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ABSTRACT

Ecosystem processes and biological community structure are expected to change in a relatively predictable manner along fluvial
gradients within river basins. Such predictions are heavily based on temperate rivers, and food web variation along fluvial gradients in
Mesoamerican rivers has received limited attention. In this study, we analyzed carbon and nitrogen stable isotope ratios of basal carbon
sources and dominant consumer species to examine aquatic food web structure along the fluvial gradient of the Monkey River Basin,
Belize. Similar to previous studies in other regions, consumer species richness and functional diversity increased along the
downstream fluvial gradient, due in part to the addition of estuarine species in lower reaches and increasing diversity of piscivorous
species along the gradient. Aquatic food webs in upstream reaches were primarily supported by allochthonous production sources, and
in-stream sources increased in importance along the downstream gradient. Our study system traversing the Maya Mountain Marine
Area Transect also provided a unique opportunity to test the utility of primary consumer d15N as an indicator of watershed impacts
within a tropical basin with a diverse biota and a different type of agricultural impact than typically studied (i.e. banana plantations vs.
tilled row cropping). As expected, primary consumer d15N at sites draining impacted watersheds was enriched compared to values
from forested reference sites. Assessment of primary consumer d15N may be a feasible option for monitoring watershed impacts on
aquatic food webs in service of the ridge-to-reef conservation strategy adopted for this watershed as well as in other tropical river
basins. Copyright # 2010 John Wiley & Sons, Ltd.
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INTRODUCTION

Ecologists have long recognized that ecosystem processes

and biological community structure change along fluvial

gradients within river basins (e.g. Hynes, 1970). Availability

of production sources, organismal responses to discharge

variation and species interactions all vary in relation to

abiotic environmental factors that undergo transition from

headwaters to downstream reaches and coastal habitats.

The structure of aquatic food webs also is expected to

change along the course of a river basin from inland

tributaries to the sea (Power and Dietrich, 2002). For

example, the importance of terrestrial versus in-stream
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sources of carbon varies with position along the upstream–

downstream fluvial gradient of stream systems (Vannote

et al., 1980; Thorp and Delong, 1994, 2002). In watersheds

exposed to urbanization or agricultural land use, pollution

and anthropogenic nutrient enrichment also can affect

resources and alter aquatic food webs (e.g. Clements et al.,

2000; DeBruyn and Rasmussen, 2002; Anderson and

Cabana, 2005; Simon et al., 2007). A number of studies

have shown that alteration of the surrounding landscape for

agriculture, urban development, and other uses can have

important effects on the ecological integrity of rivers

(reviewed in Allan, 2004).

Ratios of stable carbon (d13C) and nitrogen (d15N)

isotopes have been used extensively to examine aquatic food

webs, and they can reveal variation in food web structure

across longitudinal fluvial gradients (e.g. Hoeinghaus et al.,

2007a; Saito et al., 2007) as well as in relation to

anthropogenic allochthonous inputs from the watershed

(e.g. Cabana and Rasmussen, 1996; Anderson and Cabana,
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2005; Saito et al., 2008). Here we examine variation in food

web structure in the Monkey River, Belize, at several

locations spanning a longitudinal fluvial gradient from a

headwater stream to the coast. Previous studies have

documented changes in fish assemblage composition and

species diversity along longitudinal fluvial gradients in

Mesoamerican rivers (Winemiller and Leslie, 1992;

Rodiles-Hernández et al., 1999; Esselman et al., 2006).

However, food web studies of Mesoamerican streams are

scarce, and stable isotope analyses have been conducted for

very few aquatic communities in the region (Kilham and

Pringle, 2000; Verburg et al., 2007). Using stomach contents

of fishes, Winemiller (1990) examined temporal variation in

food web properties in two Costa Rican streams, but little is

known about corresponding changes in tropical fluvial food

webs at the watershed scale.

We employed stable isotope methods to examine aquatic

food web structure and potential local watershed influences

along a longitudinal gradient in the Monkey River Basin.

TheMonkey River Basin in southeastern Belize is the largest

basin in the Maya Mountain Marine Area Transect

(MMMAT; Heyman and Kjerfve, 1999), a corridor of

reserves and private lands extending from the ridge of the

Maya Mountains to the Belize Barrier Reef in the Caribbean

Sea. Sixty-two per cent of the Monkey River Basin is

protected in ecological reserves. The Upper Bladen branch

of the Monkey River drains a nearly pristine forested

landscape within the Bladen Nature Reserve. In contrast, the

Swasey catchment yields more than 50% of the bananas

grown in Belize. In addition to revealing potential influence

of land characteristics on isotopic composition of aquatic

biota, our description of aquatic food webs along this

corridor will provide important basic information for the

unique ‘ridge-to-reef’ conservation strategy that was

adopted for this region (Heyman and Kjerfve, 1999).
METHODS

Study area

The study region is the Monkey River watershed,

including its two largest tributaries, the Bladen and Swasey

Rivers, in southeastern Belize (Figure 1). This watershed

delivers freshwater from the Maya Mountains to the coast

adjacent to the Belize Barrier Reef and the Sapodillas Cayes

Marine Reserve. During December 2005 and January 2006,

seven areas were surveyed: (1) Firetail Creek, a small

tributary of the Upper Bladen River draining pristine

forested hills within the Bladen Nature Preserve; (2) Upper

Bladen River, a segment of pristine aquatic habitat located

just downstream from the southeast border of the Bladen

Nature Preserve; (3) Upper Swasey River 3 km upstream of

Red Bank Village; (4) Lower Swasey River, a segment
Copyright # 2010 John Wiley & Sons, Ltd.
adjacent to banana plantations; (5) Lower Bladen River 1–

2 km upstream from the junction with the Swasey River

which delivers waters draining a heavily agricultural

catchment; (6) Lower Monkey River, an estuarine segment

0.25–2 km above the mouth; (7) Mangrove and seagrass

habitats in an area 0.25–2 km north of the Monkey River

mouth.

The most upstream site, Firetail Creek, has a relatively

narrow channel, steep bed gradient, large coarse substrate

and closed canopy. The Upper Bladen River also drains the

pristine forested terrain of the Bladen Nature Reserve, but

has a wider channel, more heterogeneous substrate and

receives more sunlight. The Lower Bladen River has a lower

gradient, finer substrates and a more impacted watershed

than the Upper Bladen. The Upper Swasey is slightly larger

than the Bladen Branch, and flows through a constrained

channel dominated by bedrock and boulder substrates

covered with aquatic macrophytes (Marathrum oxycarpum).

In the coastal plain the river widens, the macrophytes

disappear and substrates gradually change to fine gravel and

sand. Banana agriculture occurs in patches on the floodplain

adjacent to the Bladen and Swasey Branches in the upper

portion of the coastal plain, and is more extensive on the

Swasey branch (Figure 1). The Lower Monkey River is

under tidal influence. Its broad channel is lined with sedges

and has little canopy cover. Sediments are fine, and diverse

freshwater and estuarine fishes and macroinvertebrates

inhabit open waters of the channel, dense beds of floating

plants and lentic secondary channels. Adjacent coastal

mangrove and seagrass habitats at the mouth of the Monkey

River are broad and shallow and contain estuarine and

marine species.

Sample collection and stable isotope analyses

The most conspicuous and abundant fish species,

invertebrates, and in-stream and riparian producers were

collected at each survey site. Benthic algae, detritus, aquatic

and terrestrial plants (including seeds) were crushed and

preserved in salt. For fish and invertebrate specimens,

muscle tissue (taken from large specimens following

euthanasia via whole body immersion in MS 222) or whole

body minus viscera or shell (for small specimens) was

obtained and preserved in salt following Arrington and

Winemiller (2002). In the lab, tissue samples were soaked

and rinsed in distilled water to remove all salt, then dried in

an oven at 608C for 48 h (Arrington and Winemiller, 2002).

Dried samples were ground to a fine powder with mortar and

pestle then stored in clean glass vials. Sub-samples of each

ground sample were weighed to the nearest 0.01mg and

pressed into Ultra-Pure tin capsules (Costech, Valencia,

CA), and sent to the Analytical Chemistry Laboratory of the

Institute of Ecology, University of Georgia, for analysis of
River Res. Applic. 27: 791–803 (2011)
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Figure 1. Map of the Monkey River drainage basin in Belize, depicting sampling locations, conservation and forestry reserve boundaries and banana plantations

Copyright # 2010 John Wiley & Sons, Ltd. River Res. Applic. 27: 791–803 (2011)

DOI: 10.1002/rra

FLUVIAL GRADIENTS IN TROPICAL AQUATIC FOOD WEBS 793



794 K. O. WINEMILLER ET AL.
carbon and nitrogen stable isotope ratios. Results are

expressed in delta notation (parts per thousand deviation

from a standard material): d13C or d15N¼ [(Rsample/

Rstandard)�1] � 1000; where R¼ 13C/12C or 15N/14N. The

standard material for carbon is Pee Dee Belemnite (PDB)

limestone, and the nitrogen standard is atmospheric

nitrogen. Standard deviations of d13C and d15N analyses

were 0.09 and 0.12%, respectively for animal replicates, and

0.44 and 0.48%, respectively for primary producer

replicates.

Statistical analyses

Carbon isotopic signatures of dietary items are conserved

within 1% in consumer tissues (McCutchan et al., 2003),

and allow evaluation of the relative importance of carbon

sources ultimately supporting secondary production when

source isotopic values are distinct (Peterson and Fry, 1987).

Nitrogen isotope ratios of consumer tissues can be used to

determine consumer trophic position because they are

typically enriched 2.5–3.4% relative to their food (Post

2002; Vanderklift and Ponsard, 2003). Bi-plots of d13C and

d15N values of basal resources and consumers were used to

depict food web structure and patterns of isotopic variation

along the longitudinal fluvial gradient of the Bladen–

Monkey River. Relative positions of taxa on the d13C axis

allow for comparison of the basal carbon sources supporting

secondary production in the species assemblages, and the

positions of taxa within communities for d15N indicate

trophic position (Peterson and Fry, 1987). Carbon and

nitrogen isotope ratios of consumer assemblages (fishes and

invertebrates) were compared among sites using MANOVA.

Bonferroni-corrected pairwise comparisons were calculated

for significant main effects. Observed differences in

assemblage-level C and N isotope ratios of consumers

were interpreted relative to source isotope ratios at each site

along the fluvial gradient.

Differences in baseline d15N among local species

assemblages may indicate anthropogenic nitrogen inputs,

such as from sewage or agricultural practices (Cabana and

Rasmussen, 1996; Anderson and Cabana, 2005). Human

population density and agricultural intensity in watersheds

exhibit a positive correlation with baseline d15N in aquatic

food webs. We used herbivorous and detritivorous fishes as

indicators of the N baseline at each site because they are

generally larger and more mobile primary consumers than

invertebrates, and therefore provide greater temporal and

spatial integration of source N variability (Cabana and

Rasmussen, 1996; Hoeinghaus et al., 2008). Nitrogen

isotope signatures of herbivorous and detritivorous fishes

were compared among sites using ANOVA. Two samples of

white mullet,Mugil curema, collected at the Lower Monkey

River were excluded from this analysis because their carbon
Copyright # 2010 John Wiley & Sons, Ltd.
and nitrogen isotope signatures indicated that they recently

moved into this site from the seagrass/mangrove zone

(Tables I and II). Differences in surface geology affect

baseline N conditions between the Bladen and Swasey

watersheds (Esselman et al., 2006). Therefore, in our

comparisons of baseline d15N in aquatic food webs in

relation to watershed impacts, comparatively pristine upper

reaches of each branch (i.e. Upper Swasey, Firetail Creek

and Upper Bladen) are considered reference conditions for

lower portions of the respective watersheds that are

impacted by banana plantations and human populations.
RESULTS

A total of 269 samples were collected for isotope analysis,

comprised by 53 fish species, 6 general invertebrate groups,

and 9 basal carbon source groups (Tables I and II). Fewer

consumer species were present, and thus collected, at upland

sites (Firetail Creek, Upper Bladen and Upper Swasey) than

at middle and lower reaches of the watershed (Tables I

and II, Figure 2). Species and feeding guild composition of

consumer assemblages changed along the fluvial gradient.

Sampling sites located lower in the fluvial gradient (Lower

Monkey River, seagrass/mangrove) had greater numbers of

estuarine and marine species (e.g. Great barracuda, Mayan

sea catfish, several species of grunt), and piscivores became

more conspicuous components of the assemblages when

moving from upland sites towards the coast (Tables I and II,

Figure 2).

The majority of basal sources collected along the fluvial

gradient had carbon isotope ratios between �30 and �20%
(Table I). d13C of riparian vegetation was approximately

�30% across all sites, and coarse detritus had similar carbon

isotope ratios indicating that it was derived from leaf fall

from the riparian zone. Aquatic macrophytes had slightly

enriched carbon isotope ratios (between �22 and �29%)

relative to riparian vegetation. Contrary to the consistency

observed for d13C of riparian vegetation along the fluvial

gradient, filamentous algae became more enriched along the

downstream fluvial gradient, ranging from approximately

�38% at Firetail Creek to approximately �14% at the

seagrass/mangrove site. Along with 13C-enriched filamen-

tous algae, other dominant basal carbon sources in the

seagrass/mangrove zone (macroalgae and submerged

aquatic vegetation) were also comparatively 13C-enriched

relative to dominant sources in the freshwater sites. d15N of

basal sources was comparable across sites, with the notable

exception that in-stream production sources, namely

filamentous algae and aquatic macrophytes, became

considerably 15N-enriched at middle reaches of the fluvial

gradient relative to upper reaches and riparian sources

(Table II).
River Res. Applic. 27: 791–803 (2011)
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Figure 2. Bi-plots of carbon and nitrogen stable isotope signatures of fishes, invertebrates and basal carbon sources at each location along the fluvial gradient
(Figure 1)
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Carbon isotope ratios for most consumers were between

�30 and �20%, with samples from the Lower Monkey

River and the coastal zone beyond the river mouth (seagrass/

mangrove) more enriched in 13C (Figures 2 and 3). Higher
Copyright # 2010 John Wiley & Sons, Ltd.
consumer d15N values were generally observed at sites at

middle elevations in the watershed (Figures 2 and 3).

Significant differences in carbon and nitrogen isotope

signatures were observed at the assemblage level
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Figure 3. Carbon and nitrogen stable isotope ratios of aquatic consumers
across survey sites. MANOVA results comparing assemblage-level isotope
ratios among sites are summarized in Table III. See Figure 1 for locations

along the fluvial gradient and in relation to watershed impacts

Figure 4. Mean (�1 S.D.) nitrogen stable isotope signatures of all primary
consumer taxa together and Poecilia mexicana alone (the only primary
consumer species to occur at all sites). Comparatively higher d15N values of
primary consumers at different sites in the same watershed may indicate
anthropogenic impacts associated with agricultural land use or human

population density

800 K. O. WINEMILLER ET AL.
(F12,412¼ 53.04, p< 0.001). The seagrass/mangrove site

was significantly more enriched in d13C than all other sites

(Figure 3, Table III). Post-hoc tests for d15N distinguished

the enriched Lower Swasey River and Lower Bladen River

from all other sites (Table III). The remaining sites separated

into two groups comprised by the Lower Monkey River,

Upper Swasey and seagrass/mangrove with intermediate

d15N values, and the Upper Bladen River and Firetail Creek

with the lowest d15N values (Figure 3, Table III).

The trend in d15N observed at the assemblage level was

also observed for the primary consumer taxa used as

indicators of watershed impacts. Primary consumer

d15N differed among sites (F6,10¼ 23.22, p< 0.001), with

the Lower Swasey River exhibiting the highest d15N value

(Figure 4). Nitrogen isotope values of primary consumers at

the Lower Bladen River, Upper Swasey River and Lower

Monkey River were also considerably higher (5%) than

those of primary consumers at the remaining sites (Figure 4).

The pattern observed for all primary consumer species

combined was also observed for the Shortfin molly, Poecilia

mexicana, the only primary consumer species to occur at all
Table III. Summary of MANOVA results comparing carbon and nitrog
corrected pairwise comparisons are provided for significant main effect

Effect df F p

Among sites 12, 412 53.04 < 0.001
d13C 6 96.91 < 0.001 LB
d15N 6 28.34 < 0.001 FC

Shared underline signifies no significant difference at p< 0.05. Sites are arranged l
d13C or d15N (Firetail Creek (FC), Upper Bladen (UB), Upper Swasey (US), Lower B
(SM)).

Copyright # 2010 John Wiley & Sons, Ltd.
sites (Figure 4). For both the Bladen and Swasey branches,

primary consumer d15N values at sites with watersheds

impacted by banana plantations (i.e. Lower Bladen and

Lower Swasey) were enriched compared with reference
en isotope ratios of aquatic consumers among sites. Bonferroni-
s

Pairwise

LS UB FC LM US SM
UB SM US LM LB LS

eft to right in order of increasing mean value of the consumer assemblage for
laden (LB), Lower Swasey (LS), LowerMonkey (LM), Seagrass/Mangrove
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conditions for each branch (i.e. Firetail Creek and Upper

Bladen, and Upper Swasey, respectively; Figure 4).
DISCUSSION

Fluvial gradients in tropical aquatic food webs

Longitudinal changes in fish species richness and

assemblage composition are common in most rivers

(Matthews, 1998). Although our sampling methodology

was designed to survey only the dominant members of the

assemblages for food web analyses, we nonetheless

observed a general trend of greater species richness at

lower positions in the fluvial gradient. The addition of

estuarine and marine species in lower reaches contributes to

greater fish species richness. Previous studies examining

longitudinal gradients in fish assemblages of both temperate

(e.g. Sheldon, 1968; Horwitz, 1978; Rahel and Hubert,

1991) and tropical regions (e.g. Ibarra and Stewart, 1989;

Toham and Teugels, 1998; Abes and Agostinho, 2001;

Hoeinghaus et al., 2004; Petry and Schulz, 2006; Araújo

et al., 2009), including work by Esselman et al. (2006) for

the Monkey River Basin in Belize, found similar patterns of

species richness in relation to the fluvial gradient.

Variation in fish species richness along fluvial gradients is

often concomitant with changes in functional composition,

including greater richness of detritivores and large predators

in lower reaches (e.g. Oberdorff et al., 1993; Poff and Allan,

1995; Hoeinghaus et al., 2007b; Ibanez et al., 2007). For

example, two recent studies conducted across a large

number of sites and river longitudinal positions in

Texas, U.S.A. (Hoeinghaus et al., 2007b), and Gabon in

western Africa (Ibanez et al., 2007) both found that the

relative abundance or species richness of piscivores

increased along the downstream fluvial gradient and that

headwaters were dominated by insectivorous species.

Similarly, we observed greater species richness of piscivores

at lower elevation sites in the Monkey River watershed.

Longitudinal gradients in functional composition of the

consumer assemblage interact with changes in the relative

abundance of basal carbon sources to influence food web

structure (e.g. Romanuk et al., 2006).

Carbon isotope signatures of the consumer assemblage as a

whole changed very little along the fluvial gradient (generally

between�30 and�20%), with the exception of the seagrass/

mangrove site and to a lesser degree the Lower Monkey River.

Even though the range of carbon isotope signatures of

consumer assemblages was fairly consistent in the middle to

upper reaches of the watershed, basal source signatures

differed along the gradient. Most importantly, filamentous

algae at Firetail Creek was much more 13C depleted

(approximately �38%) than at the other freshwater sites

(between �26 and�22%), which suggests that it contributes
Copyright # 2010 John Wiley & Sons, Ltd.
only a minor fraction of the carbon assimilated by consumers

in Firetail Creek. As might be expected from the river

continuum concept (Vannote et al., 1980), consumers at this

uppermost site with a closed canopy appear to rely primarily

on allochthonous carbon sources. As the channel broadens

heading downstream and more light reaches the stream, algae

seem to contribute to the food webs to a greater degree. For all

of the freshwater sites excluding Firetail Creek, a mixture of

filamentous algae and detritus from leaf fall could have

produced the observed isotope signatures of aquatic con-

sumers. The estuarine seagrass/mangrove site had the most

distinct (13C-enriched) consumer carbon isotope signatures.

Enrichment of d13C signatures of aquatic consumers is often

observed when transitioning from freshwater to estuarine

habitats (e.g. Garcia et al., 2007). Carbon isotopic signatures

of algae typically become more enriched along the freshwater

to estuarine gradient, and many other aquatic primary

producers, such as submerged aquatic vegetation and

saltmarsh grasses, are greatly enriched compared with their

freshwater analogs (C4 saltmarsh grasses vs. C3 aquatic

macrophytes; e.g. Deegan and Garritt, 1997; Garcia et al.,

2007). Comparatively enriched carbon isotope signatures

suggest that individuals of a few species collected at the Lower

Monkey River, such as the white mullet, tarpon snook and

leatherjack, likely recently colonized the site from the coastal

zone.

At the assemblage level, nitrogen isotope signatures were

significantly higher at the Lower Swasey and Lower Bladen

Rivers than at all other sites. However, this higher

assemblage-level d15N does not necessarily indicate longer

food chains because the bases of these food webs were also

enriched compared to other sites (see discussion of

watershed impacts and d15N below). Coarse evaluation of

the difference between maximum observed d15N and

approximate baseline d15N at each site suggests that food-

chain length changed very little along the fluvial gradient,

with the exception of Firetail Creek which has a

comparatively simple food web (fewer species and links)

with short chains. Assuming a trophic fractionation of

approximately þ2.5% (Vanderklift and Ponsard, 2003),

which may be more appropriate for tropical food web studies

(e.g. Jepsen andWinemiller, 2002; Hoeinghaus et al., 2007a,

2008) than the higher estimate of þ3.4% often used in

temperate systems (e.g. Post, 2002), food-chain lengths

appear to range between four and five trophic levels (except

Firetail Creek which has approximately three trophic levels).

The vast majority of river food-web studies have observed

between three and four trophic levels (Winemiller, 2004;

Vander Zanden and Fetzer, 2007). The shorter food-chain

length of Firetail Creek was due to low abundance and

diversity of piscivores; Rhamdia quelen was the only

piscivorous species captured in this tributary, and this

generalist predator also consumes aquatic invertebrates.
River Res. Applic. 27: 791–803 (2011)
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Watershed impacts and d15N

Previous research in temperate river systems has found

positive correlations between baseline d15N in aquatic food

webs and human population density and agricultural

intensity in the watershed (e.g. Cabana and Rasmussen,

1996; Lake et al., 2001; Anderson and Cabana, 2005).

Nitrogen isotope signatures of primary consumer species

may therefore be useful as indicators of watershed impacts

when compared with a non-impacted reference or historic

condition. Our study system in the Maya Mountain Marine

Area Transect provided a unique opportunity to test this

generalization within a tropical watershed with a diverse

biota and different agricultural impacts relative to temperate

settings (i.e. banana plantations vs. tilled row cropping).

Large tracts of the Monkey River Basin remain in nearly

pristine condition and are protected within reserves (e.g. the

region drained by Firetail Creek and the Upper Bladen

River), providing suitable reference conditions for com-

parison with other sites (e.g. Upper and Lower Swasey River

sites) with watersheds impacted by banana plantations and

human settlement.

As predicted, based on findings from temperate regions,

d15N of primary consumers in impacted sites was

significantly greater than in pristine reference sites. The

Lower Swasey River adjacent to banana plantations had the

highest observed nitrogen isotope values for primary

consumers (approximately 13%), and watershed impacts

appear to continue downstream from the Swasey River into

the Monkey River mainstem. Primary consumers in upper

reaches of the Bladen watershed had d15N values of

approximately 4%, whereas primary consumers in the

Lower Bladen River above the confluence with the Swasey

River had d15N values of approximately 10%. Similarly for

the Swasey branch, d15N values of primary consumers at the

impacted site were enriched compared to the upstream

reference site. Effects of geology on N- versus P-limitation

of aquatic primary production between the Bladen and

Swasey branches (Esselman et al., 2006) may affect the

magnitude of N-enrichment in aquatic food webs at sites

within impacted watersheds. Our findings support previous

research from temperate systems, and highlight the utility of

d15N as an indicator of watershed impacts in diverse tropical

river networks. Continued surveys of target taxa may allow

natural resource managers to identify increases in watershed

impacts or expansion of impacted zones into formerly

unimpacted watersheds.

Conclusions and conservation implications

Fluvial gradients in river networks affect aquatic food

webs through changes in the relative availability of basal

carbon sources and the richness and functional composition

of the consumer assemblage. Our findings from the Monkey
Copyright # 2010 John Wiley & Sons, Ltd.
River drainage in Belize are consistent with food web

studies conducted in temperate regions that found similar

patterns of carbon source availability and functional

composition of the consumer assemblage along fluvial

gradients. Stable nitrogen isotope ratios of primary

consumers were strongly associated with the level of

agricultural and human settlement in their watersheds.

Assessment of primary consumer d15N may be a feasible

option for monitoring watershed impacts on aquatic food

webs in service of the ridge-to-reef conservation strategy for

the MMMAT and in other tropical regions.
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