limitation affecting this trophic level was allevi-

ated in the high-P stream. If predator taxa are ingesting

excess P in high-P streams, they should excrete this excess P

at elevated rates. Elevated P content in aquatic invertebrates

also suggests that P export to the terrestrial ecosystem

through insect emergence may be elevated, especially if

combined with increases in secondary production.

In this study, we document a twofold increase in P

content in invertebrate consumers across multiple taxo-

nomic and functional feeding groups in a stream which has

received high P loading over millennia. Anthropogenic

nutrient loading is a ubiquitous problem that is becoming

exacerbated in many rivers due to the combination of

increased effluent discharge and increased water with-

drawals. If, as our results suggest, deviation from strict

homeostasis is a common trait in freshwater invertebrates,

then our study may represent a window into the future

indicating how stoichiometric relationships throughout

food webs may be altered by continuing anthropogenic

nutrient loading in aquatic ecosystems.
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