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ABSTRACT. It has been argued that the "C-enrichment of
benthic compared to pelagic consumers is a functlon of diffel-ential diffusion resistance In the boundary layer that surrounds algae in these 2 environments. We pursued a field test
and confirmed the hypothesis that differences in water
motion may ulti~natelytranslate into differing 6°C values by
sampling benthic algae both i n s ~ d eand outside the flowshielded habitats of seagrass beds and mangrove forcsts.
Macroalgae collected within seagrass beds were :'C:enriched relative to macroalgae at the edge or outside the
grass canopy. However, the inverse held in the mangrove system where presumably photoasslmilation by sheltered
macroalgae of respiratory CO2 from the mineralization of
mangrove detritus more than compensated for the effect of
reduced water motion. Our findings suggest the application of
stable isotope analysis for the fine-scale study of foodweb
structure on the b a s ~ sof local differences in water motion, but
also caution against the potential for such processes to confound conclusions drawn from data collected on a larger
scale.
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Stable carbon isotope analyses are important for elucidating material flow in foodwebs (Fry & Sherr 1984).
As a n important marine example, offshore pelagic consumers are often depleted in '" compared to benthic
consumers (McConnaughey & McRoy 1979, Fry et al.
1983, Fry & Sherr 1984, Rodelll et al. 1984, Hobson et
al. 1994, France 1995~1,Jarman et al. 1996). The basis
for this relationship, however, is not completely clear.
France (1995a), using previous physiological arguments (Smith & Walker 1980, Wheeler 1980, Keeley &
Sandquist 1992), suggested that the 13C-enrichmentof
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benthic compared to pelagic consumers was a consequence of physical phenomena at low trophic levels,
low diffusionresistance in the boundary layer surplanktonic algae
cOnditions versus higher diffusion resistance for benthic
alaae e x ~ o s e dto less water motion. Heckv & Hessleln
(1995) elaborated on this hypothesis and,
the findings of Farquhar (1983), developed a theoretical model to predict carbon isotopic fractionation in
relation to boundary. layer
thickness. Hecky & Hess.
leinfs (1995) model is supported by France's (1995a, b)
compilations of worldwide F13C data on benthic a n d
planktonic
studies demOnstrating a n effect of water motion on intraspecific 6I3c of
aquatic autotrophs are few and often conducted for
reasons other than those of direct concern here
(Osmond et al. 1981. Raven et al. 1982, Cooper &
McRoy 1988, Simenstad et al. 1993). Here we report on
the first explicit test of the influence of water motion on
Fi3C variability of benthic algae.
Because water flow is greatly reduced by seagrass
canopies (e.g Fonseca et al. 1982, Harlin et al. 1982,
Bulthuis et al. 1984, Fonseca & Fisher 1986, Fonseca
1989, Ackerman & Okubo 1993) and mangrove prop
roots (e.g. Scoffin 1970, Hoffmeister 1974, Odum et al.
1982), resulting in a decreased thickness of diffusion
boundary layers (Koch 1993), we determined 613C values of various macroalgae as a function of location relative to stands of these comparatively large vascular
plants. We collected 3 species of calcareous green
algae (Halimeda incrassata, Penicillus capitatus, Avrainvillea longicaulis) at least 10 m within seagrass
(Thalassia testudinum) beds, a s well a s at the sandseagrass ecotone a n d at least 5 m outside beds. We collected the red alga (Acanthophora spicifera) from prop
roots of mangroves (Rhizophora mangle) located in
U
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areas of low water motion surrounded by dense stands,
as well as from open channels between such stands
where water motion was expected to be greater We
sampled during September and December 1994 on the
southwestern coast of Puerto Rico (near Isla Magueyes
Laboratories, University of Puerto Rico). Replicate
sampling sites were established along a 15 km section
of coastline. All samples were collected from water
depths between 1 and 2 m to avoid potential artifacts
due to differing light levels (Wefer & Killingley 1986)
and atmospheric exposure (Cooper & McRoy 1988).
To remove carbonates, all macroalgae samples were
ground and acid washed until evolutson of CO2 ceased
(Wefer & Killingley 1986). Samples were stored frozen
until they could be analyzed for carbon isotopes on a
Europa Tracermass mass spectrometer interfaced with
a Robo-prep-CN analyzer which produced an average
SD of +0.3%0 for duplicate measurements (France
1996a). The data demonstrated marked departures
from normality (probit plots) and were marginal in
terms of homogeneity of variance (Cochran's test). As
these problems were not rectified by various transformations, we used sign tests for our analyses. All percontrast error rates less than 0.05 were also significant
at 0.048 after compensation for multiple comparisons
via the sequential Bonferroni adjustment (to familywise error rate; Holm 1979, Rice 1989).
We examined water motion at our seagrass stations
using clod cards (plaster of paris blocks attached to
plastic cards; Doty 1971, Thompson & Glenn 1994).
Sixteen pairs of cards (one of each pair in seagrass, the
other in nearby sand) were deployed at our stations.
This method uses plaster (calcium sulfate hemihydrate) dissolution rate as an estimator of multi-directional water motion. The approach was particularly
useful for measurements in our grassbeds, because the
dense canopy of seagrass would have precluded use of
larger apparatuses. We prepared the cards following
the methods of Thompson & Glenn (1994),except that
we used contact cement rather than silicone cement for
attachment of the blocks to the cards. The cards were
anchored to the substrate with 15 cm galvanized nails
and were left in place for 4 d before recovery. Each
pair was deployed at intervals of several days apart so
as to ~ n c l u d etemporal as well as spatial varsance in
water motion.
There were no significant differences in 6I3C for
samples collected from outside grassbeds compared to
the periphery of beds for each of the 3 species of benthic macroalgae (p > 0.05). Differences did exist
between these combined samples and those collected
from deep inside the seagrass beds (Fig. 1; Halimeda
incrassata, p i0.001; Penicillus capitatus, p = 0.016;
family-wise error rate = 0.016). Limited sampling of the
third species of calcareous green alga (Avrainvillea
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Protected 6 C
Fig. 1. Halimeda incrassata. Penicillus capitatus and Avrainvillea longicaulis. Site-specific comparisons of stable carbon
isotope ratios (6I3C) for 3 species of benthic macroalgae collected from protected locations of low water motion inside
seagrass beds and from exposed locations of greater water
motlon at the periphery or outside such beds

longicaulis) showed the same trend as H. incrassata
and P. capitatus (Fig. l ) .One-tailed sign tests indicated
greater water motion in sand habitats than in seagrass
beds at our stations (p = 0.0037) Therefore, macroalby
gae of all 3 species were found to be enriched in
0 to 9%0inside the seagrass beds, where they were
shielded from the higher water motion existing at the
periphery and outside the grassbeds. These findings,
which are similar to those determined with respect to
water current for vascular macrophytes (Osmond et al.
1981), offer support for the contentions of France
(1995a) and the model of Hecky & Hesslein (1995),i.e.
increasing boundary layer thickness through reducing
water motion decreases the isotopic discrimination
against I3C, resulting in higher 6I3C values.
Epiphytic macroalgae from mangroves displayed the
opposite trend. Acanthophora spicifel-a collected from
open channels were enriched in I3C compared to samples from protected areas ( p = 0.0039; Fig. 2). In this
case, as for seagrasses and partsculate organic matter
(Fleming et al. 1982, Zieman et al. 1984, Lin et al. 1991,
Hemminga et al. 1994), it appears that the photoassimilation of respiratory CO2originating from the mineralization of mangrove detritus (usually having 6I3C values of about -26 to -30°A) by macroalgae located
within protected areas superseded any possible effect
of reduced water motion on isotopic fractionation. As a
result, this process resulted in lower, not higher, 6I3C
values. Our results for epiphytic macroalgal 6I3C from
mangroves therefore support Smith & Kroopnick's
(1981) suggestion, based on their work with coral reef
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fine-scale elucidation of material flow in foodwebs on
the basis of local differences in water motion.
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Pig. 2. Acanthophora spicifera. Site-specif~ccomparisons of
stable carbon isotope ratios for epiphytic algae collected from
protected locations surrounded by mangrove islets and from
exposed locations in tidal channels between such islets

organisms, that the magnitude of carbon isotopic fractionation can be used a s a convenient measure of
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the production of new compared to the recycling of old
organic matter (cf. Rosenfeld & Mackay 1991, del Giorgio & France 1996, France et al. 1997). It is unlikely,
however, that a similar process can be invoked to
describe the isotopic differences in macroalgal 8l3C
inside a n d outside the seagrass beds; i.e. if assimilation
of decomposing seagrass detritus (usually having 6I3C
values of about -15 to -8%) were a major factor, one
might expect epiphytic algal and seagrass values to be
similar, which is seldom the case (France 1996b).
The present work indicates that, in addition to such
environmental factors a s temperature a n d light, water
motion may play a major role in regulating intraspecific variability in the stable carbon isotopic composition of marine macroalgae. Because carbon undergoes
little (DeNiro & Epstein 1978, France & Peters 1997) or
no (France 1 9 9 5 ~ .1996c) further fractionation with
food assimilation, variability in benthic algal 6I3Cwill
consequently be reflected by variability in consumer
6'". As a result, isotopic differences between benthic
and planktonic foodwebs may be reduced in situations
where benthic algae are '"-depleted
through their
exposure to conditions of either high water motion or
decomposing mangrove detritus. For example, France
(1995a) found greater overlap in the frequency distributions of worldwide 6I3C data between offshore consumers and those from rocky shores a n d mangrove
swamps than between offshore consumers a n d those
from seagrass meadows. Conversely, our results suggest applications of stable carbon isotope analysis for
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