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Abstract. Algal carbon has been increasingly recognized as the primary carbon source
supporting large-river food webs; however, many of the studies that support this contention
have focused on lotic main channels during low-"ow periods. The "ow variability and habitat-
heterogeneity characteristic of these systems has the potential to signi“cantly in"uence food
web structure and must be integrated into models of large-river webs. We used stable-isotope
analysis and IsoSource software to model terrestrial and algal sources of organic carbon
supporting consumer taxa in the main channel and oxbow lakes of the Brazos River, Texas,
USA, during a period of frequent hydrologic connectivity between these habitat types.
Standardized sampling was conducted monthly to collect production sources and consumer
species used in isotopic analysis. Predictability of hydrologic connections between habitat
types was based on the previous 30 years of "ow data. IsoSource mixing models identi“ed
terrestrial C3 macrophytes (riparian origin) as the primary carbon source supporting virtually
all consumers in the main channel and most consumers in oxbow lakes. Small-bodied
consumers ( 100 mm) in oxbow lakes assimilated large fractions of algal carbon whereas this
pattern was not apparent in the main channel. Estimates of detritivore trophic positions based
on d**N values indicated that terrestrial material was likely assimilated via invertebrates rather
than directly from detritus. High "ows in the river channel in"uenced algal standing stock, and
differences in the importance of terrestrial and algal production sources among consumers in
channel vs. oxbow habitats were associated with patterns of "ooding. The importance of
terrestrial material contradicts the “ndings of recent studies of large-river food webs that have
emphasized the importance of algal carbon and indicates that there can be signi“cant spatial,
temporal, and taxonomic variation in carbon sources supporting consumers in large rivers.
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I NTRODUCTION

Several conceptual models have been proposed to
describe sources of organic carbon supporting aquatic



June 2008 TERRESTRIAL CARBON IN LOTIC FOOD WEBS 1737

Athens, Georgia, USA, for analysis of carbon and examined source contributions in % intervals with a
nitrogen isotope ratios. Isotopic results for carbon and tolerance of 0.1z .
nitrogen were quanti“ed as deviations relative to Trophic position (TP) of each species was estimated

isotopic standards (delta notation): based on fractionation of d*°N between consumers and
13 15 basal production sources (Vander Zanden and Rasmus-
d™C or d™N ¥4 YRampieRstandard® 1 X 1000 sen 1999, Post 2002). Calculations were performed using

whereR ¥4 13C/12C or 15N/ N. For carbon isotopes, the the methodology described in Jepsen and Winemiller
standard was Pee Dee Belemnite limestone, and(2002), and the trophic position of each consumer was

atmospheric nitrogen was the nitrogen standard. calculated as

Some samples were destroyed due to equipment
malfunctions during isotopic analysis. Destroyed con-
sumer samples were reanalyzed when additional pro- where d*®N ¢ was the meand®*N of basal sources (G
cessed material was available however, samples ofmacrophytes, G, macrophytes, phytomicrobenthos, and
phytomicrobenthos and seston usually did not contain seston), and 2.54 was the mean trophic fractionation
enough additional material to be reanalyzed. value from a meta-analysis of trophic fractionation
studies (Vanderklift and Ponsard 2003). Reference
nitrogen values were calculated separately for each

The IsoSource procedure described by Phillips and habitat due to the signi“cant spatial difference in
Greg (2003) was performed to model the contribution of nitrogen ratios of basal sources discussed above.
source materials to consumer taxa. Plots of carbon and Because reference values were calculated separately,
nitrogen ratios of source materials indicated that estimates of consumer trophic positions were directly
baseline nitrogen values (averagé°N of all production ~ comparable among the three habitats surveyed.
sources) may have been different among the three
habitats surveyed. A one-way ANOVA indicated that
differences among habitats were signi“‘cant K, ge ¥4 A total of 378 consumer and basal-source samples was
32.19,P < 0.001), and Tukeyss multiple comparisons analyzed for carbon and nitrogen isotopic ratios, with
test indicated that differences were signi“‘cant between 85, 151, and 142 samples analyzed in the Brazos River,
each habitat. Because of these differences, models weréxFreq (the oxbow lake 200 m from the river), and
run for each habitat separately using source and OxRare (the oxbow lake 1200 m from the river),
consumer taxa collected only in that habitat. Plots respectively. Predictability of "ows that connect oxbows
revealed that some sources could be combined. Inwith the main channel was low P % 0.35) as was
OxRare, willow and sycamore had similar isotopic constancy, the predictability of "ow across all time
ratios and were combined into the variable Gterrestrial  periods (C¥.0.32), and contingency, the degree to which
plants Grasses collected along the river channel and time determines "ow (M % 0.03). A large proportion of
OxFreq were G. In the river channel, C; grasses had predictability was accounted for by constancy (9%)
signatures similar to willow and were combined into the rather than contingency (%), indicating that high-"ow
variable C;. Grasses in OxFreq did not overlap with periods do not exhibit a seasonal pattern. The months
willow isotope ratios and these sources were not during which consumer taxa were sampled (April...
combined. Although C; grasses appeared to be domi- August 2004) represented a period of frequent chan-
nant in the riparian zone of the section of the Brazos nel...oxbow connections, and there was not a prolonged
channel that was surveyed, ¢ plants dominate the low-"ow period in the main channel (Fig. 1). Five
"oodplain therefore, isotopic values for Brazos River G,  separate "ood connections occurred between the river
grasses collected previously by K. O. Winemiller channel and OxFreq (normal recurrence intervala 1.1
(unpublished datpwere included in the Brazos River years), and OxRare was connected to the river channel
model. on three occasions (normal recurrence intervals 2

A four-source dual-isotope d*3C/d**N model was run years). In total, the river channel was hydrologically
for consumer species in each habitat. Sources in the river connected with at least one of the study oxbows for a
channel and OxRare models included € macrophytes, total of 24 days (Fig. 1).
C, macrophytes, phytomicrobenthos, and seston. Be- Mean d**C values of basal sources were relatively well
cause G macrophytes used in the river-channel model differentiated within each habitat, however some sources
were not collected during the study period andd®N  had different isotopic ratios between habitats. Terres-
values were higher than other production sources, an trial C; macrophytes had relatively light carbon ratios
additional model was run for the Brazos using onlyd™*C  and had similar mean d**C values among habitats
values. The OxFreq model included Gtrees, G grasses, (BrazosYa 29.4Q , OxFreq¥% 29.137 , and OxRareVs
phytomicrobenthos, and seston. Nitrogen values were 28.867 ). Terrestrial C, macrophytes contained greater
corrected for trophic fractionation using the value of proportions of °C and had similar values in the two
2.54¢ calculated from a meta-analysis of fractionation habitats where they were collected (Brazds 13.3% ,
studies (Vanderklift and Ponsard 2003). Each model OxRare¥s 12.78 ). Seston samples had similar values

TP Ya Y88 Neonsumer  0*°Nieferenct=2:54 p 1

Data analysis
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greater-than-average (50th percentile) "ows in the
middle Brazos River. High "ows in the main channel
resulted in scouring of benthic algae from shallow areas
and/or deposition of large volumes of sediment that
prevented collection of algal samples during certain
periods. IsoSource model results for certain consumer
taxa in oxbow lakes, where "ow disruptions were less
frequent, indicated signi“cant contributions from algal
carbon (phytomicrobenthos and seston). Mosquito“sh,
red shiner, and cray“sh in oxbows potentially had
assimilated large amounts of carbon derived from
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al. 2008), and this may be the primary pathway of
"oodplain (C 4) carbon to aquatic consumers given the
short duration of "ooding.

The riverine-productivity model (Thorp and Delong
1994) emphasizes the importance of algal...grazer path-
ways to consumer biomass production in the channel of
large rivers. Direct terrestrial inputs from the riparian
zone are included as a potential, yet less important,
source in the original formulation of the RPM; however,
revisions of the model have increasingly emphasized the
importance of algal carbon, with riparian inputs

benthic algae (phytomicrobenthos). These species areconsidered to be of little importance (Thorp et al.

small bodied (<100 mm) and exploit shallow littoral
habitats where benthic algae are most abundant. Thus,

1998, Thorp and Delong 2002, Delong and Thorp 2006).
Even though our results con”ict with the revised RPM,

benthic algae may be a more ephemeral resource relativecertain consumers in oxbow lakes assimilated large

to terrestrial material from the riparian zone during
high-"ow periods in the channel. Greater contributions
of algal carbon to certain consumers in the channel may
be observed during extended low "ows. Delong et al.
(2001) reported little change in carbon sources support-
ing consumers in response to a "ood in the Upper
Mississippi River (USA); however, the "ow regime of
the Brazos is much less predictable within and among
years relative to other "oodplain systems (Winemiller
1996). Shifts in the contribution of terrestrial and algal

fractions of algal carbon, indicating that there can be
signi“cant spatial and taxonomic variation in produc-
tion sources supporting consumers.

Given the hydrologic, geomorphic, and taxonomic
diversity of large river systems world wide (Puckridge et
al. 1998), it is unlikely that a single conceptual model of
carbon dynamics can apply to all rivers, or even all
habitat units and consumer taxa within a particular
river. Hoeinghaus et al. (2007) found that landscape-
scale hydrologic characteristics signi“cantly in"uenced

carbon sources to consumers based on resource avail-the sources of carbon supporting food webs in Brazilian

ability, as mediated by river hydrology, were reported
for a New Zealand river by Huryn et al. (2001). Bunn et
al. (2003) found that benthic algae were the primary
carbon source supporting consumers in isolated water
holes during a low-"ow period in Cooper Creek,
Australia.

The "ood-pulse concept (FPC) predicts that produc-
tion sources supporting consumers in the main channel
are primarily terrestrial materials originating on the
"oodplain (Junk et al. 1989). Our results support the
importance of terrestrial material to consumer biomass;
however, these sources were primarily £macrophytes
(riparian origin), and contributions of C , macrophytes
("oodplain origin) were less important. The FPC is
vague regarding whether the riparian zone is included in
their de“nition of the "oodplain, whereas the riverine-
productivity model (RPM) de“nes the riparian zone as
part of the channel. Floods in the Brazos River are of
short duration (maximum of nine days in the current
study) compared to the rivers used to formulate the FPC
(e.g., Amazon and upper Mississippi) and may not
provide the time needed for decomposition and/or
invertebrate processing of "oodplain-derived material
that can then enter metazoan food webs; in contrast, £
materials from the riparian zone can enter the channel
during both high- and low-"ow periods. Additionally,
aquatic organisms may not exploit inundated areas due
to the risk of stranding during rapid declines in water
level (Humphries et al. 1999). A concurrent study
investigating gar diets in the Brazos found that
terrestrial invertebrates (Orthoptera) increased in im-
portance during periods of connectivity (Robertson et

rivers and that the FPC and RPM could not be
uniformly applied to all systems. Floods in the Brazos
can occur during any month of the year and are
characterized by a rapid rise and fall in water level that
may occur several times in succession (as observed in our
study). These dynamics appear to provide poor condi-
tions for production of benthic algae in the main
channel and may not allow enough time for decompo-
sition and invertebrate processing of "oodplain vegeta-
tion. Thus, it is more dif‘cult for "oodplain and algal
carbon to enter aquatic food webs relative to terrestrial
material from the riparian zone. These hydrologic
characteristics may account for the con’ict of our
results with studies conducted in rivers with more
predictable (seasonal) hydrology or during low-"ow
periods.

Estimates of consumer trophic positions indicated~5
trophic levels in the main channel and OxRare, and 4
levels in OxFreq. Longnose and spotted gars were the
only species that approximated trophic-level 5. Differ-
ences in prey assemblages among habitats may have
in"uenced gar trophic positions. Beaudoin et al. (1999)
reported that trophic positions of northern pike (Esox
luciug could vary up to one trophic level in relation to
consumption of invertebrate versus “sh prey. Analysis
of gar stomachs revealed that individuals in OxFreq
primarily consumed cray“sh (TP¥41.9), whereas gar in
OxRare consumed more shad (TP23.2) and sun“sh (TP
Y 3.7), and longnose gar consumed large volumes of
cat“sh (Robertson et al. 2008). Few consumers in the
detritivore/omnivore guild had trophic positions below
three, and trophic-level 2 is likely composed of aquatic
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invertebrates that were not well sampled in this study.

Species in this guild consume large amounts of detritus

but may assimilate greater fractions of animal matter

despite the lower abundance of the latter in consumer

diets (Mantel et al. 2004, Winemiller et al. 2007).
Stable isotopes are effecte tracers of material

assimilated by consumers because they integrate diet

over relatively long time periods compared to stomach-
content analysis. Our current study examined the
isotopic composition of consumers over “ve months, a
period potentially insuf‘cient to characterize the contri-

bution of different production sources in relation to the

long-term hydrologic dynamics of the Brazos River.
Seasonal variation in production sources supporting
food webs can be signi“cant, especially in "oodplain

systems that experience large "uctuations in water level
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adaptability of northern pike (Esox luciug: an isotope and
dietary analysis. Oecologia 120:386...396.

Bunn, S. E., and A. H. Arthington. 2002. Basic principles and
ecological consequences of altered "ow regimes for aquatic
biodiversity. Environmental Management 30:492...507.

Bunn, S. E., P. M. Davies, and M. Winning. 2003. Sources of
organic carbon supporting the food web of an arid zone
"oodplain river. Freshwater Biology 48:619...635.

Clapcott, J. E., and S. E. Bunn. 2003. Can ¢plants contribute
to aquatic food webs of subtropical streams? Freshwater
Biology 48:1105...1116.

Colwell, R. K. 1974. Predictability, constancy, and contingency
of periodic phenomena. Ecology 55:1148...1153.

Dahm, C. N., R. J. Edwards, and F. P. Gelwick. 2005. Gulf
Coast Rivers of the Southwestern United States. Pages 181...
228 in A. C. Benke and C. E. Cushing, editors. Rivers of
North America. Academic Press, New York, New York,
USA.

Delong, M. D., and J. H. Thorp. 2005. Signi“cance of instream
autotrophs in trophic dynamics of the Upper Mississippi

and associated changes in species-assemblage structure River. Oecologia 147:76...85.

and availability of production sources (Winemiller 1990,
Huryn et al. 2001). Additionally, aggregation of
potential sources can result in a loss of information

(Phillips et al. 2005). Seston and phytomicrobenthos are

both aggregate sources, and further re“nement of living
and detritus fractions could potentially reveal greater
contributions of algal material for certain consumers
(Delong and Thorp 2006).

Identi“cation of the trophic pathways supporting

species in large-river "oodplain systems is essential for

their management and restoration (Winemiller 2005).
Our results indicate that multiple terrestrial and algal
production sources support aquatic consumer taxa.
Contributions from individual sources varied consider-

ably among habitat units and consumer species, which
reinforces the need to examine the interaction among

habitat heterogeneity, "ow variability, and taxonomic

Delong, M. D., J. H. Thorp, K. S. Greenwood, and M. C.
Miller. 2001. Responses of consumers and food resources to a
high magnitude, unpredicted "ood in the Upper Mississippi
River basin. Regulated Rivers: Research and Management
17:217...234.

de Ruiter, P. C., V. Wolters, J. C. Moore, and K. O.
Winemiller. 2005. Food web ecology: playing Jenga and
beyond. Science 309:68...71.

Douglas, M. M., S. E. Bunn, and P. M. Davies. 2005. River and
wetland food webs in Australiass wet...dry tropics: general
principles and implications for management. Marine and
Freshwater Research 56:329...342.

Finlay, J. C., M. E. Power, and G. Cabana. 1999. Effects of
water velocity on algal carbon isotope ratios: implications for
river food web studies. Limnology and Oceanography 44:
1198...1203.

Herwig, B. R., D. A. Soluk, J. M. Dettmers, and D. H. Wahl.
2004. Trophic structure and energy "ow in backwater lakes
of two large "oodplain rivers assessed using stable isotopes.
Canadian Journal of Fisheries and Aquatic Sciences 61:12...
22,

diversity for the maintenance of essential ecological Hoeinghaus, D. J., K. O. Winemiller, and A. A. Agostinho.

functions in lotic systems (Poff et al. 1997, Bunn and
Arthington 2002). The relative importance of different

2007. Landscape-scale hydrologic characteristics differentiate
patterns of carbon "ow in large-river food webs. Ecosystems
10:1019...1033.

production sources can be affected by the spatial and Humphries, P., A. J. King, and J. D. Koehn. 1999. Fish, "ows

temporal scale of collections as well as the choice of

and "ood plains: links between freshwater “shes and their

species used in isotopic analysis, and these factors should environment in the Murray-Darling River system, Australia.

be addressed in future studies of large-river food webs.
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