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ABSTRACT: The  extensive spread of  Phragmites australis throughout brackish marshes on the East Coast of  the Uni ted  
States is a major factor governing management  and restoration decis ions because  it is assumed that b iogeochemical  
functions are altered by the invasion° Microbial activity is important in providing wetland biogeochemical  functions such 
as carbon and nitrogen cycling, but there is little known about sediment  microbial communit ies  in Phragmites marshes.  
Microbial populat ions associated with invasive Phragmites vegetation and with native salt marsh cordgrass,  Sparlirm alg.r- 
nillora , l~lay differ in the relative abundance of  microbial taxa (community  structure) and in the ability o f  this biota to 
d e c o m p o s e  organic substrates (community  b iogeochemical  function).  This  study compares  sediment  microbial commu- 
nities associated with Phragmites and Spartina vegetation in an undisturbed brackish mm~h near Tuckerton,  New Jersey 
(MUL), and in a brackish marsh in the anthropogenical ly affected Hackensack Meadowlands (SMC). We use phosphofipid 
fatty acid (PLFA) analysis and enzymatic activity to profile sediment  microbial communit ies  associated with both plants 
in each site. Sediment  analyses include bulk density, total organic matter, and root biomass.  PLFA profiles indicate that 
the microbial communit ies  differ between sites with the undisturbed site exhibiting greater fatty acid richness (62 PLFA 
recovered from MUL versus 38 from SMC). Activity of  the 5 e r w m e s  anal3,xed (13-glucosidase, acid phosphatase,  chi- 
tobiase,  and 2 oxidases)  was higher in the undisturbed site. Differences  between vegetation spec ies  as measured by 
Principal Components  Analysis were significantly greater at the undisturbed MUL site than at SMC, and patterns of  
enzyme activity and PLFAs did not  correspond to patterns of root binmass.  We suggest that in natural wetland sediments ,  
macrophyte rhizosphere effects influence the comammity composition of sediment  microbial populations.  Physical and 
chemical site disturbances may impose  limits on these rhizosphere effects,  decreasing sediment  microbial divel~i~- and 
potentially, nficrobial biogeochemical fimctions. 

I n t r o d u c t i o n  

The increasing dominance  of  Phragmites australis 
(Cav.) Trin. ex. Steud. (hereafter Ph'ragmites) in 
brackish estuarine marshes has been a cause of  ma- 
jo r  concern,  and has sparked extensive and expen- 
sive efforts to restore Spard~za species to these 
marshes (Meyerson et al. 2000; Rooth  and Steven- 
son 2000; Rice et al. 2000). Restoration efforts are 
ot~en justified in terms of' lost or altered biogeo- 
chemical f lmctions associated with Photo, mites in= 
vasions. While these restoration efforts have stim- 
ulated many studies of  the comparative ability of  
Phra~dtes and 5j)art, ina to support  vertebrate and 
invertebrate fmmas ('vVeinstein and Balletto 1999; 
Wainwright et al. 2000; }Veis and }Veis 2000), little 
attention has been paid to the microbial biota of  
the sediments. This biota is critical to the per fb> 
mance  of  b iogeochemical  functions, inchtding the 
storage or emission of  carbon (Brix et al. 1992), 
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ni t rogen cycling (Windham in press), and the bio- 
degradat ion of  toxic c o m p o u n d s  (Alder et al. 1993; 
Adriaens and Vogel 1995; Haggblom et al. 2000). 

In this study we compare  microbial  comnmni ty  
structure and biogeochemical  f lmctional capacity 
in Ph~g'mites and 8])artina aIt~o~,iJlo'ra I,oisel (here- 
after 8[artina ) sediments from disturbed and u n -  

d i s t u r b e d  sites to de termine  whether  plant  species 
and an th ropogen ic  disturbances alter the micro- 
bial c o m p o n e n t  of  the marsh ecosystem. We hy- 
pothesized that because the roo t  systems of  Phrag- 
mites and S])arti'~a differ substantially in morphol -  
o ~  ~ (size and relative abundance  of  rhizomes and 
roots), total biomass, spatial distribution, and the 
mechanisms of  oxygen t ransport  and radial o ~ g e n  
loss (Valiela ct al. 1976; Howcs et al. 1981; ~ ' m s -  
t rong et al. 1996; Grosse et al. 1996; Windham 
2001), the microbiota associated with their rhizo= 
spheres would differ in both c o m m u n i ~  composi- 
tion and biogeochemical  flmctions. 

Evidence, primarily fl~om stndies of  upland soils, 
has clearly shown that microbial communi ly  corn- 
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position and biogeochemical  f lmctions respond to 
changes in the phmt  communi ty  (Wcstover et al. 
1997; Grayston ct al. 1998; Ehrenfeld 2001). A 
n u m b e r  of  studies using metabolic profiles, phos- 
phol ipid fatty acid composit ion,  and DNA analysis 
have d e m o n s t r a t e d  tha t  mic rob ia l  c o m m u n i t y  
structure differs in rhizosphere soils of  different 
co-occurr ing plant  species (Borga et al. 1994; Wes- 
tover et al. 1997; Grayston et al. 1998). }~qfile these 
studies used upland plants, several studies of  wet- 
land macrophytes  have shown that these species 
also at'fi~ct the microbial populat ions  in their rhi- 
zospheres (Ludemann  et al. 52000; Piceno and Lov- 
ell 2000; Bergholz c ta l .  2001; Lovcll et al. 2001). 
For example, diazotroph (nitrogen-fixing) popu-  
lations differ in composit ion and abundance  be- 
tween Sparti~ta rhizospheres and the rhizospheres 
of  o ther  plants or root-flee bulk soils (Gan@ and 
Yoch ] 988; Piceno et al. 1999). If  the sediment  mi- 
crobiota of  coastal wetlands are sensitive to the spe- 
cies identity of  the macrophyte  communieT; then 
changes in species composit ion,  such as Pltmgmil, es 
inw~sions or the reestablishment of  Sparti.na in 
I)hragmites-dominated sites, may alter this biota po- 
tentially atli~cfing the biogeochemical  f imctions 
they perform.  

Microbial communi t ies  are also attL'cted by the 
presence of  contaminants.  Toxic c o m p o u n d s  can 
affect the relatNe abundance  and activi V of  differ- 
ent  microbial species, and the use of  these contam- 
inants as carbon sources by compe ten t  microbes 
may select for a particular microbial communi ty  
composi t ion (Wolfaardt et al. 1994; Moiler et al. 
1997; Karthikcyan et al. 1999). 

This study uses two methods  to compare  the bio- 
geochemical  f lmcfions and communi ty  structure of  
the sediment  microbiota  under  P;tmgmites and 
,Spa rtina in both  contaminated  and uncontaminat -  
ed brackish marshes. Measurements  of  extracellu- 
lar enzyme actNi V provide an index of  microbial 
ability to carry out  key" processes that provide bio- 
geochemical  flmctions (Sinsabaugh 1994; Sinsa- 
baugh and Moorhead  1994; Sinsabaugh et al. 
1993). This enzyme activity has proven sensitNe to 
envi ronment  disturbance (Nannipieri  et al. 1990; 
Dick and Tabatabai 1993). Compar ison of  enzyme 
actNities among  soils is commonly  used in upland 
systems to provide insight into the relative biogeo- 
chemical capacity of  the soil microbiota to carry 
out  decomposi t ion  and nutr ient  cycling funct ions 
(Sinsabaugh 1994). Enzyme activities have also 
been used in a small n u m b e r  of  studies to investi- 
gate the biodegradative f lmction of  constructed 
wet.lands (Kang et al. 1998; Shackle et al. 2000). 

The structure of  a sediment  microbial commu-  
nity can be examined by looking at the set of  phos- 
phol ipid fatty acids (PLFAs) in the sediments. 

PLFAs are key componen t s  of  microbial cell mem- 
branes, and because different groups of  microor- 
ganisms p roduce  unique  types and suit:cs of  thtty 
acids, the structure of  the microbial communi ty  
can be examined by looking at the set of  PI.FAs 
extractable from a sediment  sample (Borga et al. 
1994; \,~fite et al. 1996; Haggblom et al. 2000). 
Used in conjunct ion with each other, these tech- 
niques can provide insight into the eft%cts of  dif- 
tbrent  plant  species on sediment  microbial  com- 
munities. We used these techniques to test the hy- 
potheses that sediment  microbial  communi t ies  are 
difti~rent below l~hmgmites and Sparti~la vegetation, 
and these diftbrcnces are consistently observed at 
difli~rent sites. 

M e t h o d s  

Adjacent populat ions  of  Phragmites and Sparti~la 
were located on Saw Mill Creek in the Hackensack 
Meadowlands, New Jersey (40°46'N, 74°06'W; re- 
ferred to as SMC), and on an u n n a m e d  tidal creek 
of  the Mullica Riw~g west of  the Garden State Park= 
way about  7 km from the river m o n t h  (39°33'N, 
74°28'W; referred to as MUL). Saw Mill Creek has 
had a lengthy history of  disturbances from the 
presence of  a w~riety of  industrial and regional  con= 
taminants such as heax T metals, chlorinated hydro- 
carbons, polycyclic hydrocarbons,  and other  toxic 
c o m p o u n d s  (Kennish 1992), as well as numerous  
physical disturbances such as ditching and tidal ob- 
struction (Quinn 1997). SMC waters are brackish 
(salinities of  12-18%0, Bart personal  communica-  
tion), t{ea~ T metal concentra t ions  in the water col- 
u m n  are well above background.  Median concen-  
trations measured  over a 5-yr per iod (1994--1999) 
were 25.9 b~g 1 1 Cd, 18.5 b~g 1 1 C1; 28.9 b~g 1 1 Cu, 
and 151 Ixg 1 i Pb (New Jersey Meadowlands Com- 
mission unpubl ished data). Water co lumn metal 
concentrat ions,  in turn, affect SMC sediment  metal 
concentra t ions  (105 Ixg g 1 Cu, 205 Ixg g 1 Zn, 156 
Ixg g 1 C~; 2.8 btg g 1 Hg, and 176 btg g 1 Pb [Weis 
personM communica t ion] ) .  The SMC marsh is lo- 
cated between the eastern and western branches 
of  the New Jersey Turnpike,  and bounded  on the 
nor th  and south by major  road and railroad cor- 
ridors. In contrast, the MUL site is b o u n d e d  on 
the inland side by the largest pro tec ted  watershed 
in the nor theast  (the Pinelands National  Reserw~), 
and is part  of  the Jacques Coustean National  Es- 
tuarine Research Reserve on the seaward side; 
there is virtually no industrial activity within the 
watershed. The  MUI, stu@ area is also brackish, 
with sMinities of  about  ] 8%o. 

At both  sites, transects 12 m in length, parallel 
to the main surface water channel,  were estab- 
lished starting at a randomly  chosen point  within 
monospecif ic  populat ions  of  each species. Three  



plots, each 4 m 2, were marked at 2-m interwfls 
along the transect. Three  replicate sediment  cores 
extending to 70-cm depth  were randomly extract, 
ed within each plot using a Russian peat  corer  
(Aquatic Research Instruments)  dur ing July-Au- 
gust 2001. All cores were extracted within 2 h of  
low tide, and wrapped in gas-impermeable Saran 
wrap for t ransport  to tile laboratory, where they 
were divided into 10-cm subsections. Each of  these 
sections was subsampled for moisture content  
(g rav imet r ic  analysis),  o rgan i c  m a t t e r  c o n t e n t  
(loss-on-ignition at 500°C), and bulk density (using 
a 1 cm deep X 1 cm diam ring pushed into the 
core section, dried, and then weighed). 'i\vo ad- 
ditional sets of  subsamples were taken f rom the 0 -  
10, 30-40, and 60-70 cm subsections. Subsamples 
were processed immediately for enzyme activities 
or frozen at - 20°C  for later PLFA analysis as de- 
scribed below. 

Root  and rhizome biomass was de te rmined  from 
samples obtained by excavating soil blocks within 
each of  the plots. This me thod  was used because 
prel iminary sampling at SMC suggested that: the 
peat  corer  was no t  adequately sampling larger rhi- 
zomes. At SMC, rectangular  blocks (15 × 44 × 10 
cm) were excaw~ted using a metal fl-ame to define 
the block. Aboveground  vegetation was (:lipped to 
the marsh surface, and the f rame inserted into the 
sediments to a depth of  10 cm using a sharp knife 
and a shovel to cut the root  mat, and then to re- 
move the intact block. At MUL a circular metal 
frame (8.'5 X 11 cm) was used. Blocks were tran> 
por ted  to the laboratory where sediments were 
washed fl~om the roots and rhizomes. Because of  
the large mass of  material and the interwoven na- 
ture of  diffL'rent root  sizes and status, no a t t e m p t  
was made  to separate live and dead roots or rhi- 
zomes. Washed biomass was dried at: 70°C to con- 
stant weight. 

PttOSPtIOLIPH) FxI"I'Y ACID ANALYSIS 

The m e t h o d  of  PLFA analysis described by White 
et al. (1979) was slightly modified. Samples were 
thawed and dewatered by centrifiaging, and dupli- 
cate subsamples were run for each extraction. Fatty 
acids were extracted using a single-phase chloro- 
tbrm:mcthanol :0 .05 M phosphate  buftbr (pH 7.5) 
solvent. The concentra ted  ch loroform extract was 
separated into lipid fl'acfions on a silicic acid col- 
u m n  using the me thod  of  King et al. (1977). The 
phosphol ip id  flmcdon was eluted with methanol ,  
saponified, and methylated according to protocols  
for the Microbial Identification System (MIDI 
1995). The MIDI Sherlock Microbial Identification 
System (MIS, Microbial ID, Newark, Delaware) was 
used to identi~ ~ individual fatty acid methyl esters 
based on their gas chromatograph  (GC) retent ion 
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time. Individual fatb r acids were quantified as a per- 
(enrage of  the total fatty acids recovered f rom the 
sample. Fatty acids contr ibut ing < 1% of the total 
amoun t  extracted f rom each sample or observed 
in only one sample were eliminated from the data 
set, leaving 41 fatty acids for statistical analysis. 

ENZ~'.~E ANAI XSIS 

Using the methods  of  Sinsabaugh et al. (1993), 
the activity of  5 extracellular enzymes related to 
carbon (C), ni t rogen (N), phosphorus  (P), and 
soil organic matter  (SOM) cycling were measured.  
~-glucosidase (E.C. 3.2.1.21 ), an enzyme impor tan t  
in degradat ion of  cm'bohydrates, was used as an 
indicator of  C cycling potential.  ~-N-acetylglucosa- 
minidase (E.C. 3.2.1.30), commonly  known as chi- 
tobiase, is involved in degradat ion of  the N-con= 
raining fungal  cell wall c o m p o u n d  acetylglucosa- 
mine, and was used as the N-related enzyme. Acid 
phosphatase  (E.C. 3.1.3.2), an enzyme necessary 
for the degradat ion of  P containing organic mol- 
ecules, was used as an indicator of  P cycling poten- 
tiM. 'I~'o enzymes active in the degradat ion of  com- 
plex  o rgan i c  substrates ,  p h e n o l  ox idase  (E.C. 
1.10.3.2 and E.C. 1.14.18.1) and pcroxidase (E.C. 
1.11.1.7) were used as indicators of  SOM cycling. 
Ttle substrates used for ~-glucosidase, chitobiase, 
and acid phosphatase  were p-ni t rophenol  (pNP) 
derivat ives tha t  re lease  pNP w h e n  hydro lyzed ,  
which is then analyzed spectrophotometrically.  
Substrates (10 raM) were each dissolw~d in 50 mM 
acetate bufIbr (pH 5) and added  to a sediment  
slurry. Two ml of  slurry were incubated with 2 ml 
of  each substrate at 20°C for the time specified for 
each enzyme. Enzyme and sediment  controls were 
run simultaneously. After incubation the samples 
were centrifitged and 1 ml of' the supernatant  was 
then added  to 0.2 ml of  I N N a O H  followed by 
the addition of  deionized HeO. Absorbance was 
measured on a spcc t rophotomete r  (Spectronic In- 
struments) at 410 nm and enzyme activity ex- 
pressed as b~M substrate g 1 h 1. The same proce- 
dure was used to measure  phenol  oxidase and per- 
oxidase activity using L-DOPA as the substrate. Two 
ml of  sediment  slurry were mixed with 2 ml of  
substrate (plus 0.2 ml of' 0.03% H202 fbr pcroxi- 
dase) and incubated 30 rain at 20°C. Enzyme and 
sediment  controls were run simultaneousl> Sam- 
ples were cemri fuged at 2,500 RPM for 10 min and 
the supernatant  directly used to measure absor- 
bance at 460 ran. Enzyme activity is expressed as 
b~M substratc g 1 h i The peroxidasc assay in- 
cludes the addition of  }I202, and measures the sum 
of phenol  and peroxidase activity. Peroxidase activ- 
it)' alone was obt~fined by subtracting pheno l  oxi- 
dase results f rom the peroxidase total results. 
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Fig. 1. Sediment  characteristics through the profile. (A) 
gravimetric moisture content ,  (B) bulk density, and (C) organic 
matter  (as percent  loss-on-ignition). The results of/wo-way anal- 
yses of  ~ariance are given as the name of  the significant £tctor 
in the ANOVA (Site, Species, or Int for interaction).  

STATIS I'ICAL ANAL'~'ISI S 

S e d i m e n t  cha rac t e r i s t i c s ,  i n c l u d i n g  r o o t  b io-  
mass, were  ana lyzed  us ing two-fhctor analyses of' 
w~riance 0~NOVA; SITE factor :  M U L  versus SMC, 
and  SPECIES fhctor:  Photo, mites and Spartit~a, n = 
3 fbr  each  site-species c o m b i n a t i o n ) .  Two-way AN- 
OVAs were also app l ied  to the  da ta  fl~om each  en- 
zyme and  each fatty acid. Con t ra s t  analysis was 
used  to c o m p a r e  vege ta t ion  effects wi thin  each  
site. Pr inc ipa l  c o m p o n e n t s  analyses were  used  to 
e x a m i n e  pa t t e rns  a m o n g  the  f o u r  site-species com-  
b ina t ions  based  on  the  mul t ivar ia te  sets o f  e n z y m e  
activities and  fatty- acids. 

Resu l t s  

S e d i m e n t  character is t ics  were  d i f fe ren t  be tween  
the  sites (Fig. 1), a l t h o u g h  the  quant i ta t ive  differ- 
ences  a m o n g  the  site-species c o m b i n a t i o n s  for  all 
o f  the  variables were  small. In  mos t  cases, ANOVA 

1 4 , 0 0 0 ~  

12,000 

10,000 

g 
8,000 

6,000 
o 

4,000 

2,000 

• 0-10 cm 
[ ]  10-20 cm 
[ ]  20-30m 

o " ~ - . . . . . . .  
SMC S SMC PH MUL S MUL PH 

Fig. 2. Total root  and rhizome biomass in excavated sedi- 
men t  blocks for the top 30 cm of  sediment.  

rcw~'aled s ignif icant  in te rac t ions  bct~vecn sites a n d  
species, and  con t ras t  analyses demons{ ra t ed  differ- 
en t  re la t ionsh ip  be tween  the  species at the  two 
sites. S e d i m e n t  mo i s tu re  b e n e a t h  Ph'rag~mi~es was 
h ighe r  than  b e n e a t h  S/~artirza in SMC, bu t  the  op- 
posi te  pa t t e rn  was f o u n d  at MUI,  (Fig. l a). T h e  
bulk  densi ty  o f  surface  sed iments  u n d e r  Spartirea 
was lower  than  u n d e r  Ph~g~mites in M U L  b u t  n o t  
SMC, bu t  few o t h e r  d i f fe rences  were  f o u n d  lower  
in the  prof i le  (Fig. l b).  O r g a n i c  ma t t e r  (Fig. l c )  
was consis tent ly  h i g h e r  u n d e r  5~art~i~,a than  u n d e r  
PhraUtdtes at MUL,  bu t  the  oppos i t e  was obse rved  
at ~he SMC site. T h e  abso lme  difli~rence be tween  
the  sites is again relatively small (partictflarly for  
the  two Ph'rag~mi~es popu la t ions ) .  

Total  r o o t  and  r h i z o m e  b iomass  in the  top 10 
cm was h i g h e r  u n d e r  S/Jarti,tta titan u n d e r  Ph~(g'- 
mites at b o t h  sites, and  r o o t  b iomass  was genera l ly  
h i g h e r  at the  d i s tu rbed  SMC site t han  the  undis-  
t u r b e d  M U L  site (Fig. 2; species f ac to r  in two-way 
ANOVA F1,~1 = 9.407, p < 0.01, site fac tor  F1,~1 = 
11.11, p < 0.01 ). N o  signif icant  d i f fe rences  in r o o t  
b iomass  were  f o u n d  fo r  the  lower  layers. 

Pa t te rns  o f  ext race l lu lar  e n z y m e  ac{ivity w~ried 
with b o t h  the  species a n d  the  site (Fig. 3). In  m o s t  
cases two-way ANO'V~ showed  tha t  the  p a t t e r n  o f  
diftL'rences be tween  the  species d e p e n d e d  on  the  
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Fig. 3. Activities (b~M g soil i h 1) of  extrace]hflar enzymes 
of  tile two species at each site, for three sediment  depths.  
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' I A B L E  1. P a t t e r n s  of  s ign i f icance  in /wo-way analyses  o f  v a r i a n c e  an d  1 df  con t ras t s  of  site a n d  species  efti-cts on  ex t r ace l l u l a r  e n z y m e  
activities, fo r  e a c h  o f  t h r e e  s e d i m e n t  d e p t h s  (Top  = 0 -10  cm,  Midd le  = 3 0 -4 0  cm,  B o t t o m  = 6 0 -7 0  c m ) .  P = PhfrGmites, S = Spartina. 
Let t e r s  (a,b,c)  i nd i ca t e  s ign i f icance  level o f  t he  overal l  2-way ANO\~M a n d  n u m b e r s  (1,2,3) i nd i ca t e  s ign i f icance  o f  t d f  con t ras t s  
c o m p a r i n g  species  w i th in  e a c h  site. i n t  = i n t e r a c t i o n  fhc tor  ~,~ p < 0.05, u,e p = 0.01, ~,~; = p < 0.001; "P = S"  ind ica tes  n o  s igni f icant  
d i f f e r e n c e  in 1 d f  contras ts .  

Enzyme Site Top Middle Bottom 

P h e n o x i d a s e  l n t  ~ I n t  ~ In t  ~ 
MUL P > S s P > S ~ P > S s 
SMC S = P S > P:~ S > ps 

Peroxidase Int ° Site c Int b 
MUL S > ps S = P S > ps 
SMC P > S s S = P P > S s 

Chitobiase Int b Int ~ Int b 
MUI, P > S s P > S s P'> S 3 
SMC P = S P = S P > S 3 

{3-Glncosidase Site ~ ( M  > S)  I n £  ° Site ~ 
MUI, P = S S > ps S > p3 
SMC P = S S = P S = P 

A c i d  phosphatase Site b ( M  > S)  S i t e  b ( M  > S )  S i t e  b ( M  > S )  
MUL P > S s P = S P > S ~ 
SMC P = S P = S P > S ~ 

site (Table  1). P h e n o l  oxidase  activities were  h igh-  
er  t r ade r  Phragmil~es t h a n  Sparl, ina al MUL, b u t  the  
oppos i t e  p a t t e r n  was obserw~'d at SMC. Conversely,  
pe rox idase ,  the o t h e r  e n z y m e  i m p l i c a t e d  in  the  
d e g r a d a t i o n  of  l ign in ,  hmnics ,  a n d  o t h e r  c o m p l e x  
substra~es, was h i g h e r  t r ade r  Spartina t h a n  Phrag- 
mites at MUL.  Chi tob iase  h a d  low levels of  activity 
at all sites, b u t  s ignif icant ly  d i f f e r en t  p a t t e r n s  at the  
two sites were  f o u n d  (Phragmites s e d i m e n t s  showed 
g rea t e r  activi V than  d id  ,S~)artina s e d i m e n t s  at MUI ,  
b u t  n o t  SMC). ~-glucosidase showed h i g h e r  sur- 
face s e d i m e n t  activiO" u n d e r  b o t h  species at MU L 
than  at SMC, bu t  h i g h e r  activi~" u n d e r  S/)arti~la 
t h a n  t rader  PhraFmites lower  in  the  profi le .  Acid 
p h o s p h a t a s e  activity was especial ly h igh  in  surface  
s e d i m e n t s  u n d e r  Phf~gmites at MUL,  a n d  all sedi- 
m e n t  samples  fi~om MUL exh ib i Ied  h i g h e r  activity 
t h a n  the  c o r r e s p o n d i n g  s e d i m e n t s  f rom SMC (Fig. 
3). Con t r a s t  analyses (Table  1) showed tha t  diffi~'r- 
ences  be tween  the  species were  c o m m o n l y  ob- 
served for  mos t  enzymes  at mos t  d e p t h s  in M U I ,  
b u t  m o r e  rarely in  SMC. 

P r inc ipa l  c o m p o n e n t s  analysis u s ing  the  5 en-  
zymes at the  4 site-species c o m b i n a t i o n s  (Fig. 4a) 
i n d i c a t e d  tha t  whi le  the  two species were  separaMe 
at: each  site, this d i f f e r ence  was g rea te r  at MU L 
t h a n  at SMC. At  SMC b o t h  species  c lus te red  close 
toge ther ;  at MUL the  Iwo sets of  samples  c lus te red  
f a r t he r  apart .  T h e r e  was n o  t e n d e n c y  fbr  the  two 
p o p u l a t i o n s  of' each  species to be  f o u n d  in  adja- 
c e n t  areas of' the  o r d i n a t i o n  space. 

T h e  d i s t r i bu t i on  of  p h o s p h o f i p i d  fatD T acids for 
each of  the  site-species c o m b i n a t i o n s  (Fig. 5) sug- 
gests small  d i f f e rences  b e t w e e n  species a n d  sites. 
O f  the  41 fatty acids r e t a i n e d  for analysis, 7 were  
f o u n d  only  at MUI,  b u t  on ly  o n e  was f f m n d  exclu- 
sively at SMC. At MUL,  7 fatty- acids were  f o u n d  

only  u n d e r  Ph~tgmitss b u t  n o t  S/;arti~ta, whereas  at 
SMC, only o n e  fatty acid was res t r ic ted  to Phrag- 
mites sed iments .  U b i q u i t o u s  thtty acids c o n t r i b u t e d  
a h i g h e r  p e r c e n t a g e  to the  total  fhtty acids extract ,  
ed t i 'om SMC s e d i m e n t s  t h a n  f r o m  MUL sedi- 
men t s .  The se  p a t t e r n s  suggest  a less diverse micro-  
bial  p o p u l a t i o n  with less d i f f e r ence  b e t w e e n  the  
species at SMC t h a n  at MUL.  Two-way ANOVAs for  
each of  the  PLFAs (Table  2) show tha t  for  a b o u t  
ha l f  the  fat~" acids the re  were  n o  s ign i f ican t  differ- 
ences  a m o n g  samples;  for  the  r e m a i n i n g  f a t ~  ac- 
ids, i n t e r a c t i o n  effects were  p r e d o m i n a n t .  In  on ly  
a few cases, in  surface  a n d  d e e p  s e d i m e n t  layers, 
were  d i f fe rences  a m o n g  species u n i t b r m l y  seen  at 
the two sites. Con t r a s t  analysis ind ica tes  species dif- 
f e r ences  are s ign i f ican t  at MUL, b u t  n o t  at SMC. 

PLFA p r i n c i p a l  c o m p o n e n t s  analysis (Fig. 4b) in- 
dicates  o r d i n a t i o n  s epa ra t i on  is m u c h  g rea te r  be- 
tween species at MU L t h a n  at SMC, a s imi lar  f ind-  
i ng  to tha t  obse rved  w'ittl e n z y m e  activities. O n l y  
in the  MUL-Ph~g'mites samples  were  the re  signifi- 
c an t  d i f fe rences  with d e p t h  ( the  mid- layer  samples  
d i f fe red  K o m  the  top a n d  b o t t o m  layers),  so the  
samples  f rom the  th ree  d e p t h s  were  l u m p e d  to- 
g e t h e r  in d ie  anMysis. T h e  Phragmit(,~s a n d  Spartina 
samples  f rom the  SMC samples  co-occur  in  the  or- 
d i n a t i o n  space; in  contras t ,  lhe  species ficom the  
M U L  s a m p l e s  a re  c l ea r ly  s e p a r a t e d ,  p r i m a r i l y  
a l ong  the  first o r d i n a t i o n  axis. In teres t ingly ,  the  
Spartina samples  fi~om MU L over lap the  a rea  of  the  
o r d i n a t i o n  space o c c u p i e d  by the  SMC samples.  

D i s c u s s i o n  

T h e  data  suggest  tha t  the  d i f f e r en t i a t i on  of  sed- 
i m e n t  m i c r ob i a l  c o m m u n i t i e s  b e n e a t h  p l a n t  spe- 
cies in brackish  m a r s h e s  is c o n t i n g e n t  on  qual i t ies  
associated with the  ind iv idua l  sites. Pa t t e rn s  of  dif- 
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ference between descriptors of  the microbiota  ob= 
served at the undis turbed MUL site were more  fi~e - 
quently statistically significant than at: SMC, and 
were often opposite in direction to those occurr ing  
at the heavily disturbed SMC site. These pat terns 
of  difference bet~veen species within each site do 
not  clearly cor respond  to the relatively small dif- 
ferences in physical condit ions between sites. 

The undis turbed MUI, site generally had h igher  
levels of  enzyme activib~ with greater  variation in 

activity between plant  species tfian did tfie SMC 
marsh. Soil enzyme activities have been interpreted 
to be indices of' microbial biomass, microbial activ- 
it}', and the ecological health of' soils and sediments 
(Nannipieri et al. 1990; Dick and Tabatabai 1993; 
Ajwa et al. 1999). Al though individual enzyme ac- 
tivities may not  always correlate with o ther  mea- 
sures of  soil qualiO ~ or microbial activity (Franken- 
berger  and Dick 1983), assessments based on the 
aggregate activities of  several enzymes have proven 
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D e p t t t  Site Spec i e s  I~ ' , teracf ion N o ~ e  

0 - 1 0  cm 6 3 13 18 
30 -40  cm 7 0 7 23 
60 -70  cm 8 ,i 8 19 
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Fig. 5. Rela t ive  a m o u n t s  (as p e r c e n t a g e s  of  the  to ta l  Iht /y 
ac id  ex t rac t )  o f  25 m o s t  c o m m o n  PLFAs i s o l a t e d  f r o m  snrt~ace 
s e d i m e m s  in  t he  f o u r  sets o f  samples .  

usefifl  in  c o m p a r i n g  sites with d i f f e r e n t  l a n d  uses  
a n d  h i s to r i e s  of' d i s t u r b a n c e  ( F r a n k e n b e r g c r  a n d  
Dick  1983; N a n n i p i e r i  e t  al. 1990).  T h e  c o n s i s t e n t  
p a t t e r n  o f  l ower  e n z y m e  act ivi t ies  at  SMC, f o u n d  
across  m a n y  o f  f i le  e n z y m e  assays (5 e n z y m e s  at  
e a c h  o f  3 d e p t h s  u n d e r  e a c h  spec ies ) ,  sugges ts  t ha t  
m i c r o b i a l  f l m c t i o n  in  g e n e r a l  m a y  be  lower  at  t h e  
H a c k e n s a c k  site t h a n  in t h e  u n d i s t u r b e d  M U L  site. 

S o m e  s tud ies  have  f o u n d  t ha t  e n z y m e  act ivi t ies  
a r e  c o r r e l a t e d  wi th  soil  o r g a n i c  m a t t e r  c o n t e n t  
(~Valdrop e t  al. 2000) ,  bu t  o t h e r  s tud ies  have  n o t  
f o u n d  this  to be  case  (Eiva~i a n d  Bayan 1996).  T h e  
p a t t e r n  o f  e n z y m e  act ivi t ies  we o b s e r v e d  d i d  n o t  
neces sa r i l y  c o r r e s p o n d  to t h e  p a t t e r n s  o f  organic:  
m a t t e r  in  the  s e d i m e n t  samples .  F o r  e x a m p l e ,  per -  
o x i d a s e  act ivi t ies  a t  M U L  a re  h i g h e r  u n d e r  S/}arl&la 
t h a n  Phra~mites (Tab le  1), d e s p i t e  the  o p p o s i t e  pat-  
t e r n  o f  organic:  m a t t e r  c o n t e n t  (Fig. l c ) .  T h e  d i f  
f e r e n c e s  we o b s e r v e d  in SMC m a y  also r e f l e c t  t h e  
d i s t u r b e d  a n d  c o n t a m i n a t e d  n a t u r e  o f  t h e  sedi-  
men t s .  In  a var ie ty  o f  s tudies ,  D ick  a n d  T a b a t a b a i  
(1993) f o u n d  t ha t  e n z y m e  act ivi t ies  a r e  sensi t ive  to 
m e t a l  c o n t a m i n a t i o n ;  K u p e r m a n  a n d  C a r r e i r o  
(1997) f o u n d  a 10-to-50-fold r e d u c t i o n  in e n z y m e  
activity, w h i c h  p a r a l l e l e d  i n c r e a s e s  in  heax T m e t a l  
c o n c e n t r a t i o n s .  

T h e  resu l t s  o f  th is  s tudy were  c o n t r a r y  to expec -  
t a t i on  in  sew~'ral ways. At  SMC, the  d i s t u r b e d  site, 
t he  r o o t  b i o m a s s e s  were  c o n s i d e r a b l y  h i g h e r  t h a n  
those  r e p o r t e d  in  t he  l i t e r a t u r e  (Spardtea > 10,000 
g m 2 versus  3 ,300-5 ,000  g m 2 [Valiela e t  al. 
197(5]; Phragmites .~6,500 g m 2 versus  1,400 g m 2 
[ W i n d h a m  2001]) ;  in con t ras t ,  t he  b i o m a s s e s  re-  
c o r d e d  at  t he  M U L  site we re  wi th in  t hese  r e p o r t e d  
r a n g e s  f rom o t h e r  a r eas  (S])arti~a ~ 6 , 5 0 0  g m 2, 
Phra~mites .-~1,600 g m 2). We  d o  n o t  k n o w  if  this  

f i n d i n g  is a r e su l t  of' o u r  s a m p l i n g  a l a rge  s e d i m e n t  
b l o c k  r a t h e r  t h a n  s m a l l e r  s e d i m e n t  co re s  o r  a re-  
sul t  o f  m o r p h o l o g i c a l  e t fcc t s  o f  a n t h r o p o g c n i c  im- 
pacts .  W h i l e  the  i n d i v i d u a l  r h i z o m e s  o f  Phragmi~es 
a re  m u c h  l a r g e r  t h a n  the  Spartina r h i z o m e s ,  e a c h  
s u p p o r t s  a s m a l l e r  n u m b e r  o f  roots ,  a n d  t h e  rtft- 
z o m e s  a r e  less d e n s e l y  p a c k e d  w i th in  t he  su r f ace  
s e d i m e n t s  t h a n  a r e  t he  Spartina r o o b r h i z o m e  sys- 
tems.  Th i s  p a t t e r n  was p a r t i c u l a r l y  m a r k e d  at  SMC, 
w h e r e  f i le S/Jarti,tta o c c u r r e d  as tussocks  s e p a r a t e d  
by sparse ly  v e g e t a t e d  o r  b a r e  m u d ;  at  MUL,  t h e  
Spartina f o r m e d  a m o r e  typical  u n i f o r m  lawn. T h e  
tussocks  h a d  n o t a b l y  d e n s e  r o o t , r h i z o m e  mats ,  
c o m p a r e d  wi th  t h e  o t h e r  s a m p l i n g  loca t ions .  

A n o t h e r  s u r p r i s i n g  f i n d  was t ha t  t he  c o m p a r i s o n  
o f  m i c r o b i a l  s t r u c t u r e  a n d  f l m c t i o n  d i d  n o t  cor-  
r e s p o n d  to t he  a m o u n t s  o f  r o o t  b i o m a s s  in  t he  sed-  
imen t s .  A l t h o u g h  e n z y m e  act ivi t ies  were  h i g h e r  in  
m o s t  cases  at  MUL,  r o o t  b i o m a s s e s  we re  l ower  at  
th is  site, p a r t i c u l a r l y  in t he  su r f a c e  ho r i zons .  In ad- 
d i t ion ,  t h e r e  was a l a r g e r  c o n t r a s t  in r o o t  b i o m a s s  
b e t w e e n  S'/~artina a n d  Phragmites at  M U L  t h a n  at  
SMC, b u t  t he  p a t t e r n s  o f  e n z y m e  activity a n d  PLFA 
o c c u r r e n c e s  ( l id n o t  c o r r e s p o n d  to t hese  p a t t e r n s  
o f  root: b iomass .  T h e s e  restf l ts  sugges t  t ha t  m ic ro -  
b ia l  c o m m u n i t y  s t r u c t u r e  a n d  f u n c t i o n  a re  n o t  sim- 
p ly  a n d  d i r ec t ly  d r iw:n  by t h e  q u a n t i t i e s  o f  r o o t s  in  
the  s e d i m e n t s .  

D i f l ~ w c n c c s  in  m i c r o b i a l  c o m m u n i t i e s  w e r e  
f o u n d  to b e  m a r k e d l y  d i f lL ' rent  b e t w e e n  the  two 
sites. We h a d  e x p e c t e d  t h a t  t he  d i f f e r e n c e s  in oxy- 
g e n a t i o n  m e c h a n i s m s  e m p l o y e d  by fi le tsvo p l a n t  
spec ies  ( V e n t u r i - e n h a n c e d  convec t ive  a i r f low in 
Ph~ztgmites [ A r m s t r o n g  e t  al. 1996] versus  convec-  
t i o n - e n h a n c e d  dif t i ls ive f low in Sparti~,a [ t I w a n g  
a n d  M o r r i s  1991; t{owes  a n d  Teal  19941) w o u l d  
r e su l t  in  d i f l c r e n t  levels  of' r h i z o s p h e r e  o x y g e n a ,  
t ion ,  p r o v i d i n g  c o n d i t i o n s  tha t  select: t b r  d i f l b r e n t  
r h i z o s p h e r e  m i c r o b i a l  c o m m u n i t i e s .  M i c r o b i a l  
p o p u l a t i o n s  were  s ign i f ican t ly  d i f f e r e n t  b e t w e e n  
p h m t  spec ies  at  t he  M U L  site b u t  n o t  at: t he  SMC 
site. 

In u p l a n d  soils, d i f f e r e n c e s  in m i c r o b i a l  com-  
m u n i ~  ~ s t r u c t u r e  a n d  b i o g e o c h e m i c a l  f u n c t i o n  a r e  
f r e q u e n t l y  o b s e r v e d  b e n e a t h  d i f f e r e n t  p l a n t  spe-  
cies ( G r a y s t o n  et  al. 1998; ~Valdrop e t  al. 2000; 
K o u r t e v  e t  al. in p ress ) .  T h e s e  d i f f e r e n c e s  a r e  
t h o u g h t  to c o r r e s p o n d  to d i f f e r e n c e s  in r o o t  bio- 
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m a s s ,  r o o t  d i s t r i b u t i o n ,  r o o t  e x n d a t i o n ,  p h m t  
g r o w t h  c h a r a c t e r i s t i c s ,  a n d  l i t t e r  c h e m i s t r y  ( H o b -  
b i e  19{12; B i n k l e y  a n d  G i a r d i n a  1998;  E h r e n f e l d  
2001) .  I t  is s u r p r i s i n g  to  f i n d  t h a t  s i g n i f i c a n t  dif- 
f e r e n c e s  in  e n z y m e  activi~" a n d  fatD ~ a c i d  p r o f i l e s  
w e r e  f o u n d  at  t h e  M U L  si te  b u t  n o t  a t  t h e  S M C  
site.  ~ : e  o f f e r  f o u r  p o s s i b l e  n o n - m u t u M l y  e x c l u s i v e  
e x p l a n a t i o n s  f o r  t h e  s p e c i e s - s p e c i f i c  m i c r o b i a l  ef- 
f e c t s  o b s e r v e d  in  s e d i m e n t s  at  t h e s e  15vo sites. 

F i rs t ,  i t  m a y  b e  t h a t  t h e  s t r e s s f l d  a n d  s p e c i a l i z e d  
c o n d i I i o n s  o f  h i g h l y  d i s t u r b e d  a n a e r o b i c  soi ls  im-  
p o s e  c o n t r o l s  o n  m i c r o b i a l  c o m m u n i t y  s t r u c t u r e  
a n d  b i o g e o c h e m i c a l  f u n c t i o n  t h a t  m a k e  t h e  m o r e  
s u b t l e  e f f e c t s  o f  v a r i a t i o n s  in  p l a n t  s p e c i e s  r e l a -  
t iwdy u n i m p o r ~ a n L  S e c o n d ,  d e s p i t e  t h e  d i f f e r e n c e  
in r o o t  o ~ g e n a t i o n  m e c h a n i s m ,  t h e r e  m a y  b e  
e q u a l l y  l o w  o x y g e n  loss  to  t h e  s e d i m e n t s  f r o m  t h e  
r o o t s ,  i f  m o s t  o r  al l  o f  t h e  t r a n s p o r t e d  o x y g e n  is 
u s e d  by t h e  r o o t  t i s sues  ( H o w e s  a n d  T e a l  1994;  
B r i x  e t  al. 1996;  A r m s t r o n g  e t  al. 2 0 0 0 ) .  I f  t h e r e  
is n o  d i f f e r e n c e  in  t h e  r e d o x  s t a tu s  o f  t h e  S M C  
r h i z o p l a n e s  a n d  r h i z o s p h e r e s  o f  t h e  two  s p e c i e s ,  
d i f f e r e n c e s  i n  t h e  m i c r o b i o t a  w o u l d  b e  less  l ike ly  
to o c c u r .  T h i r d ,  r o o t , d e r i v e d  C is t h o u g h t  to b e  
t h e  m a j o r  f e a t u r e  g e n e r a t i n g  d i f f e r e n c e s  in  t h e  
m i c r o b i o I a ,  as s u g g e s t e d  f o r  u p l a n d  so i l s  ( G a r l a n d  
1996;  G r a y s t o n  e t  al. 1{198); h o w e v e r ,  in  t h e  m a r s h  
p e a t s ,  t h e r e  is a l a r g e  a m o u n t  o f  C a v a i l a b l e  in t h e  
sa l t  m a r s h  s e d i m e n t s ,  a n d  th i s  C m a y  r e n d e r  t h e  
p l a n t - d e r i v e d  C o f  m i n o r  i m p o r t a n c e  to  t h e  mi -  
c r o b i o t a .  

F ina l ly ,  t h e  h i g h e r  e n z y m e  a c t i v i t i e s  a n d  l a r g e r  
n u m b e r  o f  fa t  D" a c i d s  r e c o v e r e d  f r o m  t h e  M U L  
s e d i m e n t s  ( t o t a l  o f  62)  v e r s u s  t h e  S M C  s e d i m e n t s  
( t o t a l  o f  38)  s u g g e s t  t h a t  t h e  h i s t o r y  o f  c o n t a m -  
i n a t i o n  a n d  p h y s i c a l  d i s t u r b a n c e  in  t h e  M e a d -  
o w l a n d s  h a s  h a d  a d i r e c t  e t l i x : t  o n  m i c r o b i a l l y -  
m e d i a t e d  b i o g e o c h e m i c a l  p r o c e s s e s  t h r o u g h  a 
d i m i n u t i o n  o f  m i c r o b i a l  a b u n d a n c e ,  act ivi ty ,  a n d  
d ive r s i ty .  W i t h o u t  m o r e  s p e c i f i c  d a t a  o n  c o n t a m -  
i n a n t  l o a d s  a n d  c o m p a r a t i v e  s t u d i e s  w i t h i n  t h e  
M e a d o w l a n d s  d i s t r i c t ,  t h i s  r e m a i n s  s p e c u l a t i o n .  
T h e r e  a r e  a b u n d a n t  d a t a  in  t h e  m i c r o b i o l o g i c a l  
l i t e r a t m ' e  s h o w i n g  t h a t  s t r e s s  d u e  to  c o n t a m i n a -  
t i o n  a n d  d i s t u r b a n c e  c a n  r e d u c e  e n z y m e  a c t i v i t y  
a n d  m i c r o b i a l  d i v e r s i t y  ( D i c k  a n d  T a b a t a b a i  
1993;  K u p e r m a n  a n d  C a r r e i r o  1997)o  T h e  l a r g e  
d i f f e r e n c e  i n  e n v i r o m n e m a l  h i s l o r y  o f  t h e  two  
s i t es  m a y  haw~" o v e r w h e h n e d  t h e  e f f e c t s  o f  t h e  
two  p l a n t  s p e c i e s ,  c o n t r i b u t i n g  to  t h e  c o n c l u s i o n  
t h a t  b r a c k i s h  m a r s h  m i c r o b i a l  c o m m u n i t i e s  a r e  
p r i m a r i l y  a f f e c t e d  by t h e  n a t u r e  o f  t h e  s i te .  In  
h i g h l y  d i s t u r b e d  s y s t e m s ,  s i t e - s p e c i f i c  v a r i a b l e s  
m a y  b e  o f  g r e a t e r  i m p o r t a n c e  in  d e t e r m i n i n g  mi -  
c r o b i a l  c o m m u n i t y  c o m p o s i t i o n  t h a n  t h e  m a c -  
r o p h y t e s  s p e c i e s  f o r m i n g  t h e  p l a n t  c o v e r .  O u r  re-  
su i t s  i n d i c a t e  t h a t  r o o t - m e d i a t e d  e f f e c t s  o n  mi -  

c r o b i a l  c o m m u n i t i e s  a p p e a r  to  b e  i m p a c t e d  i n  
w e t l a n d  s e d i m e n t s  o f  d i s t u r b e d  sys t ems .  T h e r e  is 
a n o t a b l e  l a c k  ot '  s t u d i e s  u s i n g  t h e s e  a n a l y t i c a l  
t e c h n i q u e s  in  o t h e r  w e t l a n d  soi ls ,  a n d  so t h e r e  is 
a c l e a r  n e e d  f o r  a d d i t i o n a l  w o r k  to  t e s t  t h e s e  hy-  
p o t h e s e s .  
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