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ABSTRACT- The stable isotope compositions (C, N, and S) of hve, senescent, and standing dead 
Spartina alterniflora were compared in order to determine the effects of aerial decomposition on the 
isotopic signature of aboveground S. dlterniflora tissue entering the food chain. Aerial decomposition 
of aboveground S. alterniflora resulted in a 6 to 18% increase in P S ,  and a 2 to 3 %  decrease in 615N 
values; 613c values were unchanged. We describe mechanisms whereby the activity of fungi and 
epiphytic microorganisms may contribute to the observed shlfts in and 6I5N, respectively. The 613c 
value of salt marsh benthic and eplphytic microalgae ranged from -13.0% in summer to -17.6%0 in 
early spring. Average 6'" values of microalgae and standing dead S. altemiflora were -0 3 and l.?%, 

respectively, reflecting the activity of NZ-fixing microorganisms. The 615N values for omnivorous and 
herbivorous salt marsh macrofauna ranged between 7.5 and 2.2% and for predatory Fundulus spp. 

averaged 9.2%. Given a presumptive + 3 %  trophic shift in N assimilation, these results suggest 
that N2-fixing microorganisms associdted with microalgal communities were an important source of N 
to salt marsh consumers. The 6% 6'"N, and 6"'s values of primary producers were compared to the 
values of the following consumers: Fundulus spp., Uca spp., Ilyanassa obsoleta, and Littoraria irrorata. 
6I3C VS 6 1 5 ~  and 613C vs 63JS dual isotope plots demonstrated that microalgae and standing dead 

S. alternjflora are important food resources in the North Carolina (USA) marshes we sampled. In addi- 
tion, a compilation of literature values suggests that this is true in salt marshes throughout the East and 
Gulf coasts of North America. Future isotope studies of marsh food webs should include detrital 

Spartina spp. material in analyses of trophic structure. 
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INTRODUCTION 

Analysis of the natural abundance of the stable iso- 

topes of C, N, and S has been employed in estuarine 

ecosystems to trace the flow of primary production 

through the food web (see Fry & Sherr 1984 for a 

review, Peterson et al. 1986, Peterson & Howarth 1987, 

Sullivan & Moncreiff 1990). The strength of this 

approach is that an integrated measure of assimilated 

food source(s) can be made, and the relative contnbu- 

tion of food sources may be estimated by isotope mass 

balance when each has a unique isotopic signature. 

Using stable C isotope analysis in a Georgia (USA) salt 

marsh, Haines (1976) concluded that while Spartina 

alterniflora Loisel. detritus contributed relatively little 

to estuarine suspended particulate organic carbon, S. 

alterniflora appeared to be an  important food resource 

for insects grazing on live vegetation, and an important 

part of the diet of marsh snails (Haines & Montague 

1979). Mud snails, crabs, and filter feeders had C iso- 

topic signatures more suggestive of an algal-based diet 

(Haines & Montague 1979). However, conclusions 

based solely on C isotopic values are equivocal 

because of the difficulty in distinguishing food 
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resources with overlapping 6l3C values (Haines & Mon- 

tague 1979, Schwinghamer et al. 1983). Later studies 

have applied a multiple stable isotope approach, uti- 

lizing C, N, and S stable isotopes to help distinguish 

potential food resources. In a Massachusetts (USA) salt 

marsh, Peterson et al. (1986) concluded that S. alterni- 

flora was an important component In the diets of the 

marsh mud snail Ilynassa (Nassarius) obsoleta (Say) 

and the killifish Fundulus heteroclitus (L.), while filter 

feeders relied more heavily on phytoplankton/detritus 

mixtures. Peterson & Howarth (1987) also used a mul- 

tiple stable isotope approach to re-examine food webs 

in the Georgia salt marsh earlier described by Haines 

and coworkers (Haines 1976, Haines & Montague 

1979). They concluded that the majority of fauna 

appeared to have a mixed diet of S. alterniflora and 

microalgae (pelagic and benthic). Most recently, a 

multiple stable isotope study of food webs in a Missis- 

sippi (USA) salt marsh concluded that edaphic algae 

were more important than S. alterniflora (Sullivan & 

Moncreiff 1990). 

The basis for the use of stable isotope analysis in food 

web studies is that organisms retain the stable isotope 

signals of the foods they assimilate (i.e. 'they are what 

they eat'), a phenomenon demonstrated conclusively 

by DeNiro & Epstein (1978, 1981). However, the suc- 

cess of this approach is predicated upon the ability to 

distinguish the food resources   so topic ally. In addition, 

there can be seasonal and biochemical variations in 

the isotopic signature of plant and animal tissue 

(DeNiro & Epstein 1978, 1981, Cifuentes et  al. 1988, 

Fry & Wainright 1991, Fogel et al. 1992, Simenstad et 

al. 1993), uncertainty in the isotopic shift between 

trophic levels (Fry & Sherr 1984, Peterson et al. 1986, 

Peterson & Howarth 1987), difficulty in obtaining an 

effective separation of microscopic algae from sedi- 

ment and detrital particles (Schwinghamer et al. 1983, 

Hamilton et al. 1992), and decomposition effects on the 

isotopic signature of detritus (Benner et al. 1987). 

In an examination of salt marsh food webs, it is 

important to note that it is mostly Spartina alterniflora 

detritus, and not living tissue, that enters the food web. 

The effects of diagenesis and decomposition on the C 

isotopic signature of S. alterniflora have been exam- 

ined in several studies (Haines & Montague 1979, 

Renner et al. 1987, Ember et al. 1987, Fogel et al. 1989). 

Lignin is depleted in 6'" by 2 to 6x0 relative to whole 

plant material (Benner et al. 1987). Since lignin con- 

stitutes a greater portion of detrital S. alterniflora 

than living S. alterniflora (Wilson et al. 1986), detrital 

S. alterniflora should have a more negative (lighter) 

6I3C value than living tissue. Litterbag studies (Benner 

et  al. 1987, Ember et al. 1987, Haddad et al. 1992) and 

analysis of sedimentary S. alterniflora detritus (Schtving- 

hamer et al. 1983, Couch 1989, Fogel et al. 1989) have 

demonstrated that S. alterniflora decomposing in sedi- 

ments does have a lighter C isotopic value than living 

tissue, although the observed shift is typically 2%0 or 

less. However, the majority of S. alterniflora above- 

ground-biomass decomposes aerially, rather than in a 

submerged state (Newell & Fallon 1989), and decom- 

position studies based on ground, dried, and/or buried 

fresh S, alterniflora do not reflect naturally occurring 

decomposition processes (Newell 1993). In particular, 

fungi play an important role in standing dead S. alter- 

niflora decomposition, and are largely absent from 

submerged or sedimentary S. alterniflora detritus 

(Newel1 & Fallon 1989). There are few published 

reports of the 613C value of standing dead S, alterni- 

flora (Haines 1976, Schwinghamer et  al. 1983, Couch 

1989), and the data suggest very little change in the 

stable C isotope ratio. 

The effect of decomposition on the 615N and P 4 S  

values of Spartina alterniflora has not been examined, 

although there are anecdotal data in the literature. 

Couch (1989) reports that standing dead S. alterniflora 

has a lighter 6% than live S. alterniflora. Peterson et 

al. (1986) report a heavier 634S value for standing dead 

S. alterniflora relative to live plants in the Great 

Sippiwisset marsh (Massachusetts), but attribute it to 

changes in porewater sulfate P4S,  rather than effects 

of decomposition. Perhaps because of the scanty data 

available for S. alterniflora detritus, examinations of 

salt marsh food webs using a multiple stable isotope 

approach have utilized 6I5N and 6"s values of living 

S. alterniflora in their analyses (Peterson et al. 1986, 

Peterson & Howarth 1987, Sullivan & Moncreiff 1990). 

The contribution of benthic microalgae to salt marsh 

primary production has been the subject of several 

recent studies (Sullivan & Moncreiff 1988a, Pinckney & 

Zingmark 1993), and it appears that microalgal pro- 

duction represents at least 40% of the aboveground 

primary production of Spartina alterniflora in U.S. East 

Coast marshes, and possibly more in West Coast 

marshes (Zedler 1980). This production turns over 

more rapidly than S. alterniflora biomass, and has long 

been thought to be an  important component of marsh 

food webs (Pomeroy et al. 1981). Despite this, benthic 

microalgae have received less attention than S. alterni- 

flora and upland plants in most stable isotope analyses 

of marsh food webs; previous to this study, to our 

knowledge, there were 8 published reports of isotopic 

analysis of salt marsh microalgae compared to over 20 

published reports of isotopic analysis of S. alterniflora 

(see Table 3 and references therein). Part of this dis- 

crepancy is due to collection difficulties in either 

obtaining sufficient microalgal biomass for mass 

spectroscopy analysis, or obtaining a sample free from 

contaminating sediment and detritus (Schwinghamer 

et al. 1983, Sullivan & Moncreiff 1990, Hamilton et  
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al. 1992). Exacerba.ting the problem of few replicate 

analyses is the potential for large fluctuations in algal 

613C and 615N values as a result of dissolved inorganic 

C limitation and intense nutrient cycling (Cifuentes et  

al. 1989, Fry & Wainwright 1991, Fogel et al. 1992, 

Johnston & Raven 1992, Simenstad et al. 1993). How- 

ever, the potential for spatial and seasonal variations 

in estuarine benthic microalgal isotopic values has 

received llttle attention (Schwinghamer et al. 1983, 

Fry & Sherr 1984, Couch 1989). Nevertheless, several 

investigations utilizing stable isotopes have demon- 

strated the potential for benthic microalgae to play a n  

important role in salt marsh food webs (Fry & Sherr 

1984, Peterson & Howarth 1987, Sullivan & Moncreiff 

1990). 

This paper describes shifts in the 6I5N and &34S 

values of live and standing dead Spartina alterniflora. 

We identify mechanisms derived from parallel studies 

(Newel1 et  al. 1992, Currin 1994, Currin et  al. in press) 

which may be responsible for the observed isotopic 

shift in standing dead tissue. The stable isotopic signa- 

ture of a variety of other estuarine primary producers 

(benthic and epiphytic mlcroalgae, phytoplankton, 

benthic macroalgae) and consumers were determined 

in order to assess the role of standing dead S. alterni- 

flora and benthic microalgae in salt marsh food webs. 

MATERIALS AND METHODS 

Study area. Samples for stable isotope analysis were 

collected from a natural (NAT) and a transplanted 

(TPL) Spartina alterniflora marsh located in the New- 

port River Estuary, ca 5 km from the Beaufort Inlet, 

North Carolina, USA. Details of the location and a 

physical description of this area,  known as the Port 

Marsh, are  in Currin et  al. (in press). Briefly, the trans- 

planted marsh was planted with wild-stock S, alterni- 

flora in June 1990, on dredged material graded to 

intertidal elevation. At the time when this study began 

in summer 1992, canopy height (xNAT = 130 cm, 

X T ~ L  = 90 cm) and stem density (xNAT = 260 m-2, 

X T ~ L  = 100 m-2) in the transplanted marsh remained 

less than that in the adjacent natural marsh (S. Broome 

pers. comm.). Additionally, sediments in the natural 

marsh retained a higher organic matter content and 

greater silt-clay content than transplanted marsh sedi- 

ments (Currin et al. in press). 

Sample collection. Spartina alterniflora samples 

were collected in June,  July, September, and Novem- 

ber 1992, and in April 1993. Tissue described as  live 

tissue was green, senescent tissue was yellow, and 

standing dead material was brown. Each analysis rep- 

resented a subsample from a pooled sample of 10 to 

20 plants. Unless otherwise noted, live and senescent 

S, alterniflora included stem, leaf blades, and leaf 

sheaths. Standing dead tissue was predominantly stem 

and sheath material. When present, epiphytes were 

removed by scraping with a razor blade. S. alterniflora 

samples for C and N analysis were acidified in 1 N HC1 

until all bubbling ceased, then washed 4 times in dis- 

tilled water, dried, and ground through a no. 40 mesh 

screen in a Wiley mill. S. alterniflora tissue for S 

analysis was treated as above but wlthout the acid 

wash. Samples were stored at 70°C. 

Fine, suspended particulate matter was collected in 

July 1992 on a flood tide a t  the mouth of a 1 m deep 

tidal creek in the transplanted marsh. Samples from 

the top 10 cm of the water column were collected with 

a 500 m1 plankton bottle with a 20 pm Nitex screen, 

returned to the laboratory, allowed to settle for 10 min, 

and the supernatant filtered through a n  ashed What- 

man GF/C filter. Filters for C and N analysis were 

washed with 1 N HC1, rinsed 4 times with distilled 

water, and dried a t  70°C. 

Salt marsh sediment samples were collected from 

the transplanted nlarsh in April 1993 and from the 

natural marsh in July 1992 and April 1993. In the 

natural marsh, the top 1 cm of sediment was removed 

from 6 locations, including tall and  short Spartina 

alterniflora habitat. Natural marsh sediments were 

comb~ned into 2 replicate pools. In the transplanted 

marsh, sediment samples were removed from 6 loca- 

tions in the marsh, similar in elevation to the sediment 

collection sites in the natural marsh. Surface sediment 

was also collected from a subtidal portion of the trans- 

planted marsh, along the banks of a tidal creek. Sedi- 

ments for C and N analysis were acid-washed, rinsed, 

and ground prior to analysis S analysis was only 

performed on natural marsh sediment. This sample 

was treated a s  above except that no acid wash was 

performed. 

Benthic macroalgae were collected a t  low tide from 

the transplanted marsh in April 1993. Specimens of the 

green alga Ulva lactuca, and the red algae Chaeto- 

nlorpha linum and a Dasya sp. were removed from the 

marsh surface and tidal creek. Samples were rinsed 

with distilled water, dried, ground and  stored a t  7O0C. 

Benthic microalgae were collected from within the 

Spartina alterniflora zone in July and September 1992 

and April 1993 as described by Couch (1989) with slight 

modifications. A 0.1 to 0.2 cm layer of ashed, acid- 

washed (10% HC1) beach sand was spread beneath 

and between 2 layers of 63 pm netting. Moisture was 

maintained with the addition of filtered (0.2 pm) sea- 

water. After 12 to 24 h incubation under laboratory 

lights (50 to 200 pE m-2 S-'), the top sand layer was 

harvested, centrifuged (2000 rpm, ca 1500 X g ) ,  and the 

supernatant filtered through an ashed Whatman GF/C 

filter. Additionally, the top layer of netting was scraped 
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with a stainless steel spatula and this material added to 

the filtered material. Filters from 6 microalgal separa- 

tions, obtained in July and September, were pooled 

into a single sample representing summer 1992. Wet 

mounts of the sample material were examined with 

light and phase-contrast microscopy. Sediment, detn- 

tus, phytoplankton, and invertebrates were not 

observed under microscopic examination, although 

protozoans were observed, but not removed. Pennate 

diatoms and cyanobacteria dominated the microalgal 

community. In summer 1992, cyanobacteria included 

filamentous non-heterocystous forms (Lyngbya aestu- 

alii, Microcoleus chthonoplastes), heterocystous forms 

(Anabaena spp., Calothrix spp.) and coccoid cyanobac- 

teria. In April 1993, heterocystous cyanobacteria were 

the most common cyanbacterial type. A blank C value 

was calculated for the 1992 benthlc microalgal sam- 

ples, based on separate analyses of the sand. Samples 

collected from April 1993 were not blank-corrected as 

the sample was large enough to dwarf the small 

amount of C remaining in the sand (R.  Michener pers. 

comm.). N and S were undetectable in the sand. 

Epiphytic algae from standing dead Spartina alterni- 

flora were scraped from the stem with forceps. The 

scraped material included epiphytic microorgansims, 

sedimentary particles and S. alterniflora epidermis. 

The latter was fibrous and easily removed from the 

sample. Epiphytic microalgae were not separated from 

enmeshed sediment particles. Diatoms were rare to 

absent, and the microalgae were dominated by the 

cyanobacteria Calothrix spp. and Lyngbya aestuarii. 

The organic matter content of the epiphytic microalgal 

film typically ranges from 40 to 60% (Currin 1994). The 

sample was ground, acid-washed (except for samples 

for S analysis), rinsed in distilled water, and dried at 

70°C. 

Fauna1 samples were collected from both the trans- 

planted and natural marshes. These marshes are adja- 

cent, but separated by a sand berm which limits inter- 

mixing of resident populations. After collection, all 

snail and crab specimens were held in fresh seawater 

which was changed 4 times over a 24 h period. All 

animals were frozen prior to further processing. Peri- 

winkles Littoraria irrorata (Say) were removed from 

Spartina alterniflora stems and the m.arsh surface in 

July 1992 and April 1993 from each marsh, and ca 20 

individuals were pooled per sample. In samples for 

C and N analysis, the soft tissue was dissected from the 

shells, acidified overnight in 1 N HC1, washed 4 times 

with distilled water, dried, ground with a mortar and 

pestle, and stored at 70°C. Tissue for S analysis was 

treated simi.larly, but without the acid wash. Approxi- 

mately 20 mud snails Ilyanassa obsoleta were col- 

lected from creek banks in each marsh and treated as 

above. Sand fiddler crabs Uca pugilator (Bosc.) were 

collected in July from both marshes and dissected into 

muscle (claw and carapace meat) and gill fractions. 

Whole crab fractions were also analyzed. These frac- 

tion.~ were not acidified, but otherwise treated as 

above. The ratio of male to female crabs collected was 

5: 1, and the mean carapace length was ca 1.2 cm. Mud 

fiddlers Uca pugnax (Smith) were collected only from 

the natural marsh, with a similar male: female ratio and 

a slightly larger carapace length than U. pugilator. The 

long-nose killifish Fundulus majalis (Walbaum) was 

seined from a tidal creek in the transplanted marsh, 

but was absent from natural marsh collections. Con- 

versely, E heteroclitus was dominant in the natural 

marsh tidal creek, but was rare in the transplanted 

marsh. For both species, ca 10 individuals were scaled 

and filleted, and the muscle tissue washed, dried, 

ground, and stored as above. 

Isotopic analysis. The purification of COz and N2 

gases and determination of stable isotopic ratios with 

mass spectrometry were performed at the Boston Uni- 

versity Stable Isotope Laboratory. Samples were com- 

busted in a Heraeus C-N analyzer and cryogenically 

separated in a Finnigan CT-box prior to analysis with a 

Finnigan Delta-S isotope ratto mass spectrometer. The 

sample isotope ratio was compared to a secondary gas 

standard, whose isotope ratio was calibrated to inter- 

national standards. All international standards were 

obtained from the National Bureau of Standards, 

Gaithersburg, Maryland, USA. Internal instrument 

precision is 0.014%0, and typical sample precision is 

better than 0.1 %O (R. Michener pers. comm.). 

S isotopic analyses were performed at the Stable 

Isotope Laboratory of the Marine Biological Laboratory 

in Woods Hole, Massachusetts, USA. After combus- 

tion, sulfate was precipitated as BaSO,, converted to 

SOz, and the isotopic ratio determined by mass spectro- 

metry. 

Stable isotope ratios are reported in standard F nota- 

tion as follows: 

where X is '"C, I5N, or 34S, and R is l3C/l2c, l 5 ~ / l 4 N ,  or 

34S/32S, respectively. Values are expressed on a per mil 

(X0) basis. 

RESULTS 

The stable isotopic ratios of primary producers in the 

natural and transplanted salt marshes are displayed in 

Table 1. The FI3C values of live, senescent, and stand- 

ing dead Spartina alterniflora in both marshes varied 

little (range -12.3 to - 13. l %a) (Fig. l a ) .  The 615N value 

of live Spartina alternjflora was 1.4% lighter (more 

negative) in the transplanted marsh than in the natural 
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Table 1. Isotopic composition (":.-) of primary producers and sediment in Port Marsh, North Carolina salt marshes. Site codes are 

TPL: transplanted marsh, NAT: natural marsh. TPLCRK: creek at mouth of transplanted marsh. Unless noted otherwise, all mea- 

sures are a single analysis of a pooled sample representing 5 to 10 plants, plankton tows, or microalgal collectons. Spartina 

alterniflora samples are free of epiphytes 

Type of sample Site 6 " ' ~  F15N S3'S Month 

collected 

Live S. alterniflora 

Senescent S. alterniflora 

leaves 

stem 

TPL -12.7 3.9 3.3 6 

NAT -13.0 5.3 -9.6 G 

TPL -5.2 9 

TPL -12.9 2.5 1.4 11 

TPL -12.9 1.6 -2.8 11 

Standing dead S. alterniflora TPL - 13.0 (0.2)" 1.0 (0.5)a 4 

TPL -13.1 (0.1)" 1.5 (0.5)a 12.9 (1.5)" 7 

TPL 8.9 9 

TPL -13.0 0.1 9.2 11 

NAT -12.3 2 1 4 

NAT 8.4 9 

NAT -12.4 (0.1)" 3.8 (0 9)" 8.5 11 

Benthic microalgae 

Epiphytic microalgae 

Benthic microalgae 

Benthic microalgae 

Ulva sp. 
Chaetomorpha sp. 

Dasya sp. 

Suspended particulates 

Surface sed~rnent 

Subt~dal sediment 

Surface sediment 

Surface sedlment 

TPL 

TPL 

TPL 

NAT 

TPL 

TPL 

TPL 

TPLCRK 

TPL -16.3 (1 .3 )~  2.4 (0 4)b 4 

TPL -14.0 4 2 4 

NAT -18.6 (0.3)" 2.7 (0 8)d 4 

NAT -3.9 7 

a Mean (standard deviation) of 2 replicate pooled samples 

Mean (standard deviation) of 6 replicate samples 

marsh. Senescent S. alterniflora in the transplanted 

marsh had an average 615N value of 2.1%0, slightly 

lighter than that of live S, alterniflora. Standing dead S. 

alterniflora collected from the transplanted marsh in 

July and November 1992 and April 1993 had a mean 

6l5N of +0.9%0, while standing dead material collected 

from the natural marsh (April and November only) 

averaged +2.9%0. Overall, in the transplanted marsh a 

negative trend was apparent in 615N values as S. 

alterniflora aboveground tissue decomposed (Fig. lb) .  

This trend was not as marked in samples from the nat- 

ural marsh. 

The 634S values of Spartina alterniflora showed dif- 

ferences both between the transplanted and natural 

marsh, and between live or senescent plants and 

standing dead material (Table 1, Fig. 1). In June, there 

was nearly a 13%0 difference between the 634S of 

natural and transplanted marsh live S. alterniflora. 

Senescent leaves and stems collected in September 

and November in the transplanted marsh had a 634S 

value slightly lighter than live tissue collected in June, 

and closer to the F34S value of live S. alterniflora from 

the natural marsh. The 63% value of standing dead S. 

alterniflora in both transplanted and natural marshes 

was 2+8.5%0 on all sampling dates (Table 1). Standing 

dead S. alterniflora in the transplanted marsh had 

slightly heavier (more positive) 634S values than 

natural marsh standing dead S, alterniflora, perhaps 

reflecting the heavier 634S in live transplanted S. al- 

terniflora. The highest 634S value (+13.9100) was 

recorded for standing dead S. alterniflora collected 

from the transplanted marsh in July. 

Benthic microalgae collected in July and September 

(combined) and epiphytic microalgae collected in June 

had similar C, N, and S isotopic signatures, despite dif- 

ferences in habitat (sediment surface versus standing 

dead Spartina alterniflora stem) and collection tech- 

nique (migration through nylon screens for particle 

removal versus scraped from stem) (Table 1). However, 

benthic microalgae collected in April from both the 

natural and transplanted marshes had much lighter 

613C values (- 17.6 and -17.4 L, respectively). The 6% 

values obtained for Port Marsh benthic and epiphytic 

microalgae exhibited a range from + 1.1 to - l .  l %o. The 
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STABLE ISOTOPE COMPOSITION 
Spartina alternlflora 

I TPLMARSH X NAT MARSH I 

Fig. 1. (a) Stable C. (b) N, and (c) S isotopic composi- 
tion (%.) of aboveground Spartina altemiflora col- 
lected at various growth stages from either a natural 
or transplanted marsh. Growth stages are indicated 
as L: living, green t~ssue; SN: senescent, yellow 
tissue; and D: dead, brown tissue. Month/year of 
collection given below growth stage. Each point 
represents a pooled sample of 10 to 20 plants, or the 
mean of 2 replicate pooled samples (see footnotes 

in Table 1) 

634S values obtained for benthic and epiphytic micro- 

algae were +3.9  and -0.1 %o, respectively. 

The greatest range in 6I3C values for primary pro- 

ducers was found in the 3 species of benthic macro- 

algae collected from the transplanted salt marsh 

(Table 1). The red alga Dasya sp. was the lightest 

(-32.8%0), whereas the green algae Chaetomorpha 

linum was intermediate (-21.7 L), and Ulva lactuca 

had the heaviest (-15.5%0) 6I3C signature. In contrast 

to the C isotopic ratios, the 615N values for the Port 

Marsh benthic macroalgae varied little, with a mean 

value of +7.6%0. 

The suspended particulate material collected had 

6I3C and F15N values of -20.3 and +6.0%0, respectively 

(Table l ) ,  similar to those reported from other estuar- 

ine environments (Thayer et al. 1978, Peterson et al. 

1986, Cifuentes et al. 1988, Fogel et al. 1992). Although 

we were not able to collect enough material to deter- 

mine the 634S value, it probably lies near the value of 

seawater sulfate, +20%0 (Peterson e t  al. 1986, Nriagu et  

al. 1991), although a S34S value of +1l%0 was reported 

by Sullivan & Moncreiff (1990) for salt marsh zoo- 

plankton in Mississippi. 

Sediment collected from the transplanted marsh sur- 

face in April had an  average 613C value of -16.3%o and  

an average 6I5N value of +2.4%0 (Table 1). Subtidal 

sediment from a marsh creek had slightly heavier C and 

N isotopic values. Surface sediment collected from the 

natural marsh had lighter 6j3C values than transplanted 

sediments, although the 6I5N values were similar. In 

April, NZ-fixing cyanobacteria were present in the 

surface sediments of both natural and transplanted 

marshes. The only sedimentary S3% value we were able 

to obtain was from sediment collected from the natural 

marsh surface in July. This value (-3.9%0) is heavier than 

the sediment 634 values from Great Sippiwissett Marsh 

in Massachusetts (-11 %o; Peterson et  al. 1986) and from 

Graveline Marsh in Mississippi (-1 1.2 %o; Sullivan & 

Moncreiff 1988b). 

We found small differences between the 6I3C and 

634S values of Ilyanassa obsoleta specimens collected in 

the natural and transplanted marshes in July (Table 2). 

Mud snails collected in the spring from the trans- 

planted marsh had heavier Fi3C values than snails 

collected in the summer (Table 2) .  The 3 615N values 

clustered around + ?  %o. 

Littoraria irrorata samples showed a small but con- 

sistent trend of lighter Sl3C and 615N values in samples 

from the  transplanted marsh than in the natural marsh 

(Table 2). In contrast, the 634S value determined for 

periwinkles in the transplanted marsh (+14.9%0) was 

heavier than that in the natural marsh (+12.3%0). 

Uca pugilator was found in both the natural and 

transplanted marshes, while U. pugnax was restricted 

to the natural marsh. In July, the 613C of muscle and gill 

tissue from U. pugilator collected in the transplanted 
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Table 2. Isotopic composition (?!W) of consumer organisms in Port 18 to 21 % for standinq dead S. alterniflora, in 
Marsh, North carolin'. Site codes are TPL: transplanted marsh and contrast to 14 to 15 % in-mature, live plant tissue. 
NAT. natural marsh. All measures are a single analysis of a pooled 

However, Klason 'lignin' can include fungal cell 
sample representing 10 to 20 animals 

wall material (Newel1 19931. Haddad et al. 11992) 

I Ilyanassa obsoleta TPL -13.8 6.9 4 1 calculated liqnin loss occurred during aerial de- 

Type of sample Site 8°C 615N P 4 S  Month 

collected 

compared lignin degradation in standing dead 

versus litterbag detritus by analyzing lignin oxi- 

dation products, and concluded that most of the 

Uca pugilator, muscle 
gill 

whole 

muscle 

g 111 

U. pugnax, muscle 

Fundulus majalis 

E heterocljtus 

TPL -15.2 7.5 5.9 7 

NAT -13.2 6.8 7.2 7 

Littoraria irrorata TPL -16.3 3.6 4 

TPL -15.1 2 .2  14.9 7 

NAT -16.6 3 7 4 

NAT -16.1 3.1 12.3 7 

TPL 

TPL 

TPL 

NAT 

NAT 

NAT 

TPL 

NAT 

composition. We document standing dead 613c 

values near the value of live tissue (Tables 1 & 3), 

indicating that lignin is degraded at  the same rel- 

ative rate as other compounds during aerial de-  

conlposition. The average 6I3C value for sedi- 

marsh was ca 3%0 heavier than crabs collected from 

the natural marsh (Table 2). The 613C of transplanted 

marsh whole crab tissue was slightly heavier than soft 

tissue, as a result of carbonates bound In the chitinous 

shell (Haines & Montague 1979). The 613C value of 

U. pugnax muscle tissue was l%o  lighter than that of 

U. pugilator in the natural marsh. The 6I5N values of 

fiddler crabs from the transplanted and natural salt 

marsh were similar, exhibiting a range of +2.8 to 

+4.3%0 (Table 2). The lighter 6I5N of whole crab tissue 

is due  to the presence of chitin in the crab shell 

(DeNiro & Epstein 1981). 634S was heavier in U. pugila- 

tor muscle (mean 8.6%0) than in U. pugnax tissue 

(+?.5 %o). 

The 615N and 634S values of Fundulus majalis from 

the transplanted marsh were similar to E heteroclitus 

values, while there was a 1.8%0 difference in the 613C 

values of the 2 species (Table 2). 

DISCUSSION 

Effects of aerial decomposition on  stable isotopic 

values of Spartina alterniflora 

Standing dead Spartina alterniflora had 613C values 

similar to live S, altemiflora, and it thus appears that aer- 

ial decomposition does not significantly alter the 6I3C 

value of S, alterniflora. Although an increase in relative 

lignin content has been well documented in litterbag in- 

cubations (Benner e t  al. 1987), less is known of the 

changes in lignin composition via aerial decomposition. 

Hodson et  al. (1984) reported a Klason lignin content of 

mentary and/or litterbag S. alterniflora detritus 

reported in the literature is -15.0%0 (Table 3), and 

apparently occurs a s  a result of lower rates of 

lignin degradation under those circunlstances 

(Benner et  al. 1987). 

There was also a change in 6I5N values from 

live to senescent and  standing dead Spartina 

alterniflora, particularly evident in the trans- 

planted marsh samples, where there was nearly 

a 4 %  shift (Fig. l b ) .  Total N content of live plants in the 

natural and transplanted marsh was similar, and aver- 

aged about 1.0 % (C. Currin & S. Broome unpubl.). The 

decrease in the 615N value of standing dead S. alterni- 

flora could be a result of selective remineralization of 

isotopically heavier N. In experimental rice fields, 

selective decomposition of heavier isotopic species was 

observed, with a resultant decrease in soil organic 615N 

values (Wada & Hattori 1991). Given the low N content 

of S. alterniflora (1.0%), microbial decomposition of 

this material would also require uptake of dissolved 

anlmonium. Bacteria preferentially utilize I4NH4 

(Wada & Hattori 1991, Hoch et al. 1992), and so the 

process of microbial degradation should result in a n  

overall decrease in the 6I5N value. However, the 

microbial community in standing dead tissue is domi- 

nated by fungi, rather than bacteria (Newel1 et al. 

1989), and little is known about the possible nitrogen 

isotope fractionation of fungal dissolved inorganic 

nitrogen (DIN) uptake. Another mechanism leading to 

isotopically lighter N is N2 fixation. The lower 20 cm of 

standing dead S. alterniflora was frequently colonized 

by a n  epiphytic community dominated by N2-fixing 

cyanobacteria (Currin 1994). N2-fixation rates on 

standing dead stems in the transplanted marsh were 

significantly greater than rates in the natural marsh 

(Currin 1994), consonant with the greater decrease in 

615N values on S. alterniflora stems in the transplanted 

marsh. Standing dead S, alterniflora in Georgia also 

supported a N2 fixing community, although het- 

erotrophic bacteria were hypothesized to have been 

the dominant N2 fixers there (Newel1 e t  al. 1992). In 

both cases, rates of N2 fixation as estimated by acety- 
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Table 3 A summary of published stable Isotope values for livlng, standing dead and detrital Spartlna alterniflora b e n t h ~ c  

microalgae and macroalgde phytoplankton and selected salt marsh macrofauna Sample desc r~p t~ons  are as onginally reported 

In the l~tera ture  U S states are given without a country name S altemlflora matenal is aboveground (stems and leaves) unless 

noted o the rw~se  sed sedimentary susp suspended, rhiz rhizome, surf surface Detr~tal  S altern~flora was collected from ht- 

terbag or laboratory studies if decomposit~on tlme IS indicated In parentheses, o therw~se detntus was collected In s ~ t u  Suspended 

particulates are  from estuarine environments, mesh slze is shown In parentheses when known Macroalgal matenal is from both 

coastal marine and estuarine environments In many cases, results were grouped according to famlly The number of species is 
glven In parentheses Mlcroalgal material is from estuanne environments All fauna samples were collected from salt marshes 

1 Organism Location Source 

Spartina alterniflora 
Live S. alterniflora Georgia 

Georgia 
Georgia 
Georgia 
Louisiana 
Massachusetts 
Mississippi 
Mississippi 
North Carol~na transplant 
North Carolina transplant 
North Carolina 
North Carolina 
North Carolina 
Nova Scotla, Canada 
Nova Scotia, Canada 
South Carolina 
South Carolina 
Texas 

Fogel et  al. (1989) 
Haines (1976) 
Mariotti et al. (1983) 
Peterson & Hotvarth (1987) 
Deegan et al. (1990) 
Peterson et  al. (1985, 1986) 
Hackney & Halnes (1980) 
Sullivan & Moncrelff (1990) 
Craft et al. (1988) 
This study 
Carlson & Forrest (1982) 
This study 
Thayer et al. (1978) 
Schwinghamer et  al. (1983) 
Stephenson et  al. (1986) 
Couch (1989) 
Ember et  al. (1987) 
Fry et  al. (1982b) 

Group means 
SE 

Senescent S. alterniflora South Carolina 
North Carohna transplant 

Ember et al. (1987) 
This study 

Standing dead S. alterniflora Georgia 
North Carolina transplant 
North Carolina 
Nova Scotia, Canada 
South Carolina 

Haines (1976) 
This study 
This study 
Schwlnghamer et a1 (1983) 
Couch (1989) 

Group means 
SE 

Detntal S ,  alternlflora, sed. 
susp. 
sed. 
sed 
(125 d )  

(3  mo) 
(7.2 mo) 
(15 mo, surf) 
(15 mo, buried) 
(16.5 mo) 
rhiz (18 mo) 

Georgia 
Nova Scotia, Canada 
Nova Scotla, Canada 
South Carolina 
Nova Scotia, Canada 
Georgla 
North Carolina 
South Carolina 
South Carohna 
North Carolina 
Georgia 

Fogel et  al. (1989) 
Schwinghamer et  al. (1983) 
Schwinghamer et  al. (1983) 
Couch (1989) 
Stephenson et  al. (1986) 
Fogel et  a1 (1989) 
Haddad et  al. (1992) 
Ember et al. (1987) 
Ember et  al. (1987) 
Haddad et al. (1992) 
Benner et  al. (1987) 

Group means 
S E 

Phytoplankton 

Blue-green algal blooms 
Trichodesmlum bloom 
Particulates ( l  pm) 
Particulates ( l  pm) 
Partlculates (1 pm) 
Particulates (20 pm) 
Plankton (153 pm) 
Particulates (20 pm) 

Flonda, Gulf 
Texas? 

Delaware 
Delaware 
Delaware 

Georgia 
Massachusetts 
North Carolina 

Fry & Sherr (1984) 
Calder & Parker (1973) 
Cifuentes et  al. (1988) 
Fogel et a1 (1992) 
Fogel et al. (1992) 
Fogel et al. (1989) 
Peterson et a1 (1985, 1986) 
This study 
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Table 3 (continued) 

Organism Location SI3C SI5N Source 

Thayer et al. (1978) 
Schwinghamer et al. (1983) 

Particulates (176 pm) 
Phytoplankton 

Group means 
SE 

North Carolina 
Nova Scotia. Canada 

Benthic macroalgae 
Benthic macroalgae 
Benthic Chlorophyta (13 sp.) 
Benthic Phaeophyta (6 sp.) 
Benthic Rhodophyta (10 sp.) 
Fucus virsoides 
Ulva rigida 
Codium sp 
Ascophyllum sp. 
Filamentous algae 
Benthic macroalgae 
Ulva sp. 
Chaetomorpha sp. 
Dasya sp. 
Ulva sp. 
Enteromorpha sp. 
Marine macroalgae 
Benthic Phaeophyta (15 sp.) 
Benthic Chlorophyta (8 sp.) 
Benthic Rhodophyta (16 sp.) 
Benthic macroalgae 

Fry et al. (1983) 
Fry et al. (1982a) 
Fry et  al. (1982a) 
Fry et al. (1982a) 
Faganeli et al. (1986) 
Faganeli et al. (1986) 

19.9 Peterson et al. (1986) 
15.1 Peterson et al. (1986) 
13.1 Sullivan & Moncreiff (1990) 

Raven & Osmond (1992) 
This study 
This study 
This study 
Sch\vinghamer et al. (1983) 
Schwinghamer et al. (1983) 
Wada & Hatton (1991) 
Maberly et al. (1992) 
Maberly et al. (1992) 
Maberly et al. (1992) 
Fry et al. (1982b) 

Australia 
Caribbean 
Caribbean 
Caribbean 
Gulf of Trieste 
Gulf of Trieste 
Massachusetts 
Massachusetts 
Mississippi 
North Carolina 
North Carolina 
North Carolina 
North Carolina 
Nova Scotia, Canada 
Nova Scotia, Canada 
Multiple locations 
Scotland, UK 
Scotland, UK 
Scotland, UK 
Texas 

Group means 
SE 

Benthic microalgae 
Cyanobacterial mat 
Filamentous blue-green algae 
Blue-green algal mat 
Diatoms (Gyrosigma sp.) 
Creekbank diatoms 
Diatoms (Euglena sp.)  
Benthic algae 
Creekbank algae 
Diatom (Amphipleura sp.) 
Edaphic algae 
Floating algae 
Benthic algae 
Epiphytic microalgae 
Benthic microalgae 
Benthic microalgae 
Diatom (Gyrosigma) 
Diatom (Gyrosigma) 
Benthic microalgae 
Cyanobacteria 
Cyanobacterial mat 
Cyanobacteria mat 
Diatom-green algae 

Arabia 
Massachusetts 
Massachusetts 
Georgia 
Georgia 
Georgia 
Georgia 
Georgia 
Maine 
Mississippi 
North Carolina transplant 
North Carolina transplant 
North Carolina transplant 
North Carolina 
North Carolina 
Nova Scotia, Canada 
Nova Scotia, Canada 
South Carolina 
St. Croix, Virgin Islands 
Texas 
Texas 
Texas 

Calder & Parker (1973) 
Peterson et al. (1986) 
Peterson et al. (1986) 
Haines (1976) 
Haines (1976) 
Haines (1976 
Mariotti et al. (1983) 
Peterson & Howarth (1987) 
Incze et al. (1982) 
Sullivan & Moncreiff (1990) 
Craft et al. (1988) 
Craft et al. (1988) 
This study 
This study 
This study 
Schwinghamer et al. (1983) 
Schwinghamer et al. (1983) 
Couch (1989) 
Fry et al. (1982a) 
Calder & Parker (1973) 
Pulich & Scalan (1987) 
Pulich & Scalan (1987) 

Group means 
SE 

Meiofauna 
Harpacticoid copepods 
Harpacticoid copepods 
Nematodes, <l25 pm 
Nematodes. >l25 pm 
Nematodes 

Nova Scotia, Canada 
South Carolina 
Nova Scotia, Canada 
Nova Scotia, Canada 
South Carolina 

Schwinghamer et al. (1983) 
Couch (1989) 
Schwinghamer et al. (1983) 
Schwinghamer et al. (1983) 
Couch (1989) - 

(Table continued on next page) 

Group means 
SE 
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Table 3 (continued) 

Organism Location 6I3C 6I5N 634S Source 
- -  - 

Macrofauna 

Uca pugilator Georgia -16.3 Haines (1976) 
Georgia 1 7 . 8  4.0 13.3 Peterson & Howarth (1987) 

North Carolina transplant -13.1 3.8 8.9 This study 

North Carolina -16.6 Kneib et al. (1980) 

North Carolina -16.4 4.3 8.3 This study 

Group means -16.0 4.1 8.6 

SE 1.6 0.3 0.3 

Uca pugnax Georgia -15.1 Haines & Montague (1979) 
Georgia 1 6 . 8  Haines (1976) 

Georgia -16.8 5.0 13.0 Peterson & Howarth (1987) 

Massachusetts -16.2 4 -3 8.6 Peterson & Howarth (1987) 

Mississippi -15.0 7.2 14.9 Sullivan & Moncreiff (1990) 

North Carolina -16.4 Kneib et al. (1980) 

North Carolina -17.5 4.0 7.5 This study 

Group means -16.3 5.1 11.0 

SE 0.9 1.3 3.1 

Fundulus heteroclitus Georgia -15.6 9.9 4.8 Peterson & Howarth (1987) 
Massachusetts 10.6 Peterson & Howarth (1987) 
Massachusetts -12.0 1 .O  Peterson et al. (1986) 

North Carolina 1 5 . 0  Kneib et al. (1980) 
North Carolina -15.9 9.3 5.2 This study 

Group means -14.6 9 9 3.7 

S E 1.5 0.5 1.9 

Fundulus majalis Mississippi -18.6 9.6 7.8 Sullivan & Moncreiff (1990) 
North Carolina transplant -14.1 9.2 4.7 This study 

Group means -16.4 9.4 6.3 

SE 2.3 0.2 1.6 

Ilyanassa obsoleta Georgia 1 7 . 8  7.0 9.0 Peterson & Howarth (1987) 
Georgia - 15.9 Haines (1976) 

Massachusetts 4.6 Peterson & Howarth (1987) 

Massachusetts -11.0 2.0 Peterson et al. (1986) 

Nova Scotia, Canada -10.7 Schwinghamer et al. (1983) 

North Carolina -13.2 6.8 7.2 This study 

North Carolina transplant -14.5 7.2 5.9 This study 

Group means -13.9 6.4 6.0 

SE 2.5 1 .O  2.6 

Littoraria irrorata Georgia -11 9 Haines & Montague (1979) 
Georgia -14 7 Haines (1976) 

Georgia -16.1 7 1 10.7 Peterson & Howarth (1987) 

Mississippi -21.6 14.3 Sullivan & Moncreiff (1990) 

North Carolina transplant -15.7 2.2 14.9 This study 

North Carolina - 16.3 3.4 12.3 This study 

Nova Scotia, Canada - 12.6 Schwinghamer et al. (1983) 

Group means -15.6 4.2 13 0 
2.9 2.1 1.7 

lene reduction (nmol C2H4 g - '  ash-free dry wt h-') carefully excluded from standing dead S. alterniflora 

were among the highest rates reported for natural tissue prepared for isotopic analysis. Incorporation of 

assemblages (Newell et  al. 1992, Currin 1994). High isotopically light fixed N into the total N of standing 

rates of N2-fixation are reflected in the 615N value dead S. alterniflora would require transfer of fixed N 

of + l . l % o  for the epiphytic microalgal community from epiphytic microorganisms to endophytic microor- 

(Table 1). However, the epiphytic microbial film was ganisms, presumably fungi. Fungal biomass has been 
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calculated to represent most of the N remaining in 

standing dead shoots (Newel1 et al. 1989, Newel1 

1993). 

The hypothesis that microbial activity is responsible 

for the observed shift in the 6'"N signature of decom- 

posing Spartina alterniflora is supported by evidence 

from an investigation of N incorporation into standing 

dead S. alterniflora in Great Sippewisset Marsh (White 

& Howes 1994). That study revealed that 50 to 65 O/o of 

the total N pool in detrital S. alterniflora is derived 

from external sources. Further, the incorporation of the 

external N into the detritus was greater in the spring 

and summer months, which is also the time of highest 

N2-fixation rates associated with standing dead S. 

alterniflora (Newel1 et  al. 1992, Currin 1994), and pre- 

sumably the time of highest microbial activity as well. 

If the external N source was fixed N, or 15N-depleted 

NH,, then one would expect a decrease in the 6I5N 

signature from live to detrital S. alterniflora. 

The observation of a large difference in 634S values 

for live Spartina alterniflora from the natural and trans- 

planted marshes is consistent with previous reports of 

S. alterniflora uptake of porewater sulfide. The process 

of sulfate reduction in salt marsh sediments yields 

isotopically light porewater sulfide, and the uptake of 

sulfide by S. alterniflora has been demonstrated to 

yield plant tissue depleted in 634S (Carlson & Forrest 

1982). Redox potential in the natural marsh was more 

negative than in the transplanted marsh (Eh = -150 

versus 50 mV at  5 cm depth),  and natural marsh pore- 

water had higher sulfide concentrations (5 to 10 ppm 

versus 0 to 5 ppm; L. Hartley & S. Broome pers. comm.). 

The more negative 634S value of natural marsh S. 

alterniflora may therefore reflect increased sulfide 

uptake and incorporation into plant tissue. Seasonal 

changes in plant 634S values could also result from 

variable rates of sulfide uptake, as marsh porewater 

sulfide concentrations may increase during summer 

months due  to high rates of sulfate reduction (Howarth 

& Giblin 1983). Increased porewater sulfide concentra- 

tions may explain the lighter F3,S values of senescent 

S. alterniflora collected in September, relative to plants 

collected in June from the transplanted marsh 

(Table 1).  A similar seasonal shift was reported for 

short S. alterniflora in Great Sippiwisset Marsh, and 

differences in the h3,S values between tall and short S. 

alterniflora were also attributed to differences in pore- 

water sulfide concentrations (Peterson et al. 1986). 

Standing dead stems collected in the natural and 

transplanted marsh consistently had heavier 634S val- 

ues (range 8.4 to 12.9%0) than any previously reported 

for living Spartina alterniflora tissue (Table 3) .  The 

relatively heavy 634S of standing dead S. alterniflora, 

however, cannot be attributed to changes in porewater 

sulfide concentration or its isotopic composition. 

Rather, the standing dead 634S values represent a shift 

in isotopic composition within the plant tissue, as 

senescent tissue collected in November had 634S 

values near 0%, and plant uptake of porewater does 

not occur after senescence. 

We consider here several, nonexclusive, mecha- 

nisms for the observed shift in the F3% of standing 

dead Spartina alterniflora. One possibility is that a s  the 

plant decomposes, organic compounds that have a 

lighter 634S value are  selectively decomposed or lost, 

resulting in isotopically heavier tissue. However, there 

is no evidence that the primary forms of organic S in 

plants (amino acids and sulfolipids) have different 634S 

values (Krouse e t  al. 1991, Trust & Fry 1992). There 

is some evidence that the soluble organic, insoluble 

organic, and inorganic S fractions in plants demon- 

strate isotopic fractionation, with mineral S being en- 

riched in 34S (Nriagu et  al. 1991). If aerial decomposi- 

tion of S, alterniflora alterniflora resulted in a 

preferential loss of soluble organic S over inorganic S ,  

then a slight enrichment in 34S may occur. However, 

the difference between tissue sulfate and organic S is 

only 2 to 3x0  (Carlson & Forrest 1982, Nriagu et  al. 

1991), and thus is not enough to account for the 

observed shift. It should also be noted that S. alterni- 

flora releases dimethyl sulfide (DMS) and that emis- 

sions may increase during leaf senescence (Dacey et 

al. 1987). In cucumber plants, DMS en~issions were de- 

pleted in 34S by 15%0 (Winner et al. 1981). Although the 

concentration of dimethylsulphoniopropinate (DMSP), 

a precursor of DMS, may represent a substantial por- 

tion of the organic S in S. alterniflora tissues, the daily 

turnover rate of DMSP to DMS has been estimated 

at  less than 1 %  (Dacey et  al. 1987). At present, the 

degree to which the metabolism of DMSP contributes 

to the observed changes in standing dead S. alterni- 

flora 634S in unknown. 

Another hypothesis is that the standing dead tissue 

becomes enriched in 34S via microbial production. 

Newel1 et  al. (1989) estimated that fungal biomass 

formed > 90 % of the microbial standing crop and that C 

flow to fungal biomass was 4 to 5 times that to bacterial 

biomass. The average S content of a terrestrial fungus is 

0.3 % (Saggar et al. 1981). Fungi can obtain S from sea- 

water sulfate during periods of inundation, via assimila- 

tory sulfate reduction (Griffin 1981). Seawater sulfate 

has a 634S value of +20%0. If w e  assume that living fun- 

gal biomass represents 10 to 20 % of the organic content 

of standing dead Spartina alternlflora (Newell 1993) and 

is 0.3% S on an  AFDW basis, and that fungi obtain all 

their S from seawater sulfate, then 1 g of standing dead 

tissue would contain 0.3 to 0.6 mg  of +20%0 S.  If this 

were added to 3 mg  of plant S (standing dead tissue = 

0.3 % S, S. Broome pers. comm.) with a 634S of OYm, there 

would be a shift in the total 634S of +2.6%0. In order for 
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fungal metabolism to account for the significant shift (ca 

+10%0) observed, fungal S must constitute half of the 

total S in standing dead S. alterniflora. This is possible, 

as there is a rapid loss of amino acids during the initial 

period of S. alterniflora decomposition (Buschbaum et 

al. 1991), and proteins are probably the major reservoir 

of organic S. Additionally, llve plus dead fungal biomass 

may be 2 times greater than live fungal biomass (Newel1 

1992). Little is known about S content or potential pecu- 

liarities of S metabolism in fungi that are restricted to the 

saltmarsh environment. It is possible that salt marsh 

fungi could sequester relatively large quantities of S, for 

example, as choline sulfate (Saggar et  al. 1981) and 

perhaps as dimethyl sulfur compounds that could serve 

as osmolytes (Slaughter 1989, Pakulski & Kiene 1992). 

Terrestrial fungi are known to respond to increases in 

ambient S concentrations (from 1 to 16 pg S ml-l) by 

increasing their sequestering of S by 2.6 times (Saggar 

et al. 1981). Seawater S content is much greater (about 

880 pg rnl-l ;  Sverdrup et al. 1942) than the range used 

by Saggar et  al. (1981). 

PORT MARSH STAM ISOTOPE VPUlES 

LSP 

Fig. 2. Plot of 6C13 VS S3% values for primary producers and 
consumers from Port Marsh, expressed as  parts per mil (%o). 

Primary producer groups include: PHY, phytoplankton; BMA, 
benthic macroalgae; BMI, benthic microalgae; EPI, epiphytic 
microalgae on standing dead Spartina alterniflora; LSP, live S. 

alterniflora; and DSP, standing dead S. alterniflora. Senescent 
S. altemiflora 634S values fell within the LSP box. Consumers 

include: llyarlassa obsoleta, 2; Uca spp., 3; Littoraria irrorata, 
4; Fundulus heteroclitus, 5; and E m q a l ~ s ,  6 .  S values for BMA 
and PHY are based on literature values; all other points are 
mean values from Tables 1 & 2. Boxes around primary pro- 

ducer groups illustrate the range of values for each group 

Fig. 3. Plot of 6C13 vs 6I5N values for primary producers and 
consumers from Port Marsh, expressed as parts per mil (%). 

PHY, phytoplankton; BMA, benthic macroalgae; BMI, benthic 
microalgae; EPI, epiphytic microalgae on standing dead 
Spartina alterniflora; LSP, live S alterniflora; and DSP, stand- 
ing dead S. alterniflora. Senescent S. alternlflora 6 1 5 ~  values 
fell within the LSP box. Consumers include: Ilyanassa obso- 
leta, 2; Uca spp., 3; Littoraria irrorata, 4; Fundulus heterocli- 
tus, 5 ;  and E majalis, 6. Points are mean values from Tables 1 
& 2.  Boxes around primary producer groups illustrate the 

range of values for each group 

Port Marsh food webs 

Dual isotope plots are frequently employed to exam- 

ine trophic relationships between primary producers 

and consumers. Results for Port Marsh are plotted as 

613C VS 634S (Fig. 2) and 613C vs 6I5N (Fig. 3). The 

vectors in these plots illustrate the direction and 

magnitude of shifts in the stable isotopic ratio of C, N, 

or S in assimilation by consumer organisms. The 

trophic shift in C and S assimilation is small, usually 

*l%o (DeNiro & Epstein 1978, Peterson & Howarth 

1987, Krouse et al. 1991), and thus animals should 

cluster near their respective food source in 6I3C VS 634S 

plots. Data from Port Marsh plotted in this fashion 

indicate that benthic microalgae and standing dead 

Spartina alterniflora are important dietary components 

of Uca spp., Ilyanassa obsoleta, and Littoraria irrorata 

(Fig. 2). Fundulus spp., which are second level con- 

sumers, have the lightest 6"s values, suggesting a 

discrimination against 34S in fauna1 assimilation. L. 

irrorata, which grazes on standing dead shoots and the 

marsh surface, and attains densities of over 100 ind. 
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m-' of marsh (Newel1 et  al. 1989), exhibits the heaviest 

faunal 634S values. This provides indirect evidence 

of 34S enrichment in fungal biomass, as L. irrorata 

selectively ingest fungal biomass from standing dead 

S. alternjflora (Newel1 & Barlocher 1993). 

The 613C VS 6I5N plot (Fig. 3) also provides strong 

evidence for the importance of benthic microalgae and 

standing dead Spartina alte~niflora in the Port Marsh 

food web, and the potential importance of NZ-fixing 

microorganisms. As illustrated by the vector in Fig. 3, 

the trophic shift in N assimilation is usually 2 to 4%0 

(DeNiro & Epstein 1981). It appears that benthic 

microalgae and standing dead S. alterniflora may be 

the primary dietary components of Uca spp. and Litto- 

raria irrorata. The low 6I5N values for these organisms 

virtually rule out a significant dietary contribution from 

phytoplankton, live S. alterniflora, or benthic macro- 

algae. 

The fiddler crabs Uca pugnax and U. pugilator are 

anlong the most abundant macroinvertebrates in salt 

marshes along the Atlantic coast. Both crabs are omni- 

vores and ingest vascular plant detritus and associated 

microbes, benthic microalgae, and sediment grains 

(Montague 1980). U. pugilator is found on sandier 

sediments and has a lower 6% than U. pugnax, which 

is found in muddy sediments. The lower 615N value of 

U. pugilator may be due to the relatively high abun- 

dance of N2-fixing cyanobacteria in sandy areas of the 

marsh (Carpenter et al. 1978, Currin et al. in press). 

Previously, the trophic importance of N2-fixing micro- 

organisms has been demonstrated with evidence from 

stable isotope analysis in a salt marsh (Peterson et al. 

1985) and in other marine ecosystems (Fry et al. 1983, 

Pulich & Scalan 1987). 

Fundulus heteroclitus, the marsh killifish, is an abun- 

dant predator in southeastern estuaries and feeds on 

the salt marsh surface during periods of submergence. 

Its primary prey items are the fiddler crab Uca pugnax, 

polychaetes, and other small crustaceans (Kneib et al. 

1980). The C, N, and S isotope values of animals 

collected from Port Marsh were similar to values 

reported for other specimens analyzed from Georgia 

and North Carolina marshes, but were different 

from values reported from a Massachusetts salt marsh 

(Tables 2 & 3). E rnajalis, the longnose killifish, prefers 

sandy substrates and, although absent from the natural 

marsh, was abundant in the transplanted marsh. The 

613C of E rnajalis in the transplanted marsh was 

heavier than that reported for specimens from a Mis- 

sissippi marsh, and the 634S values were lighter 

(Sullivan & Moncreiff 1990; see Table 3). However, 

Port Marsh F: rnajalis had similar 6I5N values to those 

reported in Mississippi (Table 3). Based on Port Marsh 

and literature C and N isotope values, it appears that 

both predatory Fundulus spp. could ultimately rely on 

benthic microalgal and standing dead Spartina alterni- 

flora production. 

Ilyanassa obsoleta, the marsh mud snail, is found in 

the lower intertidal region of salt marshes. It is a 

deposit feeder and can attain densities of over 500 to 

1000 ind. m-' (Pace et al. 1979, authors' pers. obs.). 

I. obsoleta can exist on an algal diet, and at natural 

densities, its grazing activity can significantly reduce 

microalgal biomass and productivity (Pace et al. 1979). 

It is unknown whether the relative enrichment in 15N 

in I. obsoleta, relative to the other grazers examined, is 

due to greater assimilation of animal tissue, or from 

grazing plant material with a heavier S1'N value. The 

6I5N of subtidal sediment was l.8%0 heavier than that 

of upper intertidal sediment (Table l), and so I. obso- 

leta's position in the lower intertidal zone may con- 

tribute to its heavier N isotope value. 

Standing dead Spartina alterniflora and benthic 

microalgae in estuarine food webs 

Most previous studies utilizing a stable isotope 

approach to salt marsh food webs have used the iso- 

topic signature of live Spartina alterniflora tissue as an 

end member in calculations of food web isotopic mass 

balance (Haines 1976, Haines & Montague 1979, 

Peterson et al. 1986, Peterson & Howarth 1987, Deegan 

et al. 1990, Sullivan & Moncreiff 1990). The data pre- 

sented here demonstrate that the 6I5N and 634S values 

of standing dead S. alterniflora are distinct from the 

isotopic values of live S. alterniflora, while the 613C 

value of standing dead tissue is similar to that of live 

tissue (Fig. 1). A comparison of the stable isotopic com- 

position of fauna from Great Sippiwisset marsh, where 

ice pushes S. alterniflora onto the marsh surface during 

winter, to fauna from ice-free Sapelo Island marsh may 

illustrate the importance of incorporating the isotopic 

value of aerially decomposed S,  alterniflora into salt 

marsh food web models. Peterson & Howarth (1987) 

reported that fauna from Sapelo Island had 634S values 

that were 6%0 heavier than fauna from the Sippiwisset 

marsh. This difference is not entirely explained by the 

3%0 difference in live S, alterniflora tissue between the 

2 marshes (Peterson & Howarth 1987), but is consistent 

with the utilization of 34S-enriched standing dead S. 

alterniflora in the southern marsh. It is clear that using 

the isotopic values of standing dead S. alterniflora in 

food web analyses will provide a different picture of 

the importance of S. alterniflora as a food resource 

(Fig. 2). 

In order to illustrate this point, stable C, N, and S 

isotope values were compiled from the literature for 

Spartina alterniflora and estuarine microalgae, macro- 

algae, and phytoplankton, and for the faunal species 
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sampled in this study (Table 3). The values for S. 

alterniflora are restricted to samples from the East or 

Gulf coasts of North America. Phytoplankton values 

are from East Coast estuaries, except those for plank- 

tonic cyanobacterial blooms in the Gulf of Mexico 

which are included for comparative purposes. Benthic 

macroalgal isotopic values are from samples collected 

worldwide, to demonstrate that the wide range in 613C 

values from the Port Marsh is representative of the 

situation in many environments (Tables 1 & 3). Benthic 

microalgal isotopic values include 8 previous reports of 

salt marsh microalgae. In addition, we have included 

isotopic values of benthic microalgae from other inter- 

tidal estuarine environments, including several cyano- 

bacterial mats (Table 3). Isotopic values for selected 

salt marsh macrofauna and meiofauna are also 

restricted to published values from the Atlantic and 

Gulf coasts of North America. 

Living Spartina alterniflora tissue has a fairly narrow 

range of 6I3C values, and as demonstrated in this 

study, standing dead S. alterniflora has a C isotopic 

signature similar to that of live tissue (see Figs. 1 & 5). 

LmRATURE VALUES 

m,o/ 1 

Fig. 4. Plot of &Cl3 vs S3'S values for primary producers and 
consumers from literature values assembled in Table 3, ex- 
pressed as parts per mil (%). Primary producer groups in- 
clude: PHY, phytoplankton; BMA, benthic macroalgae; BMI, 

benthic microalgae; LSP, live and senescent Spartina alterni- 
flora; and DSP, standing dead S. alterniflora. The large boxes 
around each primary producer represent the standard error of 
the mean value (small box) from Table 3. Consumers include: 
Ilyanassa obsoleta, 2; Uca pugnax, 3; U. pugilator, 4; Littoraria 
irrorata, 5; Fundulus heteroclitus, 6; and E rnajalis, 7. Error 

bars for faunal values represent the standard error of the mean 

UTEPANRE VALUES 

L l  

Fig. 5. Plot of 6CI3 vs F'% values for primary producers and 
consumers from literature values assembled in Table 3, ex- 
pressed as parts per mil (%o). Primary producer groups in- 
clude: PHY, phytoplankton; BMA, benthic macroalgae; BMI, 
benthic microalgae; LSP, live and senescent Spartina alterni- 
flora; DSP, standing dead S. alternlflora, and DTS, sedimen- 
tary detntal S, alterniflora. The large boxes around each pri- 
mary producer represent the standard error of the mean value 
(small box) from Table 3. Consumers include: Ilyanassa obso- 
leta, 2; Uca pugnax, 3; U, pugilator, 4;  Littoraria irrorata, 5; 

Fundulus heteroclitus, 6; F: majalis, 7; and meiofauna, 8. Error 
bars around faunal values were excluded for clanty, however. 

these values are given in Table 3 

0 

The range in 615N values of live S, alterniflora is much 

larger (1.6 to 15.3%0), and its mean 615N value (5.8%0) 

is heavier than that (2.5%o) reported for standing dead 

S, alterniflora (Table 3). Standing dead S. alterniflora 

has a h3% value distinct from that of live S. alterniflora, 

and this shift places the box representing standing 

dead tissue in the dual isotope plot (Fig. 4) to a position 

distinct from live S. alterniflora. Similarly, the decrease 

in the 6I5N value places the box representing standing 

dead S. alterniflora in a dual isotope plot (Fig. 5) in a 

position removed from live S. alterniflora. In both 

cases, the shifts place standing dead S,  alterniflora into 

a position that is more likely to represent a potential 

food source of the consumer organisms. However, it is 

clear from 6I3C values that live or standing dead S. 

alterniflora cannot be the sole food resource of any of 

the consumers shown in these figures. Based on a hi3C 

of ca 1 5 % o ,  sedimentary S. alterniflora particles could 

be an important C source for salt marsh consumer 

organisms (Fig. 5). Unfortunately, 6I5N values for sedi- 
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mentary S. alterniflora detritus are few and disparate 

(Table 2), and 634S values are unavailable, so that the 

importance of this detrital fraction remains difficult 

to determine. 

To our knowledge, benthic macroalgae (e.g. Ulva 

sp.) have never been included on a published salt 

marsh dual isotope plot. The range in N and S isotopic 

values of benthic macroalgae are relatively narrow 

and overlap reported N and S values for phytoplank- 

ton. In contrast, the range in macroalgal 6I3C is 

impressively large and has been well documented 

(Maberly et al. 1992). The box representing benthic 

macroalgal isotopic signatures intersects the range of 

probable food resources in Figs. 4 & 5. Improved sam- 

ple replication and additional study is required before 

the role of benthic macroalgae in salt marsh food webs 

can be determined with stable isotope analysis. 

Phytoplankton are farther removed from consumer 

organisms than any other primary producer group in 

Figs. 4 & 5. It should be noted that most published 

values are from open estuarine waters rather than from 

within a salt marsh. As a source of isotopically light 

C to 'balance' the heavy C of Spartina alterniflora, 

phytoplankton have often been considered an impor- 

tant food resource in salt marsh food webs (Haines 

1976, Haines & Montague 1979, Peterson et al. 1986). 

Although phytoplankton undoubtedly play a role in 

the nutrition of many marsh consumers, Figs. 4 & 5 

illustrate that many options besides a blend of phyto- 

plankton and live S. alterniflora exist to explain 

the observed isotopic signature of marsh consumer 

organisms. 

Port Marsh microalgal SI3C values obtained from 

July and September (-13.0%0, -14.8%0) are heavier 

than previous reports of salt marsh benthic microalgae 

from food web studies (Haines 1976, Peterson & 

Howarth 1987, Moncreiff & Sullivan 1990), but are 

similar to other collections of salt marsh or mudflat 

microalgae (Schwinghamer et al. 1983, Couch 1989, 

see Table 3). The mean 6I3C value of benthic micro- 

algae collected in April (-17.5%0) is closer to the values 

of salt marsh benthic microalgae reported in previous 

salt marsh food web studies. Variation in the 6I3C 

values of planktonic microalgae and marine macro- 

algae has been attributed to variations in the 6I3C of 

dissolved inorganic carbon (DIC) due to photosynthe- 

sis and respiration, and to the physiological response of 

algae to DIC limitation (Fry & Wainwright 1991, Fogel 

et al. 1992, Johnston & Raven 1992, Simenstad et  al. 

1993). These conditions would be especially likely to 

occur at the sediment-water interface, where micro- 

algal productivity and microbial respiration are high 

(DesMarais et al. 1989). Although the variation in the 

stable isotope composition of benthic algae has been 

recognized for years (Fry & Sherr 1984), relatively few 

measurements of salt marsh microalgae have been 

made and the most frequently cited value cf. 

Fry & Sherr 1984) is lighter than the C isotopic compo- 

sition of many salt marsh microalgae (Table 3). Based 

on reports of heavier 6I3C values for pelagic cyano- 

bacteria (Calder & Parker 1973, Fry & Sherr 1984) and 

benthic cyanobacteria (Calder & Parker 1973, Pulich & 

Scalan 1987, Des Marais et al. 1989; also see Table 3),  

613C values heavier than 1 ? % 0  may be especially 

prevalent in environments where cyanobacteria make 

a significant contribution to microalgal biomass. A 

compilation of estuarine benthic microalgal stable 

isotopic values (Table 3) reveals an average of -14.9%0 

for the reported values. At a given site, a range in S13C 

values can be due to both community composition 

(Pulich & Scalan 1987) and to seasonal differences 

within a species (Schwinghamer et al. 1983). 

There are much less data available for N and S 

isotopic values for benthic microalgae, and these 

numbers also exhibit a wide range (Table 3). The 6I5N 

values obtained for Port Marsh benthic and epiphytic 

microalgae are lower than values previously reported 

from salt marsh microalgal communities (Table 3). 

These values probably reflect an increased abundance 

of N2-fixing microorganisms (Currin et al. in press), 

and are most similar to S15N values from a cyano- 

bacterial mat in Texas (Pulich & Scalan 1987) and from 

another transplanted salt marsh in North Carolina 

(Craft et al. 1988; see Table 3). 6I5N values near zero 

may also result from isotopic fractionation during 

ammonium uptake (Wada & Hattori 1991, Hoch et al. 

1992), or from utilization of 15N-depleted DIN (Paerl & 

Fogel 1994). 

The 634S values obtained for the Port Marsh benthic 

and epiphytic microalgae are lighter than what has 

previously been reported (Table 3). The benthic micro- 

algal sample analyzed in this study was separated from 

the marsh sediment prior to analysis, and it might be 

expected that a sample that had presumably excluded 

inorganic sulfides might have a heavier 634S than a 

sample which contained sedimentary particles. There- 

fore, it is somewhat surprising that the benthic micro- 

algal 634S values we obtained are lighter than the 

benthic microalgal 634S values reported by Peterson et 

al. (1986) and Sullivan & Moncreiff (1990) for samples 

which were not isolated from sedimentary particles. 

The reasons for this discrepancy are unknown, and 

deserve further attention, as S isotopic values are 

critical in distinguishing primary producers with over- 

lapping C values (Peterson et  al. 1985). The variations 

in the isotopic signatures of benthic microalgae point 

out the necessity of obtaining samples free from conta- 

minating sediment or detritus, particularly in samples 

for S and N analysis, as the microalgal signal may be 

easily obscured by inorganic and detrital material. 
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Sullivan & Moncreiff (1990) used results from mul- 

tiple stable isotope analysis as evidence of the impor- 

tance of benthic algae in Mississippi salt marsh food 

webs. The C, N, and S isotope values from the Missis- 

sippi marsh are rather different from the mean values 

obtained from this study, and would fall closer to the 

box representing benthic macroalgae in Figs. 4 & 5. It 

is apparent that there is extreme variability in isotopic 

signatures possible from organisms occupying variable 

microhabitats. The fauna collected from Mississippi 

also had C, N, and S values outside the norm (Table 3), 

and demonstrated as strong an indication of benthic 

algal utilization as do the Port Marsh fauna1 isotope 

values. 

Based on the C vs N isotopic plot constructed with 

literature values (Fig. 5), it is apparent that given a pre- 

sumptive 3%0 trophic shift in the 6I5N value of con- 

sumers (DeNiro & Epstein 1981), either or both stand- 

ing dead Spartina alterniflora and microalgae are an 

important source of N in the diets of fiddler crabs, 

rneiofauna, Littoraria irrorata, and the carnivorous 

Fundulus spp. This data includes isotope values from 

individuals collected in salt marshes from Nova Scotia 

to Mississippi (Table 3). Both C vs S and C vs N plots 

(Figs. 4 & 5) suggest that microalgae could be the sole 

food source of Uca spp. and that standing dead S. 

alterniflora detritus is a more likely secondary com- 

ponent of Uca spp. diets than phytoplankton, macro 

algae, or living S. alterniflora tissue (Figs. 4 & 5).  

The data presented in this paper demonstrate that 

measures of the isotopic composition of naturally 

occurring Spartina alterniflora detritus are required to 

fully evaluate the role of S. alterniflora in food web 

studies. In the North Carolina marsh we examined, 

benthic microalgae and detrital S. alterniflora are 

important food resources. A wide range in benthic 

microalgal C, N, and S isotopic values is reported in 

the literature, and future studies should include sea- 

sonal analyses of this potentially important part of 

estuarine food webs. 
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