RIVER RESEARCH AND APPLICATIONS
River Res. Applic. 27: 791-803 (2011)

Published online 30 April 2010 in Wiley Online Library
(wileyonlinelibrary.com) DOI: 10.1002/rra.1396

STABLE ISOTOPE ANALYSIS REVEALS FOOD WEB STRUCTURE AND
WATERSHED IMPACTS ALONG THE FLUVIAL GRADIENT
OF A MESOAMERICAN COASTAL RIVER

KIRK O. WINEMILLER,** DAVID J. HOEINGHAUS,*® ALLISON A. PEASE.? PETER C. ESSELMAN
RODNEY L. HONEYCUTT,'“‘Jr DONMALE GBANAADOR,? ELIZABETH CARRERA? and JOSIAH PAYNE?
4 Section of Ecology, Evolution and Systematic Biology, Department of Wildlife and Fisheries Sciences, Texas A&M University, College Station, TX 77843-
2258, USA
® Department of Biological Sciences and the Institute of Applied Sciences, University of North Texas, 1155 Union Circle #310559, Denton, TX 76203-5017,
USA
¢ Department of Fisheries and Wildlife, Michigan State University, 13 Natural Resources Building, East Lansing, MI 48824-1222, USA

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 1mp0rtance along the downstream gradlent Our study systern traversing the Maya Mountain Marine
Area Transect also provided a unique opportunity to test the utility of primary consumer 8'°N as an indicator of watershed impacts
within a tropical basin with a diverse biota and a dlfferent type of agricultural impact than typically studied (i.e. banana plantations vs.
tilled row cropping). As expected, primary consumer §'°N at snes draining impacted watersheds was enriched compared to values
from forested reference sites. Assessment of primary consumer 8'°N may be a feasible option for monitoring watershed 1mpacts 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.

KEY WORDS: banana plantation; Belize; Bladen River; fish; fluvial gradient; Maya Mountain Marine Area Transect; pollution; river continuum; trophic
ecology

Received 15 August 2009; Revised 14 December 2009; Accepted 4 March 2010

INTRODUCTION 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 (813C) and nitrogen (SISN)
isotopes have been used extensively to examine aquatic food
Wo: Kirk O. Winemiller, Section of Ecology, Evolution and webs, and they can reveal variation in food web structure
Systematic Biology, Department of Wildlife and Fisheries Sciences, Texas across longitudinal fluvial gradients (e.g. Hoeinghaus er al.,
A&M University, College Station, TX 77843-2258. 2007a; Saito et al., 2007) as well as in relation to
E-mail: k-winemiller@tamu.edu . .

anthropogenic allochthonous inputs from the watershed

fPresent address: Natural Science Division, Seaver College, Pepperdine
University, 24255 Pacific Coast Highway, Malibu, CA 90263 USA. (e.g. Cabana and Rasmussen, 1996; Anderson and Cabana,

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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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-Hernandez 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.
The Monkey 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
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adjacent to banana plantations; (5) Lower Bladen River 1-
2km upstream from the junction with the Swasey River
which delivers waters draining a heavily agricultural
catchment; (6) Lower Monkey River, an estuarine segment
0.25-2km above the mouth; (7) Mangrove and seagrass
habitats in an area 0.25-2km 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 60°C 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 0.01 mg 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
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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
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carbon and nitrogen stable isotope ratios. Results are
expressed in delta notation (parts per thousand deviation
from a standard material): 8'°C or SISN:[(Rsamp]e/
Ryandara)—1171000; where R ="3C/"?C or "N/'N. The
standard material for carbon is Pee Dee Belemnite (PDB)
limestone, and the nitrogen standard is atmospheric
nitrogen. Standard deviations of §'*C and §'°N analyses
were 0.09 and 0.12%o, respectively for animal replicates, and
0.44 and 0.48%o, respectively for primary producer
replicates.

Statistical analyses

Carbon isotopic signatures of dietary items are conserved
within 1%o 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%o relative to their food (Post
2002; Vanderklift and Ponsard, 2003). Bi-plots of § 13C and
8"°N 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 §'°C axis
allow for comparison of the basal carbon sources supporting
secondary production in the species assemblages, and the
positions of taxa within communities for §'°N 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 §8'°N 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 §'°N 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 er 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
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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 §'°N 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%o
(Table I). 8'°C of riparian vegetation was approximately
—30%o 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%o)
relative to riparian vegetation. Contrary to the consistency
observed for §'C of riparian vegetation along the fluvial
gradient, filamentous algae became more enriched along the
downstream fluvial gradient, ranging from approximately
—38%o at Firetail Creek to approximately —14%o at the
seagrass/mangrove site. Along with '*C-enriched filamen-
tous algae, other dominant basal carbon sources in the
seagrass/mangrove zone (macroalgae and submerged
aquatic vegetation) were also comparatively '*C-enriched
relative to dominant sources in the freshwater sites. 3'°N of
basal sources was comparable across sites, with the notable
exception that in-stream production sources, namely
filamentous algae and aquatic macrophytes, became
considerably '’N-enriched at middle reaches of the fluvial
gradient relative to upper reaches and riparian sources
(Table 1II).

River Res. Applic. 27: 791-803 (2011)
DOI: 10.1002/rra



795

FLUVIAL GRADIENTS IN TROPICAL AQUATIC FOOD WEBS

(sanunuo)))

98 CI— ¥9°¢C— IT'T+€08C— 98CF+60'LC— 08'81— Ivve— 0r'€c— Aqow ugrioys bund1xXaul v1j1920d
€CT— 890 F 6v'8C— IT'TF16SC— oous Kegq vpipua]ds viuajad
S0'ST— [99 dwrems a1mosqQO wnoRPWSIUID UOULISTYd()
SI'LT— yoelioyieo| snanps s2311doS10
6S Y+ Svo1— Jor[nur AIYM puwiaind 1SN
YT ol— 89 vC— ysyadid poqrey-uoys snmdyoviq snindyov.iq swdoioipy
€S0Fo6STI— 1oddeus oue suSvuds snuvling
0¢'Le— 1oddeus Kein snasuS snuplny
9T°0¢— e19) uekRA snssaaduiod uoodf1qossaydqy
0 F¥8CC— Io1e9qoAI] Jodsom], DIDINODULIG DIIPUDIIIIL]
69°Gl— SuLay paess pupn8vl pInSuaIvgy
eLYI— junin 1anunyd uomuanEy
€9°¢l— JunI3 youarg WNIDIUI|OADY UOJMUIDE]
LEST— junis 9JeIwo], WNIDIUIJOAND UOINUIDE]
€' 1 F005C— §9'97— T F060C— Jodoaors yinowSrg A0JNULIOP SNIOULO1GOT)
v 0C— S Ko ysyoynbsow yoo[§ puing pISNquIvL
€0’ T +8191— 68°6C— eurefow pading anunyd sa1128n7
19°0F0L9C— erelow uerizerg SNUDIJISDAQ S2ALIENT
ceoFocel— elrefow I1opuals 1sauol snuoisourdonsy
wyl— 06'1¢— euelow uyder snuaydouvjour SNMUOISOUIINT]
81°0C— erefey vaplon snjoydourdyg
160 F S8 1¢— 10dag[s yeoyoAuidg suosid s14J02)7
SLST— e1re(ojy “ds snua1doiq
9¢'1C— £qo3 Yoayoyse[s snprospfopnasd sniqoSoua;)
VL9~ 180+ 68°SC— SCOF vy IC— LETC— PIYdIo oKa-anyg snanjids so42101d{1)
961 +889C— 65 LC— 66'0FOI'IC— BI'CFSLYVC— PIYRIO K[[2qMO[[K AIDs DUOSDIYIL)
6£°0C— joous oqruaAn( pagnuaprun “ds smuodojua)y
LT9C— JOoous uowwo)) siyputdapun snuodojua))
L99]— yoous uodrey, snppuridad snuiodojua))
L6'9C— Jyoous jeq snjapand snuodotjua))
elec— 9'0F 9 SC— yoous aurdsproms sniafisua snuododjua))
IS0F€9¢T— 61'0F 99V C— 1Tce— 9'0F 86'VC— BOBUORIA SISUIIDWIONS U0IL4G
€6'CC— 80F69SC— LI'TF0ELC— §C0c— €9°6C— USYIIH =31d snupzijaq xosauojag
8L'6T— 09°0F06'¥C— I9)eOId PUNOID) snyouo.d vjaIpAIvg
ITCF LS TC— YL 6C— LO'ST— £qo3 1oAry puvunq snovmy
ev'0F0S'8C— eV’ LC— OPISIOATIS “ds pyjouriayyy
ITTHI1'8C— I80F LIVC— BI)9) papueyqg snaUID XDUDKISY
1TSF8C0C— Kaoyoue az1jog S1SUD21]2q POYIUY
CE9C— PIUOIO yInowary as[eq mosiaqos snydojydury
STLT— J9[[W UTBJUNOIA D]O2UOU SNUIOISOUOSY]
09'v¢- 9[0Ss paurg SnIpaUI] SNAYIY
Usig
a3uey KUON Kasems uope[g Kasems uope[g Yoo1D)
/13eas MO 1m0 1m0 1ddn 1ddn [re1aar] Queu UOWWO)) sa10adg

UoNNJOSAI JTWIOUOXE) PATWI] 0) anp so[duIes 92IN0SAI [eseq pue AeIGIIIAUL Yjoq I0J IS OB J& PAUIqUIOD IE BXE)
Terwaig “so)1s uryyim sopdures payeorjdar 10 pajrodal ore SUOTIBIASD PIEPUE)S "IIS OB J& PJOI[[0 SOOINOSAI [BSEq PUE SAJRIGILIdAUI ‘Saysy J0J sonjel 2dojost a[qe)s uoqie)) ‘[ d[qeL,

River Res. Applic. 27: 791-803 (2011)

> 2010 John Wiley & Sons, Ltd.

©

Copyright

DOI: 10.1002/rra



K. O. WINEMILLER ET AL.

796

9€' T+ L6'8— Soa onenbe peSiowqng
6L 1F LEST— Soa uerredir woly Spads
[8°6C— 0S'TF050¢c— VT F9¢€0€— S6'0+FLE0E— uonejago uelredry
ov'cc— JUSWIPIS dO1ue3IO
eeeF1e0c— Je3[BOIOBIA
G8'LT— INOdd
6C0FvCyvIi— c0'CC— LO'T F¥86C— Y6'LE— QES[E SNOJUSWE[L]
CCLFeeIe— 87’0 F £6'6CT— SMIIOP 9STLOD)
¢6'8C— S0+ 16'8C— 89°9C— Y00 +91°CC— sa1Aydoroew onenby
sminop/aedre/siued
9¢'LI— ysyreis
Iy FS0SI— LE0C— €O TFE1'0C— 61'TF61°0C— s[reug
8CCTFI9VI— [6°6C— L8OFECSC— LY F89LE— 660+FS0TC— oL e+ S6ve— duwrtyg
SOEFELLT— 990F STYT— deale[ Joasur onenby
ore+I6TI— 8CTVYC— OI'T +09vC— sqerd
eL'1C— SOA[RATY
S9)BIqOMIIAU]
00CF0S€El— Auuo[q paynuoprun epruud[g
€L 1C— SCet— [TBIPIOMS U33ID naa)jay snioydoydix
€80FCI'9C— I90FvI'9C— SE€0FCTIC— v 1c— 9vi— PIYDIO J[2q¥Oe[gd ppHDIIMOVI DI2IA
eLOF v’ ee— 00'8¢— 8LCC— SLOF8I'SC— PIUSIS {InouwaIl] pyaaut sCyiyoLI0Y |
16'SC— 0CTEFETYC— nonuiy, nomu1 anjLSuoLls
ISvI— BpnoRLIRq 18I0 ppnovLIDG PUIDILYS
0L 91— Iopnd paraydoay) snaulpnisay sapiodaoyds
0'€C— vIye— ysyled Bas UBABIN SYIUISSD SIPDIDS
cr6c— Kosdwo(q yoer DIPIISDJ01O0 0100y
8CSC— ¥8°6C— eC— Usyied uedsLDswy yinog uajonb vipunyy
Y60 F ¢ 1C— urnyo ourdsorry DpNDIYD] DIPWDYY
1000 F90°9C— Junid oung 040049 SESvpYUIO]
a3uey K[UON Kasems uape[q Kasems uope[q pklig)
/13eag 19MOT 19MOT 19MOT Ioddn Ioddn [re1aIn] QuIBU UOWWIOD) soroadg

(penunuo)) T AqeL

River Res. Applic. 27: 791-803 (2011)

> 2010 John Wiley & Sons, Ltd.

©

Copyright

DOI: 10.1002/rra



797

FLUVIAL GRADIENTS IN TROPICAL AQUATIC FOOD WEBS

(sanunuo))

(433 9¢'8 I80FCCCl  €V0F886 340 6¢'¢ vee A[ow uyrioyg pupoIXUl DI04
YOI 1 9C0+0LCI 8V T F+8Y'L joous Kegq vpipua]ds viusIad
1L°6 190 durems amosqQ WNIYPWSIUIY UOUL2ISTYd(O)
788 yoeliayyeo snanps s2311doS10
L90F 00V Jo[[nW AYM pULAND 13N
L9°L 656 ysyadid poqier-uioys  snmdyoviq sninkyoviq suydooipy
€9°0F 6901 1oddeus oue suSvuds snuvljny
elel 1oddeus Aein snasis snuvliny
L8 ©I19) uekR|N snssaiduiod uooki1qossayd gy
WOFOL6 10189q9AT] Jodsom], DIDINODUILG DIPUDIIIIE]
LL'8 SuLay paress pupn8vl vinSuauvgy
0601 junin 1anunyd uomuavEy
6101 Juni3 youary WUl 0ADY UOIMUIDE]
S6'6 junis 9)eIwo], WNIDIUL]OAND UOJNUIIDE]
LYOF96'11 SI'TI 90°0+ <01 Iodaars ynowdrg A0JIULIOP SNAOULO1GOD)
0011 6 ysyoynbsow yoo[S DUN| DISNGUIDL)
G80F LEB 6901 eurefow padimg wanunyd saria8ng
SC0FS0€l eielow uerizerg SNUDIJISDAG SILIISNT
SE0+F1C0I eLefow IOpus 115auol SNoISouIINTg
LS8 96'11 euelow uySeg snuaydounjaur SNMUOISOUIINT]
88'8 erefe] viplon snjoydaurdg
€90 F 666 Iodag[s yeoyoAuldg swosid s11309]7
oL’L eirelojn “ds snta1dpiq
ceol £qo3 Yoayoyse[s snprospfopnasd sniqoSoua;)
Lol 090 FvIcl Y80+ 766 S€9 PIYoI0 9K9-ang snunjids so1ayo3d£1)
I 1+ L8°CI 866 60'0F9¢0l €S9€F¢€08 PIYRIO K[[2qMO[[K naADs DWOSDIYOIL)
€06 joous auaAn( pagnuaprun “ds smuodosjua)y
88°CI JOoous uowwo)) sypuir2apun snuodosjua))
9601 yoous uodie], snpurgoad snutodojuay)
OL'TT yoous Jej snjapand snuodojua))
6001 90'0F9¢°Cl yoous aurdspioms snaafisua smuodosjua))
¢8'0F8S8 0E0FSI8 168 88'0F CE'S BORYIRIA sisuajpwagpnd uodlig
Gs ol 90 TF+E8Cl TTI'0FITCI SLTIT LV'8 USYIIH =31d SNUDZI]2q XOSaUOoj2g
LY01 680 F 10°¢l J9YBOID PUNOID) snyouod vj]AIPLIDg
1TeFo6v11 9811 €8t KOS 10ATY pUPUDG SNODMY
9T 0+ 1601 ¥9°¢ OPISIAILS "ds vpjouriayry
TTOF LSO OI'TFTT6 BI)3) popueq Snauap xpUPlIsy
LSOFVE6 Kaoyoue ozijeg SISUIZ1]2q DOYOUY
€9°01 PIYDIO yInowary as[eq wosjiaqod snydoqydury
97'S JQ[[NUI UTRJUNOTA D]O2UOUL SNULOISOUOSY
¥9°01 9[0Ss paury sngpauly SnAYIY
ystiq
a3uey KoyuoN Kosems uope[g Kosems uope[gq ¥oa1D)
/18eas IomoT 19MO0T 19MOT Ioddn Ioddn [reraany QuIBu UOWWO)) saroadg

UONN[OSAI OIWIOUOXE) PAIIWI] 0 NP so[dWes 92IN0SAI [eseq pue AeIGIIIAUL JJOq JOJ IS OB JB PAUIUIOD AIe BXE) JB[IWIS
"sa)1s unim sordures pojeor[dor 10y parrodor aIe SUOTIBIASD PIEpUER)S "9JIS [OBD JB PJO[0D SIIINOSAI [BSBq PUE SOJBIQI)IAAUT ‘SYSY J0J soner adojost o[qers uasonIN ‘I 9[qel,

River Res. Applic. 27: 791-803 (2011)

() 2010 John Wiley & Sons, Ltd.

©

Copyright

DOI: 10.1002/rra



K. O. WINEMILLER ET AL.

798

SI'TF 899 Soa onenbe padrowqng
7' 1F297°C 3oA uenredur woay spadg
910 6L 1 FC9°1 Or'0OFI81T €S T+881 uonejodoa uetredry
69 JUSWIPIS d1ue3IO
PSOTFES'L e [ROIRIN
yoe INOdA
60T F L89 10°¢ o' 1 +CEv 60 oeS[e snojuoue[L]
OI'eF65¢ 08'0F 00T SMLOp 98I0
60°L YOI+ L6°S 1v'¢ o+ So6v sa)kydoroew onenby
smrjep/aedre/siueld
evol ysgreis
Y1I'CF6V'9 90'8 9C0FeESL  LLOFSI9 S[reug
S0+ C0L IL9 COT+690I <CEIFLEG  T100+F99°L Y1I'T+6C9 dwtiyg
9S0FLTL LLOFE9S QeAre[ 109sur onenby
1S0F+vC8 LT9 YI'T+0C9 sqerd
Y09 SOATRATY
S9)RIGAMIAU]
86°0F 086 Auuarq peynuaprup Jepluuarg
L8 0Ly [TeIpIOMS USIID) 1aq12y snioydoydix
LLOFVY98 SO TF€E6'0I 950F9801 ST ol SL'S PIUSIS J[ag3de[q DpRDIAMIDIL DIIIA
100+ ILTT Y70l 616 LTTFo6vL PIUOSIO yinouralty Byt SKyjyoLI0Y[
el LYTFIETI nonuiry, nonuy anjASUoLLS
L6 epnoeLIeq JBAI0) DpNIDLIDG DUIDILYAS
629 Iopnd parayoay) snauipnisaj saprodaoydg
Tl S| ysyieo eas uekepy SIUISSD SIPDIOS
€16 Kosduwro(q yoe[ DIDIISDJ01O0 0120y
6801 8L'8 L Ysgies uedsLDWy {Inog uajonb vipuwyy
800 F LY'II urnyd durdsayry Dpnpouv] DIpUDYY
STOFLI'VI junis oung 04204 SESPPLUIOT
ISURA KauoN Kasems uape[q Kasems uaperg 31D
/138 10MOT 10MO0T 1m0 Ioddn 1oddn [relaang Qwelu UOWWO)) soroadg

(panunuo)) “If JqLL

River Res. Applic. 27: 791-803 (2011)

> 2010 John Wiley & Sons, Ltd.

©

Copyright

DOI: 10.1002/rra



FLUVIAL GRADIENTS IN TROPICAL AQUATIC FOOD WEBS 799

| Firetail Creek

315N

8A
| XA e
2 >3<>%< .

X ¥ x

@® Fishes
A Invertebrates
X Basal carbon sources

| Upper Bladen River

515N

o
N @
.A.
()

o
4 ..

| Upper Swasey River

Lower Bladen River

8 AA A'X Ap

519N

X
.

| Lower Monkey River

515N
(o]
)

| Seagrass/Mangrove

-40 -35 -30 -25 -20 -15 -10
s13¢c

-40 -35 -30 -25 -20 -15 -10 -5
s13¢

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)

Carbon isotope ratios for most consumers were between
—30 and —20%o, with samples from the Lower Monkey
River and the coastal zone beyond the river mouth (seagrass/
mangrove) more enriched in '*C (Figures 2 and 3). Higher

Copyright © 2010 John Wiley & Sons, Ltd.

consumer 8'°N 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

(F12.412=53.04, p<0.001). The seagrass/mangrove site
was significantly more enriched in 8'*C than all other sites
(Figure 3, Table III). Post-hoc tests for 8'°N 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
"N values, and the Upper Bladen River and Firetail Creek
with the lowest §'"°N values (Figure 3, Table III).

The trend in 8'°N observed at the assemblage level was
also observed for the primary consumer taxa used as
indicators of watershed impacts. Primary consumer
8'°N differed among sites (Fg o =23.22, p < 0.001), with
the Lower Swasey River exhibiting the highest §'°N 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%o) 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

16
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14
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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 8'°N values of

primary consumers at different sites in the same watershed may indicate

anthropogenic impacts associated with agricultural land use or human
population density

sites (Figure 4). For both the Bladen and Swasey branches,
primary consumer 8'°N values at sites with watersheds
impacted by banana plantations (i.e. Lower Bladen and
Lower Swasey) were enriched compared with reference

Table III. Summary of MANOVA results comparing carbon and nitrogen isotope ratios of aquatic consumers among sites. Bonferroni-
corrected pairwise comparisons are provided for significant main effects

Effect df F p Pairwise

Among sites 12, 412 53.04 <0.001

st3c 6 96.91 <0.001 LB LS UB FC LM US SM
SN 6 28.34 <0.001 FC UB SM US LM LB LS

Shared underline signifies no significant difference at p < 0.05. Sites are arranged left to right in order of increasing mean value of the consumer assemblage for
813C or §"°N (Firetail Creek (FC), Upper Bladen (UB), Upper Swasey (US), Lower Bladen (LB), Lower Swasey (LS), Lower Monkey (LM), Seagrass/Mangrove

(SM)).
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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; Aratjo
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%o), 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 *C depleted
(approximately —38%o) than at the other freshwater sites
(between —26 and —22%o), 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 ("*C-enriched) consumer carbon isotope signatures.
Enrichment of §'°C 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 (C, saltmarsh grasses vs. C; 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 8'°N 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 8'°N below). Coarse evaluation of
the difference between maximum observed §'°N and
approximate baseline 8'°N 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 +2.5%o (Vanderklift and Ponsard, 2003),
which may be more appropriate for tropical food web studies
(e.g. Jepsen and Winemiller, 2002; Hoeinghaus et al., 2007a,
2008) than the higher estimate of +3.4%o 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.
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Watershed impacts and 8'°N

Previous research in temperate river systems has found
positive correlations between baseline 8'°N 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,
8"°N 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%o), 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 8N values of
approximately 4%o, whereas primary consumers in the
Lower Bladen River above the confluence with the Swasey
River had 8'°N values of approximately 10%o. Similarly for
the Swasey branch, 8'°N 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
8'N 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 8'°N 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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