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ABSTRACT: Killifish are ecologically important components o f salt marsh ecosystems, but no studies have determined the 
importance of lo curly produced versus alloehthonous food sources on a scale of less than multiple kilometers. The goal of our  
study was to examine diet and movement o f the killifish, Fundulus hetcroclilus, collected from a Maine salt marsh to assess the 
importance of locally produced versus allochthonous food sources on a scale of several hundred meters. We compared the 
gut contents and stable isotope signatures of  F. heteroclifus from four regions along the central river of a Maine salt marsh to 
the distinct food sources and isotopic signatures of the region of the marsh in which they were caught. F. heteroelifus were 
relying on locally produced food sources even on the scale of several hundred  meters. They fed daily in a small area less than 
6 ha and maintained relatively strong site fidelities over the course of several months. Phytoplankton and salt marsh detritus 
both contributed to the high production of F. heteroclilm': terrestrial plant detritus was not an important  component of  their 
diet. The diet and feeding patterns of F. heteroclilv, s from this small Maine salt marsh were similar to the patterns found in 
much larger salt marshes, suggesting that locally produced organic matter is essential to the production of these ecologically 
important fish. 

Introduct ion 

Killifish are some of  the most  abundan t  and  
ecologically impor tan t  fish in estuarine ecosystems 
th roughou t  M~-ica, Asia, the Americas, and  parts of  
Europe (Valiela et al. 1977: Kneib 1986: Gutierrez- 
Es t rada  et al. 1998: H r b e k  and  Meyer 2003). 
Killifish, such as Funduhts heteroclitus~ feed  on 
f looded marsh surthces during high tide and  re turn 
to creeks with the ebb tide to digest their  food, In 
the creeks, F. heteroclitus becom e  prey ibr  h igher  
trophic-level consumers,  such as striped bass (Mor- 
one saxatilis), bluefish (Pomatomus  saltatrix), white 
p e r c h  ( M o n r o n e  Amer i cana ) ,  and  b lue  crabs 
(Callinectes sapidus), which enter  the marsh to 
feed and  then re turn to open  water (Igamib and  
Stiven 1978: Allen et al. 1994: Kneib 2000: Fell et al. 
2003). F. het~roclitus are impor tan t  as t rophic links 
between the product ive marsh surface and the 
adjacent  open  estuary, 

Despite years os research on the habitat  use and  
feeding ecology of F. heteroctit.us, little is known 
about  which sources of  pr imary  produc t ion  suppor t  
this impor tan t  fish species. The re  has been  great  
debate  over the impor tance  of  locally p roduced  
(salt marsh  organic matter)  versus a l lochthonous 
( terres t r ia l  a n d  m a r i n e  o rgan ic  mat te r )  f o o d  
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sources in support ing highly productive estuarine 
food webs. Upland  plant  organic mat ter  carried by 
terrestrial runoff,  mar ine  phytop lanktom and C4 salt 
marsh  plants cycled th rough  a detrital pathway have 
all been  p roposed  to explain the high produc t ion  of 
estuarine consumers  such as F. heterodit.us (Nixon et 
al. 1986: Day et al. 1989: Keller et al. 1990: Mallin 
and  Paerl 1994: Deegan et al. 1995). Determining  
the diet and  movemen t  of  F. heteroclitus within 
a marsh is crucial to unders tanding  the impor tance  
of  locally p r o d u c e d  versus a l loch thonous  food  
sources tor F. heterodit.us. 

There  is distinct spatial heterogenei ty  in the 
distribution, abundance,  and isotopic composi t ion 
of  the dominan t  food  sources within most salt 
marshes (Allen et al. 1994: Peterson 1999: Riera 
et al. 1999). The  three major  sources of pr imary 
p roduc t ion  are upland-terrestrial  Cs plant  organic 
mar ten  C 4 vascular salt marsh  plants, and phyto- 
p lankton  (Peterson and  Howar th  1987). C3 terres- 
trial plants domina te  the watershed surrounding the 
salt m a r s h  and  have  relatively d e p l e t e d  S:sC 
(-29%0) and 81~N (0%0) values. C4 salt marsh  plants 
are prevalent  in the lower and middle  marsh region 
and  have the most  enr iched 81~C (-13960) values 
with in termedia te  81SN (6960) values. Marine phyto- 
p lankton  enter  the marsh  f rom the adjacent  estuary 
and  have in termedia te  8:sC (-21960) values and  
highly enr iched 8a~N (9960) values (Peterson 1999). 

The  presence  of  regionally distinct fbod  sources 
makes it possible to evaluate the contr ibut ion of  
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local and allochthonous tbod sources to the diet of  
F. heteroctit.us using gut contents (Allen et al. 1994) 
and stable isotope analyses (Rau et al. 1983: Fry and 
Sherr 1984: Deegan and Garritt 1997: Riera et al. 
1999). Gut content  analyses present an instanta- 
neous picture of diet and movement  for a single 
feeding episode. F. het~roclitus are opportunistic, 
omnivorous teeders that consume tbod in pro- 
por t ion  to its occurrence  in the env i ronment  
(Igaleib and Stiven 1978), so gut contents indicate 
where in the marsh these fish are teeding on a daily- 
time t~ame. Stable isotope analyses of F. heteroditus 
reveal patterns of  feeding habits integrated over 
several months (DeNiro and Epstein 1978, 1981: 
Peterson et al. 1986: Fry- and Sherr 1984). Used in 
tandem, gut contents and isotopic analyses eluci- 
date the short term (days) and long term (months) 
patterns ofF. haeroctitus diet and movement  that are 
crucial to understanding which tood sources sup- 
port  the high product ion of F. hetr 

Numerous studies have examined the importance 
of  locally p roduced  versus a l lochthonous  food  
sources in salt marsh tbod webs: these studies were 
conducted on the scale of kilometers to hundreds of  
kilometers (Findlay et al. 1996: Deegan and Garritt 
1997: Muylaert and Raine 1999: Riera et al. 1999: 
Bouillon et al. 9000). Previous research has assumed 
that in small estuaries, which are strongly ilfflu- 
enced by terrestrial runoff  and marine processes, 
al lochthonous tood sources would play- a much 
more  important  role in the estuarine food web than 
in large estuaries (Busby 1995: Muylaert and Raine 
1999). The t remendous variability- in sources of  
primary product ion on the scale of hundreds of  
meters within a salt marsh (Donnelly and Bertness 
2001: Ewanchuk and Bertness 9003) means that the 
diet and movemen t  of  F. heteroctitus must be 
examined on a much finer scale than previously 
assessed. Most studies on the diet and movement  of  
F. heteroctitus were conducted  in the southeastern 
United States (Teal 1962: Lotrich 1975: Baker-Dittus 
1978: Igaleib 1986: Teo and Able 2003). Although 
a tew recent  studies in the lower northeastern U.S. 
have expanded upon  such knowledge (Connecticut: 
Allen et al. 1994: Massachusetts: Deegan and Garritt 
1997), no studies have investigated the importance 
of  locally p roduced  versus a l lochthonous  tood  
sources for F. heteroclittts in the nor thern  extent of  
its range (i.e., nor th  of  Massachusetts). 

The goal of  our  study was to examine diet and 
movemen t  of  F. heteroclit~ts collected f rom the 
Sprague River salt marsh in Phippsburg, Maine, to 
determine the dietary contribution of  locally pro- 
duced versus al lochthonous food  sources on the 
scale of several hundred  meters. We hypothesized 
that F. hetr were feeding on local food sources 
rather than traveling th roughout  the marsh to feed, 

and that their gut contents and stable isotopic 
composit ion would reflect the tbod items distinct to 
the areas in which they were caught. To test this 
hypothesis, we collected F. hetr and possible 
food sources from four regions of  the Sprague River 
salt marsh during the fall of 9003. Gut content  
analyses of F. heteroclittts were used to determine 
daily patterns of  diet and movement,  and stable 
carbon and nitrogen isotope analyses of  F. hereto- 
d ims  muscle tissue were used to examine longer 
term (months) teeding habits. This study- extends 
our  knowledge of  F. haeroclims feeding habits to 
include its nor thern  range and examines diet and 
movement  of  F. het~roclitus on a finer scale than 
previously assessed. 

Materials and Methods 

SITE DESCRIPTION 

The Sprague River salt marsh is a 30 ha back 
barrier marsh in the Bates-Morse Mountain Conser- 
va t ion  Area,  P h i p p s b u r g ,  Maine  (43~'43.8'N, 
69"49.7'W: Fig. 1). The Sprague River is a north to 
south trending river that bisects the salt marsh. It 
experiences a seasonal tidal range of  0,6 to 1.7 m, 
and has a strong mean summer salinity gradient 
t~om the embankment  at the causeway- (9980) to the 
m o u t h  of  the river (31%0). Vegetation of  the 
Sprague River salt marsh is characteristic of a typical 
New England salt marsh. Smooth cordgrass, Spartina 
altern!flora, dominates along the main channel and 
drainage ditches in the low marsh, and fields of  salt 
meadow cordgrass, S. patens, inland saltgrass, Disti- 
chlis spicata, and  some saltmarsh rush, .fltnc.us 
gerardii, occupy the high marsh. Virginia glasswort, 
Saticornia virginica, is also present but  comprises 
a relatively small p ropor t ion  of  the total plant 
matter biomass. The higher high marsh is primarily 
J. gerardii and upland shrubs transitioning to a forest 
of  red maples, Acer r~bru.m. 

SAMPLE COLLECTION AND PREPARATION 

All samples were collected during daylight hours 
at low tide on September 93, 9003 (0,3 m above 
mean  low water), and October  91, 9003 (0.4 m). 
Samples tbr analyses were randomly selected fi-om 
a pooled group consisting of  samples from both 
collection dates. Samples were pooled to increase 
replicates for gut content  analyses with the assump- 
tion that there would be minimal differences in the 
diet and stable isotopic composition of F. heteroctitus 
within the short sampling period. F. heterod#~s were 
collected from three sites along the Sprague River: 
at the nor thern  end just south of the causeway 
(embankment  site), the middle reach (middle site), 
and the river mouth  (mouth site) with approxi- 
mately 600 m between adjacent sites (Fig. 1). F, 
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Fig. 1. The Sprague River salt marsh in the Bates-Morse 
Mountain Conservation Area, Phippsburg, Maine: 43:43.8'N, 
69:49.7'W. ES - embankment site, MS - middle site, MPS - 
middle pool site, and MthS - mouth site. Stippling represents 
water and the stippled line bisecting the marsh represents the 
Sprague River. Modified from Johnson et al. (In Press). 

heteroclitus were  also co l l ec t ed  f rom the  m a i n  m a r s h  
surface p o o l  ( m i d d l e  p o o l  site),  which  was app rox -  
ima te ly  20 m f rom the  m i d d l e  site (Fig. 1). At  each  
site, one  m i n n o w  t rap,  b a i t e d  with ch icken  l iver 
w r a p p e d  in c h e e s e c l o t h  to p r e v e n t  c o n s u m p t i o n  o f  
the  liver, was p l a c e d  a p p r o x i m a t e l y  1 m d e e p  a n d  

1 m f rom the  water ' s  edge ,  pa ra l l e l  to sho re  to 
c o n t r o l  for  effects o f  varying access to the  traps.  T h e  
t raps  were  left  in the  wate r  for  1 h a n d  co l l ec t ed  in 
the  o r d e r  o f  t he i r  d i spe r sa l  for  o p t i m u m  fish 
c o l l e c t i o n  wi th  m i n i m a l  loss o f  smal l  f ish o r  
d ige s t i on  o f  f o o d  (Kneib  a n d  Stiven 1978). F. 
heteroclitus u s e d  fo r  gu t  c o n t e n t  ana lyses  were  
i m m e d i a t e l y  p r e s e r v e d  in 12% f o r m a l i n  a n d  trans- 
f e r r e d  i n t o  70% i s o p r o p y l  a l c o h o l  a f t e r  24 h. 
S a m p l e s  u s e d  fo r  s tab le  i s o t o p e  ana lyses  were  
p a c k e d  on  ice in the  f ie ld  a n d  f rozen  in the  lab at 
- 2 0 ~  

P r o b a b l e  f o o d  sources  o f  F. heteroclitus were  
co l l ec t ed  f rom the  S p r a g u e  River salt m a r s h  on  
the  days o f  F. heteroclitus co l lec t ion .  T h e  fo l lowing  
vascular  p l a n t  species  were  s a m p l e d  f rom the  m a r s h  
surface be tween  the  m i d d l e  a n d  m i d d l e  p o o l  sites at 
the  base  o f  the i r  stems: & alte.rr6flora, & pater~s, J. 
gerardii, D. spicata, a n d  & vhgiruca. A. .rubr'um was the  
d o m i n a n t  u p l a n d  vege t a t i on  c o n t r i b u t i n g  to the  
te r res t r ia l ly -der ived  o rgan i c  m a t t e r  in the  Sp rague  
River salt marsh .  Recen t ly  fa l len  A..ruN"um leaves 
were  c o l l e c t e d  f r o m  the  m a r s h  sur face  at  t he  
e m b a n k m e n t  site. Mac roa lgae  f rom the  r iver  bot-  
tom,  such as k n o t t e d  rack, Ascophyll'um nodosum, a n d  
sea le t tuce ,  Ulva lactuca, were  co l l ec t ed  f rom the  
m i d d l e  a n d  e m b a n k m e n t  sites, respect ively.  Dagger -  
b l a d e  grass sh r imp ,  Palaemor~etes pugio, which  are  
c o m m o n  p rey  i t ems  o f  F. heteroclitus, were  co l l ec t ed  
f r o m  the  r iver  b o t t o m  at the  m i d d l e  site a n d  
a d j a c e n t  p o n d s  with d ip  nets.  

O n e  l i ter  o f  r iver  wate r  was co l l ec t ed  f rom each  o f  
the  t h r e e  r iver  sites a n d  passed  t h r o u g h  an a s h e d  
(500~ G F / F  f i l ter  (0.25 txm) to ex t rac t  pa r t i cu l a t e  
o rgan ic  c a r b o n  (POC) .  Because  P O C  r e p r e s e n t s  
a m i x t u r e  o f  p l a n t  de t r i tus ,  p h y t o p l a n k t o n ,  a n d  
m i n e r a l  mate r ia l ,  a t omic  c a r b o n  to n i t r o g e n  (C : N) 
ra t ios  were  used  to iden t i fy  the  d o m i n a n t  source  o f  
o rgan i c  m a t t e r  c o m p r i s i n g  the  P O C  ( te r res t r i a l  
p l a n t  C : N  > 2 0  a n d  p h y t o p l a n k t o n  C : N  <7 ;  
Meyers  1994). 

GUT CONTENT ANALYSIS 

G u t  c o n t e n t  ana lyses  were  p r e f o r m e d  u n d e r  
a d i ssec t ing  m i c r o s c o p e  on  s tomachs  i so la ted  f rom 
25 F. heteroclitus f rom each  site r a n d o m l y  se lec ted  
f rom the  p o o l e d  sample ,  r e su l t ing  in a to ta l  o f  100 
fish analyzed.  To  evalua te  the  a b u n d a n c e  o f  var ious  
f o o d  i t ems  in the  diet ,  the  relat ive v o l u m e  o f  every 
f o o d  type in each  gu t  was e s t i m a t e d  visually a n d  
ass igned  a p e r c e n t a g e  o f  the  to ta l  f o o d  vo lume .  
Fo l lowing  an F m a x  test for  h o m o g e n e i t y ,  non -  
h o m o g e n e o u s  p e r c e n t  da ta  were  t r a n s f o r m e d  with 
an a rcs ine  square  r o o t  t r an s fo rma t ion .  A one-way 
analysis o f  va r i ance  (ANOVA) with a B o n f e r r o n i  
pos t  hoc  test was used  to c o m p a r e  the  a b u n d a n c e  o f  
gu t  c o m p o n e n t s  a m o n g  sites. A two-tai led t-test was 
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TABLE 1. Characteristics and the percent volume (mean [ + SD] ) of the gut components in F'and'M'as heteroditus caught at four sites along 
the central river of the Spragtie River salt marsh, Phippsbn~g, Maine. Differences among regions were determined using a one-way ANOVA 
(***p < 0.0001, **p < 0.01, *p < 0.05, "'p > 0.05.1. Means with the same letter are not significantly different from each other based on 
a Bonferroni post hoc test (p < 0.05.1. n 3 fish for isotope analyses and 25 fish for all other analyses. 

E m b a n k m e n  t MSddle Midd]e Pool  M o u t h  F rat io  

Characteristics 
8~C (%o) 
8~5N (%<1 
Length (mm) 
Weight (g) 

Gut components 
Unidentified plant detritus 
Acer rabrum 
Gammaras sp. 
[gva lact.aca 
Marine mite 
Nematoda 
M'#ilus edulis 
Fo ramin ff-e ra 
Philmda sp. 
Littori.t~a littorea 
Total plant 
Total animal 

-19.3 (1.9) * -16.2 (0.8) u -21.4 (3.5) * -20.7 (1.7p 3.2* 
9.6 (0.1) 9.0 (0.7) 9.8 (0.8) 8.8 (0.8) 1.7 ~' 

52.6 (9.9) ~ 45.9 (2.3) ~ 22.0 (5.4) b 47.6 (3.8p 59.2*** 
1.6 (0.7) ~ 1.4 (0.3) ~ 0.7 (0.1) b 1.4 (0.3p 22.9*** 

72 (18} ~ 58 (26) * 78 (33) ~ 78 (419' 19.1"** 
8 (10)* 1 (3?' 0 b 0 b 12.7"** 
6 (15} 0 14 (26.1 14 (34} 2.2"' 

11 (141 ~ 5 (91 *b 2 (8) b 0 b 6.7** 
3 (5.1 6 (17.1 1 (2.1 8 (281 3.4"' 
0* 13 (15) b 0 (2)* 0* 17.4"** 
0 ~ 16 (31) ~ 2 (6) ~ 0 ~ 6.3** 
0 ~ 1 ( 2 }  ~ 0 ( 0 )  ~ 0 ~ 7 . 4 * *  
0* 0* 3 (7) b 0* 4.5* 
0 0 0 (1} 0 2.1"' 

91 (161 ~ 64 (26) b 80 (34) ~ 78 (411 ~ 22.9*** 
9 9  * * *  9 (16}* 36 (26.P" 20 (34.1" 22 (41}* . . .9  

u s e d  to assess d i f f e r e n c e s  in p e r c e n t  v o l u m e  o f  to ta l  
p l a n t  a n d  a n i m a l  m a t t e r  a m o n g  fish, 

STABLE ISOTOPE ANALYSIS 

S tab l e  c a r b o n  a n d  n i t r o g e n  i s o t o p e  analyses  w e r e  
p r e f o r m e d  o n  t h r e e  i n d i v i d u a l s  f o r  e a c h  spec ies .  F, 
hetr o f  s imi l a r  size to t h e  i n d i v i d u a l s  u s e d  in  
g u t  c o n t e n t  ana lyses  w e r e  s e l e c t e d  f o r  i s o t o p i c  
analyses .  All  s a m p l e s  w e r e  f r e e z e  d r i e d  p r i o r  to 
s t ab le  i s o t o p e  analysis.  A p p r o x i m a t e l y  0 .4 -0 .6  m g  o f  
tai l  n m s c l e  s a m p l e s  f r o m  F, twterocl#us a n d  P. pugio ,  
l e a f  s a m p l e s  f r o l n  va scu l a r  p l an t s ,  t ha l lu s  s a m p l e s  
f r o m  m a c r o a l g a e ,  a n d  P O C  t k o m  w a t e r  c o l u m n  
f i l te rs  w e r e  a n a l y z e d  t b r  s t ab le  c a r b o n  a n d  n i t r o g e n  
i s o t o p e  s i g n a t u r e s  a n d  C : N ra t ios  u s i n g  a T h e r l n o -  
F i n n i g a n  D e l t a  P lus  A d v a n t a g e  s tab le  i s o t o p e  ra t io  
mass  s p e c t r o m e t e r  ( IRMS)  c o u p l e d  to a C o s t e c h  
e l e m e n t a l  a n a l y z e r  via  a C o n f l o  III  c o m b u s t i o n  
inter t~tce in  t h e  E n v i r o n m e n t a l  Geochemis t ry -  Lab-  
o r a t o r y ,  D e p a r m m n t  o f  G e o l o g y ,  Bates  C o l l e g e ,  
S t ab l e  i s o t o p e  ra t ios  w e r e  e x p r e s s e d  in  8 n o t a t i o n  
a c c o r d i n g  to t h e  t b l l o w i n g  d e f i n i t i o n :  

8 X(%0) [(Usample/Rstandard)-  1] >: 103 

w h e r e  X is asC o r  a~N a n d  R is lsC : leg  o r  a~N : aaN, 

a n d  t h e  s t a n d a r d s  w e r e  v i e n n a  p e e  d e e  b e l e m n i t e  
(VPDB) a n d  a i r  t b r  c a r b o n  a n d  n i t r o g e n ,  r e spec -  
tively-. T h e  accuracy- a n d  p r e c i s i o n  o f  t h e  I R M S  was 
d e t e r m i n e d  by  m u l t i p l e  ana lyses  o f  a w o r k i n g  
s t a n d a r d  ( ace t an i l i de :  C b H y N O )  r u n  eve ry  s ix th  
s a m p l e .  T h e  r e p r o d u c i b i l i t y  t b r  b o t h  8~sC a n d  8:SN 
m e a s u r e m e n t s  was -+ 0.2%0. F o l l o w i n g  an  F m a x  tes t  
f o r  h o m o g e n e i t y ,  d i f f e r e n c e s  in  t h e  i s o t o p i c  s igna-  
tu res  o f  F. heteroclitus a m o n g  s a m p l e  si tes w e r e  

c o m p a r e d  u s i n g  a one -way  A N O V A  a n d  B o n t e r r o n i  
p o s t  h o c  test.  

R e s u l t s  

L a r g e  q u a n t i t i e s  o f  f a l l e n  t e r r e s t r i a l  A, rubrum 
l eaves  w e r e  o b s e r v e d  o n  t h e  m a r s h  sn r t a ce  a n d  r ive r  
b o t t o m  at  t h e  e m b a n k m e n t  site. T h e  m i d d l e  si te was 
t h e  o n l y  a r e a  o f  t h e  salt  m a r s h  wi th  a v is ib le  
p o p u l a t i o n  o f  Al~d lus  edulis, a n d  t h e  m i d d l e  p o o l  
s i te  was t h e  o n l y  s i te  w h e r e  Li t tor ina  tittorea w e r e  
o b s e r v e d .  F. heteroctitus f r o m  t h e  m i d d l e  p o o l  si te 
w e r e  s ign i f i can t ly  s h o r t e r  t h a n  t h e  F, heteroclims 
f r o m  t h e  t h r e e  r ive r  sites ( T a b l e  1), F. heteroclims 

f r o m  t h e  r ive r  sites h a d  a m e a n  to t a l  l e n g t h  o f  48.7  
_+ 6.8 m m  w i t h i n  a r a n g e  o f  4 1 . 1 - 7 0 . 0  r a m ,  w h i l e  F. 
heteroclitus f r o m  t h e  m i d d l e  p o o l  s i te  a v e r a g e d  99.0 
+ 5,5 m m  w i t h i n  a r a n g e  o f  14 ,1 -36 .5  m m ,  F, 
heterodit t ts  t i -om t h e  m i d d l e  p o o l  site, 0.7 _+ 0.1 g, 
w e r e  also s ign i f i can t ly  l i g h t e r  t h a n  t h e  F. heteroclitus 
f r o l n  t h e  t h r e e  r ive r  sites, 1.5 + 0.5 g. B a s e d  o n  t h e  
F. heteroctitus s ize-age d e t e r m i n a t i o n s  o f  K n e i b  a n d  
S t iven  (1978) ,  t h e  l a r g e r  F. heteroctitus f r o m  t h e  r ive r  
si tes w e r e  all  adu l t s  in  t h e i r  s e c o n d  g r o w i n g  season :  
F, twteroclitus f r o m  t h e  m i d d l e  p o o l  s i te  w e r e  y o u n g  
o f  t h e  y e a r  (i.e., w i t h i n  t h e i r  f i rs t  g r o w i n g  s e a s o n ) .  

GUT CONTENT ANALYSIS 

All  100 F. heteroctims s t o m a c h s  e x a m i n e d  con-  
t a i n e d  f o o d .  F. heterodi tus  f r o m  t h e  m i d d l e  p o o l  si te 
h a d  t h e  h i g h e s t  spec ies  r i c h n e s s  in  t h e i r  d i e t  (9 
spec ies :  T a b l e  1). T h e  p e r c e n t  v o l u m e  o f  p l a n t  a n d  
a lga l  m a t t e r  (78%)  was s ign i f i can t ly  g r e a t e r  t h a n  
a n i m a l  m a t t e r  (92%)  in  t h e  s t o m a c h s  o f  F. hereto- 

d i m s  at  t h e  S p r a g u e  River  salt  m a r s h .  M a r i n e  m i t e s  
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Fig. 2. Dual stable isotope plot of nitrogen versus carbon for 
lv.a*M.M.as heteroditus, their theoretical diet and possible food items 
from four regions in the Sprague River salt marsh, Phippsburg, 
Maine. The isotopic composition of the theoretical food sources 
ofF. heterodit.us (circled diamond symbols) were determined using 
a 1%0 carbon and 3%0 nitrogen correction factor applied to the 
muscle tissue of F. heteroclims, which accounted for isotopic 
fractionation during protein synthesis (Peterson and Howarth 
1987). ES embankment site, MS middle site, MPS middle 
pool site, and MthS = mouth site. n = 3 individuals except for 
POC where n 1. 

(Halacar idae)  a n d  vascular  p l an t  de t r i tus  were 
t b u n d  in F. heteroclitus at all t o u r  sites: bu t  mar ine  
mites a c c o u n t e d  to r  less than  8% o f  the total 
vo lume of  gut  c o m p o n e n t s  at any given site. F. 
heteroclitus f r o m  the  e m b a n k m e n t  site had  signifi- 
cantly grea ter  quanti t ies of  U. lactuca and  A. rubru.m 
in their  s tomachs  than  F. heteroctit.us t~om any o the r  
site (Table 1). F. heteroctitus t~om the  middle  site 
c o n s u m e d  a significantly greater  vo lume  o f  M. edulis 
than  F. heteroclitus f r o m  any o t h e r  site. F. heteroclitus 
t}om the  midd le  p o o l  site were the  only fish to have 
L. tittorea in their  s tomachs.  

STABLE ISOTOPE ANALYBIS 

T h e  stable isotope compos i t ion  of  the  d o m i n a n t  
f o o d  sources available (upland-terrestr ial  Cs p lan t  
organic  matter ,  C4 vascular salt marsh  plants,  and  
POC)  def ined  th ree  dist inct  fields in a 8z~C versus 
8:SN p lo t  (Fig. 2). Terres t r ia l  C~ p lants  were 
dep le t ed  with respect  to ~SN relative to all o the r  
sources o f  ibod ,  and  the Ca salt marsh  plants  were 
e n r i c h e d  with respect  to zsC relative to all o the r  
sources o f  food,  T h e  POC f rom the  m o u t h  and  
e m b a n k m e n t  sites had  C : N ratios o f  7, while POC 
f}om the  middle  site had  a C : N  ratio of  22, 
indicat ing a h ighe r  a b u n d a n c e  o f  p h y t o p l a n k t o n  at 
the  e m b a n k m e n t  and  m o u t h  sites relative to the  
m i d d l e  site. T h e  m a c r o a l g a e  were i sotopical ly  
similar to the  C4 salt marsh  plants.  

F. heterocli~us f r o m  the  midd le  site were signifi- 
cantly e n r i c h e d  in their  gzsC signatures c o m p a r e d  to 

IV. heteroclitus f rom the  o the r  sites. T h e r e  was no 
s igni f icant  d i f tb rence  in the  g:sC values o f  F. 
heterodit.us tkom the  e m b a n k m e n t ,  mou th ,  o r  mid- 
dle poo l  sites. T h e  gZ~N values o f  F. heteroclitus were 
no t  significantly different  a m o n g  the fou r  sites 
(Table 1). 

D i s c u s s i o n  

T h e  diets o f  F. heteroctit.us t~om the  Sprague River 
salt marsh  were c o m p o s e d  p r e d o m i n a n t l y  o f  pr ima-  
ry p r o d u c e r s  (78%) a c c o r d i n g  to gu t  c o n t e n t  
analyses (Table 1). These  results suppor t  f indings 
for  F. heteroclitus t~om o t h e r  salt marshes  in the  
no r theas t e rn  U.S. (Allen et al. 1994: Deegan  an d  
Garri t t  1997), 'out differ f rom F. heteroclit.us in the  
sou theas te rn  U.S., which c o n s u m e d  m o r e  annel ids  
and  crabs than  p lan t  mat te r  (Baker-Dittus 1978: 
Kneib and  Stiven 1978). 

Much  o f  the pr imary  p r o d u c t i o n  in the s tomachs  
o f  F. heteroclitus t~om the  Sprague  River salt marsh  
was unident i f iab le  p lan t  detritus, bu t  stable isotope 
analysis o f  F. heterodit.us eluc ida ted  in fb rmat ion  on  
the  d o m i n a n t  types o f  p r imary  p roduce r s  be ing  
c o n s u m e d  in the  salt marsh.  T h e  glsC an d  gleN 
compos i t i on  of  F. heteroctit.us tkom the middle  site 
indicates these fish were c o n s u m i n g  pr imari ly  C4 
salt marsh  vegeta t ion or  macroalgae ,  whereas fish 
f r o m  the  e m b a n k m e n t  a n d  m o u t h  sites were 
c o n s u m i n g  a mix ture  o f  POC and  Ca salt marsh  
plants  (Fig. 2). 

T h e  isotopic s ignature of  F. heteroclitus at the  
middle  site is pr imari ly a C4 salt marsh  p lan t  signal 
ra ther  than  a macroalga l  signal, because  the  relative 
a b u n d a n c e  o f  macroa lgae  to C4 salt marsh  plants  at 
the  Sprague  River salt marsh  is very low. Previous 
studies have shown that  vascular salt marsh  p lan t  
ma t te r  can  be  made  into a nutr i t ious t b o d  source  
tbl lowing bacterial  degrada t ion  (Tenore  1983: New- 
ell and  L a n g d o n  1986: Mann  1988). T h e  employ-  
meri t  o f  stable sulfur i so tope analyses would  he lp  to 
d e t e r m i n e  the  relative con t r ibu t ion  o f  macroa lgae  
a nd  Ca salt marsh  plants to the diet  o f  F. heteroctit.us 
(Peterson 1999). 

Given tha t  the  P O C  at the  m o u t h  site was 
primari ly p h y t o p l a n k t o n  and  isotopically similar to 
POC values m e a s u r e d  elsewhere in the  Gul f  o f  
Maine (Incze et al. 1982), F. het~roclitus f rom the  
m o u t h  site appea r  to be relying o n  a mix o f  mar ine  
p h y t o p l a n k t o n  a n d  Ca salt marsh  p lan t  ma t te r  
(Fig. 2). Marine p h y t o p l a n k t o n  has b e e n  shown to 
be  readily c o n s u m e d  and  assimilated into biomass  
by many  estuar ine f o o d  web const i tuents  (Bayne et 
al. 1987; Crosby et al. 1989: Riera et al. 1999). This 
suppor t s  the f indings o f  Riera et al. (1999) who 
c o n c l u d e d  tha t  mar ine  p h y t o p l a n k t o n  was a major  
c o m p o n e n t  o f  the diet  fo r  salt marsh  inhabi tants  
nea r  the  o p e n  estuary in Aig=il lon Bay~ France. 



The  POC at the e m b a n k m e n t  site was primarily- 
phy top lank ton  and  isotopically similar to POC 
values measured  f rom the less saline u p p e r  regions 
of  o ther  estuaries (Fogel et al, 1992), The  g:sC 
signature of F. heteroclitus ti-om the e m b a n k m e n t  site 
indicates a mixed diet of  locally p roduced  phyto- 
p lankton  and  C4 salt marsh plant  matter.  Although 
terrestrial detritus, such as A. rubrum leaves, were 
f requent  food items in the stomachs of  F. heterodit.us 
f rom the e m b a n k m e n t  site (Table 1)~ these fish 
were too enr iched in their 8lSN signatures to be 
assimilating uppe r  marsh-terrestrial C3 detritus into 
biomass (Fig, 2), This may be due to the high 
pheno l  levels of  up land  plants, which make them 
significantly less palatable com pa red  to organic 
mat ter  f rom the lower marsh  (Bayne et al. 1987: 
Crosby et al, 1989: Goranson et al. 2004). These 
results suppor t  the conclusions  ti-om previous 
research that  indicate terrestrial detritus is not  
a significant par t  of  most  estuarine food webs 
(Coftin et al. 1989: Fry et al. 1992: Peterson et al. 
1994: Deegan  and  Garritt  1997). F. heteroclitus are 
generally surface sed iment  feeders  (Baker-Ditus 
1978)~ and the f requent  occurrence  of  A, rubr.u.m 
leaf particles in the stomachs of  F. heteroctit.us f rom 
the e m b a n k m e n t  site was probably  a by-product  of  
consuming other  food  sources, such as Gammarus 
sp. fl-om the benthos.  

It was difficult to compare  the diet of juvenile F, 
heteroctit.us f rom the middle  pool  site to the adult 
fish f rom the adjacent  river due to the much  higher  
and  more  variable lipid content  in the juvenile 
muscle tissue (de Vlaming et al. 1978: Kneib and  
Stiven 1978: Prinslow et al. 1974: Gutjahr-Gobell  
1998). The  gzsC signatures of  lipids are significantly 
more  deple ted  than proteins  due to enhanced  
t?actionation associated with lipid synthesis (DeNiro 
and  Epstein 1977). In our  study, the muscle tissue of  
F. heteroclitus was not  solvent extracted, and  we did 
not  compare  the diet of  juvenile F. heteroclitus to that  
of  the adults using stable isotope analyses. 

Once  the diet ofF.  heteroctit.us at the Sprague River 
salt marsh was de termined,  the m ovem en t  of  these 
fish among  the study sites could be assessed using 
gut contents and stable isotope analyses. Our  results 
conf i rmed our  hypothesis that F. heteroctit.us were 
feeding on locally p roduced  food sources even on 
the scale of  several hund red  meters. On a daily t ime 
frame, F. heterodit.us in the Sprague River salt marsh 
fed on locally p roduced  food in the areas in which 
they were caught, Food items unique  to a single 
location within the marsh were significantly more  
abundan t  in the stomachs of  F, heten)clitus f rom 
those sites than f rom other  sites within the marsh 
(Table 1). M. edulis, for example,  were t ound  in the 
stomachs of  F. heteroclitus ti-om the middle  site but  
not  the mou th  and  e m b a n k m e n t  sites, despite these 
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sites being less than 600 m apart. Al though our  data 
did not  examine the night  t ime feeding habits of  F. 
heteroclitus, these fish are visual predators  that  feed 
primari ly during the day (Weisberg et al. 1981), and  
the gut contents of  these fish dur ing the day- are an 
accurate reflection of their  normal  feeding habits, 
These  fish appear  to be feeding on  locally p roduced  
food  sources within a range of  less than 6 ha (600 • 
100 m) of accessible marsh surt~tce area. These 
findings support  previous work by Lotrich (1975) 
a n d  Teo  and  Able (2003)~ which sugges t  F, 
heteroctitus exhibit  strong site fidelities over a short  
per iod  of  days to weeks. 

The  juvenile F. heteroditus at the middle  pool  site 
showed even stronger site fidelities than the adults, 
according to gnat content  analyses, The  juveniles were 
feeding primarily within the pool  tYom which they 
were collected. These fish consumed large quantities 
of  very small L. littorea (only located at this site)~ but  
relatively- tew of the similarly sized M. edutis f rom the 
middle  site 20 m away-. Salt marsh pools serve as 
nurseries for juvenile F, lwteroclitus (Bartholomew 
2002) and these fish were probably not  traveling fat  
beyond the protect ion of  their  pool. 

As seen on a daily t ime frame, F. heteroctit.us 
appea red  to mainta in  relatively strong site fidelities 
over tile course of several months  according to 
stable isotope analyses, If  F. heteroclitus were feeding 
th roughou t  the marsh on  a monthly- t ime frame, 
then  F, heteroclitus should express a homogen ized  
isotopic signature no mat ter  where in the marsh 
they were collected. We tound  that individuals 
adop ted  local isotopic signatures distinct to the 
region in which they were caught. F, heteroclitus f rom 
the middle  site had  an isotopic signature reflecting 
their  enr iched  lsC (C a) surroundings,  while F. 
heteroclitus f rom the mouth  and e m b a n k m e n t  sites 
had  isotopic signatures inf luenced by bo th  deple ted  
phytoplankton  and enr iched Ca salt marsh plant  
mat ter  (Fig. 2). This indicates that F. heteroctitus were 
relying on locally p r o d u c e d  food  ra the r  than  
traveling th roughou t  the marsh to feed over the 
course of  several months ,  even on  the scale of  
several hund red  meters, This does not  suppor t  the 
model  that  in small estuaries a l lochthonous food 
sources would be the dominan t  tood  source in the 
estuarine food  web (Busby- 1995: Muylaert and  
Raine 1999). 

Al though our  conclusions about  the diet and  
movemen t  of F. het~roclit.us were based u p o n  data 
collected in September  and  October,  these findings 
do reflect the normal  activity- of  F. heteroctit.us during 
their  most  active per iod (i.e.~ late spring~ summer,  
and  early fall: Baker-Dittus 1978: Fell et al. 2003), 
Unlike some marsh fish, such as Menidia .menidia, 
which move oftshore during the winter changing 
their  isotopic s ignature seasonally, F, heteroclitus 
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r e m a i n  w i t h i n  t h e i r  na t ive  e s tua ry  y e a r - r o u n d  a n d  
r e t a i n  t h e  i s o t o p i c  s i g n a t u r e  o f  t h a t  estuary- (Gr i f f in  
a n d  V a l i e l a  2001 ). T h e r e  is s o m e  s e a s o n a l  f l u c t u a t i o n  

in  t h e  g:sC s i g n a t u r e s  o f  salt  m a r s h  c o n s t i t u e n t s ,  w i th  
t h e  w i n t e r  s igna l  ( J a n u a r y )  b e c o m i n g  m o r e  d e p l e t e d  
t h a n  t h e  s u m m e r  s ignal  ( J u l y - A u g u s t :  S i m e n s t a d  a n d  
W i s s m a r  1985) .  I f  t h e  8:sC s i g n a t u r e s  o f  t h e  F. 

heterocl i tus  f r o m  o u r  s t u d y  w e r e  d e p l e t e d  c o m p a r e d  
to  t h e i r  Ju ly-Augnas t  s i g n a l  t h e n  o u r  c o n c l u s i o n s  
w o u l d  u n d e r e s t i m a t e  t h e  i m p o r t a n c e  o f  local ly p r o -  
d u c e d  salt  m a r s h  p l a n t  m a t t e r  to  t h e  d i e t  o f  F. 
heterocli~us at t h e  S p r a g u e  River  salt  m a r s h .  

T h e  d i e t  o f  F. heterocl i tus  f r o m  t h e  S p r a g u e  River  
sal t  m a r s h  c o n s i s t e d  p r i m a r i l y  o f  local ly  ava i l ab le  
pr imary-  p r o d u c t i o n  e v e n  o n  t h e  sca le  o f  seve ra l  

h u n d r e d  m e t e r s .  F. heterocl i tus  f e d  dai ly  i n  a smal l  
a r e a  o f  less t h a n  6 h a  a n d  m a i n t a i n e d  re la t ive ly  
s t r o n g  s i te  f i de l i t i e s  o v e r  t h e  c o u r s e  o f  seve ra l  
m o n t h s .  P h y t o p l a n k t o n  a n d  sal t  m a r s h  p l a n t  de -  
t r i tu s  b o t h  c o n t r i b u t e  to  t h e  h i g h  p r o d u c t i o n  o f  F. 
heterocli tus,  a n d  t e r r e s t r i a l l y  d e r i v e d  o r g a n i c  m a t t e r  
was n o t  a n  i m p o r t a n t  c o m p o n e n t  o f  t h e i r  d ie t .  T h e  
d i e t  a n d  t e e d i n g  p a t t e r n s  o f  F. h e t e r o d i t u s  f l -om 
S p r a g u e  River  sal t  m a r s h  in  P h i p p s b u r g ,  M a i n e ,  

w e r e  s i m i l a r  to  t h e  p a t t e r n s  f o u n d  in  l a r g e r  sal t  
m a r s h e s  ( D e e g a n  a n d  G a r r i t t  1997; B o u i l l o n  e t  al. 
2000,  2004:  A l l e n  e t  al. 1994: A k p a n  a n d  I s a n g e d i g h i  
2004 ) ,  i n d i c a t i n g  t h a t  loca l ly  p r o d u c e d  o r g a n i c  
m a t t e r  is e s s e n t i a l  to  t h e  p r o d u c t i o n  o f  i m p o r t a n t  

e s t u a r i n e  c o n s t i t u e n t s  s u c h  as F. heten)cli tus.  
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