MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Vol. 367: 93–107, 2008
doi: 10.3354/meps07566

Published September 11

Relative importance of vascular plants and algal
production in the food web of a Spartina-invaded
salt marsh in the Yangtze River estuary
X. Shang1, 2,*, G. S. Zhang1, J. Zhang1
1

State Key Laboratory of Estuarine and Coastal Research, East China Normal University, 3663 Zhongshan Road North,
Shanghai 200062, PR China
2

School of Environment and Public Health, Wenzhou Medical College, Wenzhou 325035, PR China

ABSTRACT: The trophic importance of microphytobenthos (MPB), phytoplankton, C3 vascular plants
and invasive Spartina alterniflora in benthic and pelagic food webs was studied in Jiuduansha, a
newly formed salt marsh in the Yangtze River estuary, using natural stable carbon and nitrogen isotopic analyses and IsoSource evaluation. MPB was found to be the major food source of meiofauna
and important in the diets of macrofaunal consumers. Carbon derived from C3 vascular plants significantly contributed to the nutrition of all planktonic copepods and supported planktivorous nekton,
but played a minor role in the benthic food web. Although phytoplankton could be utilized by all the
consumers, low production in this highly turbid estuary might restrict its relative importance. High
trophic-level consumers could get carbon from 13C-enriched MPB and 13C-depleted C3 plants via
zoobenthos and zooplankton, respectively. Neither benthic nor pelagic animals fed exclusively on S.
alterniflora except for a gastropod species in the present study, indicating a minor contribution of this
invasive C4 plant to the food web of the Jiuduansha salt marsh. In light of the degradation of salt
marshes in the Yangtze River estuary, the rapid expansion of this invasive C4 plant may alter the
nutrient foundation of resident and migratory consumers and thus significantly impact the ecosystem
there.
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INTRODUCTION
Salt marshes are among the most productive ecosystems in the world (Odum 1961, Pomeroy & Wiegert
1981) and also known to function as nursery areas for
many fish and invertebrate species (Boesch & Turner
1984, Kneib 1997). As salt marshes are thought to be
important in combating eutrophication and rapid
decline of fisheries in coastal waters (Teal & Howes
2000), ‘determining the importance of marsh grass production for secondary production in estuaries is critical
because of the intense development pressures on
coastal ecosystems …’ (Peterson & Fry 1987).
Since pioneer investigators have pointed to the importance of detritus-based food webs both within the

marsh and in the adjacent estuarine and coastal waters
(Teal 1962, Odum & de la Cruz 1967), the actual nutritional value of vascular plant detritus has been questioned (Boesch & Turner 1984). Although some investigations show direct use of vascular plant matter
by gastropods (Silliman & Zieman 2001), decapods
(McClintock et al. 1991) and fish (Lewis & Peters 1984),
these results derived from traditional methods used in
food web studies, such as gut content studies, seem to
be insufficient to describe trophic interactions. For
example, not all ingested material can be assimilated
(Michener & Schell 1994); the refractory nature of
vascular plant detritus may lead to overestimation in
gut content analysis, while more digestible organisms,
such as nematodes, can be assimilated very quickly
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and are seldom found in predators’ stomachs (Gee
1989). Stable isotope analysis provides a powerful tool
to measure assimilated, and therefore nutritionally
important, materials among diets; hence the relative
contribution of different food sources can be identified
(Peterson et al. 1985, Vander Zanden & Rasmussen
2001). In general, stable carbon isotope ratios (δ13C)
exhibit little or no enrichment (within 1 ‰) relative
to diet and are thus useful for determining the food
sources of consumers (DeNiro & Epstein 1978, Peterson & Fry 1987). Stable nitrogen isotope ratios become
enriched by 3 to 4 ‰ between prey and predator tissues, thereby providing a measure of consumer trophic
position (DeNiro & Epstein 1981, Peterson & Fry 1987).
According to distinct carbon isotope signatures between C3 and C4 salt marsh vascular plants (Smith &
Epstein 1971), and consistent within-site differences
between planktonic and benthic algae (France 1995),
stable carbon isotope ratios are widely used to distinguish the relative contribution of salt marsh primary
producers. In spite of the visible large amount of biomass represented as vascular plants in salt marshes,
carbon isotope signatures of consumers are frequently
consistent with an algal-based food web (Sullivan &
Moncreiff 1990, Riera et al. 1999). In particular, microphytobenthos (MPB) has been shown to be a major
source of nutrition in salt marsh food webs, for it is
more nutritious and can be more readily utilized by
consumers than vascular plants (Pomeroy & Wiegert
1981, Miller et al. 1996). Moreover, MPB has rapid
turnover rates and can grow year-round; it represents up to 40% of terrestrial plant production in salt
marshes or even more (Pinckney & Zingmark 1993).
Although recent studies based on in situ isotopic labeling further confirm the central role of MPB in intertidal
benthic food webs (Herman et al. 2000, Middleburg et
al. 2000), stable isotopic analyses also show that vascular plants may supply a considerable part of the nutrient requirements of many marsh consumers (Currin
et al. 1995, Carman & Fry 2002). However, the longstanding debate about the relative importance of primary producers will go on accompanied with spatial
and temporal variations between salt marsh food webs,
and more evidence from different regions can enhance
knowledge about the function of salt marshes.
The Yangtze River is one of the largest rivers in the
world. Jiuduansha, consisting of 3 newly formed islands, formed as a consequence of the sedimentation
of silt brought by the Yangtze River. Since its emergence in the 1920s, Jiuduansha has been expanding
rapidly. As a part of the Yangtze delta wetlands, one of
the world’s major wetland ecosystems (Lu 1997), it
has been designated as a wetland nature reserve by
the Chinese government. While Jiuduansha salt marsh
has been considered an important nursery habitat

for many fishery nekton species and migratory birds
(Chen et al. 2003), the native salt marsh flora is being
quickly replaced by introduced Spartina alterniflora,
and the ecosystem and coastal fishery are thought to
be seriously threatened by invasion of Spartina (Li et
al. 2006, Huang & Zhang 2007). As the food web of
Jiuduansha salt marsh has never been investigated
intensively, the importance of different primary producers is unknown, especially the contribution of MPB
and the invasive Spartina, so that it is difficult to estimate the role of this marsh in the Yangtze River estuary ecosystem and the ecological impact of the rapid
expansion of Spartina. We hypothesis that MPB may
be an important food source in this estuarine salt
marsh, and consumers may prefer native salt marsh
flora to invasive Spartina. In the present study, we
tested these hypotheses by comparing the carbon and
nitrogen stable isotope composition of dominant consumers with that of their potential food sources, in
order to evaluate the importance of different primary
producers and the impact of Spartina invasion on the
food base of native marsh animals.

MATERIALS AND METHODS
Study area. The present study was conducted at
Jiuduansha Wetland Nature Reserve in the Yangtze
River estuary (between 121° 46’ and 122° 15’ E, 31° 03’
and 31° 17’ N) (Fig. 1). It covers 520 km2 (above –6 m
isobath, according to the definition of Wetland International), including 114.6 km2 above 0 m isobath (Chen
et al. 2003), and consists mainly of an upper island, a
middle island and a lower island. Tides at Jiuduansha
are semidiurnal with the maximum and average tidal
amplitude of 4.62 and 2.67 m, respectively. During the
high spring tide, most of the upper island and the
whole of the middle and lower islands are submerged
by tidewater (Chen et al. 2003). There are no regular
residents in Jiuduansha, and thus there is little artificial disturbance except for small-scale fishing and reed
harvesting in the winter (Ma et al. 2007).
The dominant vascular plants in Jiuduansha islands
are the reed Phragmites australis on the high tide zone
and part of middle tide zone, bulrush Scirpus mariqueter on the middle tide zone and smooth cordgrass
Spartina alterniflora on both the high and middle tide
zones. The vegetated areas are surrounded by wide
intertidal mud flats (Chen et al. 2003). Since its introduction to the Jiuduansha islands in 1997, the area S.
alterniflora occupies has an average annual expansion
rate of > 60%, and has replaced large areas formerly
covered by P. australis (Huang & Zhang 2007). S. alterniflora has also started to invade the upper parts of the
S. mariqueter zone (Li et al. 2006).
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Fig. 1. (a) The Yangtze River Estuary and (b) Jiuduansha islands showing locations of sampling sites

Sample collection and preparation. Two surveys of
sampling were performed in summer (June 2006) and
winter (December 2006) from 5 sites on land (S1, S4 and
S6 to S8) and 2 sites in the water (W1 and W2) (Fig. 1).
Depending on the environment surrounding each site,
the samples were collected from more than one vegetation type (e.g. in S4 we collected samples from the creek
bank and nearby bulrush and cordgrass zones).
The live and dead (in winter) leaves of 3 dominant
vascular plants, Scirpus mariqueter, Phragmites aus-

tralis and Spartina alterniflora, were collected by hand,
and each sample was taken from a different colony of
plants.
The MPB here is dominated by Nizschia and Navicula species both in summer and winter (unpubl. obs.).
Based on the properties of vertical migration of motile
diatoms, they were separated from the mud following
Blanchard et al.’s (2004) method. Three 55 µm mesh
size nylon screens were laid on the sediment surface
for a few hours during low tide, and the upper 2
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screens were then removed from the sediment before
re-flood. Diatoms were removed from the screens by
rinsing with GF/F (0.45 µm) filtered in situ water, and
the resulting suspension of MPB was filtered onto a
precombusted Whatman GF/F glass fiber filter. Examination under a dissecting microscope revealed there
were few animals (nematodes) and only small quantities of detritus in screen samples.
Plankton samples were collected by towing plankton
nets with mesh size of 37 µm for phytoplankton and
160 µm for zooplankton in the large tidal creek between
the upper and middle islands from a large anchored boat
(W1 in Fig. 1) and in 2 small tidal creeks from a small
boat. Phytoplankton samples were separated through a
series of sieves (160 and 37 µm mesh) to eliminate large
particles (e.g. zooplankton or debris of vascular plants)
and resulted in a mixture consisting mostly of diatoms,
along with some detritus derived from unknown organic
matter, a few copepod nauplii and sand. The 37 µm sieve
sample was washed several times with deionized water
and concentrated onto a precombusted GF/F filter.
Suspended particulate matter (SPM) samples were collected by filtering 300 ml to 2 l creek water onto precombusted GF/F filters, according to the turbidity of the water. Four dominant copepods present in zooplankton
samples, Pseudodiaptomus poplesia, Sinocalanus sinensis, Limnoithona sinensis and Tortanus vermiculus, were
identified under a dissecting microscope and sorted out
by pipette. After sorting, all these copepods were held in
GF/F filtered in situ water for at least 12 h to allow gut
evacuation.
According to their abundance in the sediment, meiofauna were extracted from 100 to 500 ml of surface
sediment by sieving in a series of stainless-steel sieves
(1 mm and 50 µm). Nematodes and harpacticoids were
sorted manually under a dissecting microscope and
then starved 12 h in filtered in situ water to clean gut
contents. After starvation, any debris adhering to meiofauna was carefully removed.
The dominant ocypodid crab in Jiuduansha islands,
Ilyoplax deschampsi, was excavated from the sediment
with a stainless spatula. Gastropods Assiminea violacea and mudskippers Boleophthalmus pectinirostris
were collected by hand. Bivalves Corbicula fluminea
were collected by sieving sediment in creek water with
a 1 mm mesh sieve. All these macrofauna were washed
carefully with creek water to remove the sediment
particles.
Resident nekton species, including the mullet Mugil
cephalus, goby Synechogobius ommaturus and shrimp
Palaemon sp., were obtained from the fish newly
caught by fishermen fishing in the waters surrounding
the Jiuduansha islands.
All the samples were stored in a freezer onboard and
kept frozen under –20°C until laboratory processing.

In the laboratory, vascular plant samples were rinsed
vigorously in tap water and then in deionized water to
remove epiphytic material, dried at 60°C for 48 h and
crushed with a stainless-steel disintegrator prior to
analysis. GF/F filters containing phytoplankton and
MPB were dried at 60°C for 24 h. Individual planktonic
copepods and meiofauna provided insufficient tissue
for isotopic analysis, thus 10 to 100 ind. were pooled as
one sample. Foot muscle of gastropods and bivalves,
dorsal muscle of fish and shrimp, and muscle in the
chelae of crab were dissected and the debris of skeleton or exoskeleton were removed carefully with forceps and needles under dissecting microscope. After
washing in deionized water they were dried at 60°C for
at least 24 h. The muscle tissues of all these consumers
were ground to powder. All samples were treated in
replicate or triplicate if possible. Because acidification
may alter δ15N values and result in an increase in the
variation among individuals for both δ13C and δ15N
(Bunn et al. 1995, Bosley & Wainright 1999), none of
the filters or the animal samples was acidified.
Stable isotope analysis. Samples for stable isotope
analysis were combusted in a Flash 1112 EA Elemental
Analyser, and the resulting gases (i.e. CO2 and N2)
were cryogenically separated and passed online to an
isotope ratio mass spectrometer (Delta plus XP Finnigan) to determine 13C/12C and 15N/14N. The results are
expressed as per thousand (‰) differences from the
conventional standards, i.e. PDB for carbon and atmospheric N2 for nitrogen:
δX = [(Rsample /Rstandard) – 1] × 103
where X = 13C or 15N, and R = 13C/12C for carbon or
15
N/14N for nitrogen. Reproducibility in the analyses
was ± 0.1 ‰ for δ13C and ± 0.2 ‰ for δ15N.
The relative importance of different food sources in
the diets of consumers in Jiuduansha islands was estimated by IsoSource (Phillips & Gregg 2003, www.epa.
gov/wed/pages/models/stableIsotopes/isotopes.htm).
Seven groups of dominant organic matter sources
which presented dissimilar C and N isotope values
were entered into IsoSource calculations: live and
dead leaves of C3 and C4 vascular plants, phytoplankton, MPB and SPM, resulting in a 7-source, 2-isotope
(C, N) mixing model. As no dead leaves of vascular
plants were sampled in summer, the isotope values of
dead leaves of vascular plants in winter were constructed into the summer mixing model. Copepods and
meiofauna consumers presented similar δ13C and δ15N
values, respectively, and were calculated in groups.
Macrofauna and nekton consumers were calculated
separately, as they occupied different niches or exhibited different feeding behaviour. For herbivorous primary consumers, trophic fractionation of 13C were
0.5 ‰ for consumers analyzed whole and 1.3 ‰ for con-
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sumers analyzed as muscle; trophic fractionation of 15N
were 2.2 ‰ (McCutchan et al. 2003). For nekton species which were assumed to be second-level or even
higher trophic consumers, the expected trophic enrichment of 13C and 15N were 1.8 ‰ (0.5 + 1.3) and 5.5 ‰
(2.2 + 3.3), respectively (according to McCutchan et al.
2003). In IsoSource analyses, the increment was set at
1%, and the tolerance was initially set at 0.1 ‰. If no
solution was obtained under this tolerance then it was
increased up to a maximum of 1.5 ‰. The contributions
of each source were estimated by their minimum and
maximum feasibility, as low maxima indicated the
source was unimportant and high minima indicated
the source might be important (Benstead et al. 2006).

RESULTS
Stable isotope ratios of primary producers
The δ13C values of primary producers varied from
–27 to –13 ‰, and variation within taxa was small
(Table 1). Most standard errors of mean values were
less than 0.4 ‰ in summer and 0.5 ‰ in winter; only the
variation of phytoplankton and SPM exceeded 0.7 ‰.
The carbon isotope ratios of C3 and C4 vascular plants
were distinct, and only small seasonal variation had
been found, thus it was easy to separate the carbon
source derived from C3 and C4 plants. Spartina alterniflora was the most 13C-enriched producer both in summer (–13.2 ± 0.1 ‰) and winter (–13.1 ± 0.1 ‰), while C3
plants showed the most depleted δ13C values (–27.2 ±
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0.2 ‰ in summer and –26.5 ± 0.3 ‰ in winter for Scirpus
mariqueter, –26.4 ± 0.2 ‰ in summer and –26.8 ± 0.2 ‰
in winter for Phragmites australis).
Two categories of algal producer, phytoplankton and
MPB, presented relatively wide ranges of δ13C. MPB
showed more enriched values than phytoplankton and
exhibited remarkable seasonal and regional shifts
(from –19.8 ± 0.4 ‰ on the creek banks in summer to
–13.7 ± 0.3 ‰ on the upland creek bank in winter). In
contrast, 13C-depleted phytoplankton displayed a slight
seasonal difference of 1.6 ‰. The δ13C of SPM were
more depleted than phytoplankton both in summer and
winter, implying δ13C depleted organic matter derived
from terrestrial C3 plants might constitute a considerable proportion in SPM.
The δ15N of primary producers were most enriched for
MPB both in summer (7.5 ± 0.3 ‰) and winter (7.3 to
0.3 ‰) among producers and most depleted for SPM in
summer (1.8 ± 0.4 ‰) and dead tissue of Scirpus mariqueter in winter (2.0 ± 0.4 ‰). As the stable nitrogen isotope ratios of autochthonous primary producers (except
for the depleted dead tissue of vascular plants) fell in
a relatively narrow range (4.2 to 7.5 ‰ in summer and
4.8 to 7.3 ‰ in winter), the δ15N values did not discriminate as well as carbon between these primary producers.

Stable isotope ratios of consumers

The stable carbon isotopic composition of consumers
was highly variable (Table 2), ranging from –24.6 ±
0.5 ‰ for the calanoid Pseudodiaptomus poplesia to
–16.0 ± 0.1 ‰ for the mullet Mugil
cephalus in summer and –25.9 ± 0.3 ‰
Table 1. δ13C and δ15N values (mean ± SE, ‰) for primary producers in the
for P. poplesia to –13.7 ± 0.3 ‰ for
Jiuduansha islands during summer and winter. MPB: microphytobenthos;
SPM: suspended particulate matter; n: no. of samples of pooled material
harpacticoids in winter. Because the
analysed; ns: not sampled
δ13C values of all the 4 species of planktonic copepods were not higher than
Producer
Summer
Winter
–23 ‰, these 13C-depleted pelagic conδ13C
δ15N
n
δ13C
δ15N
n
sumers could be distinguished from
other consumers easily. Among the
C3 plants
Scirpus mariqueter
other consumer samples, most (73%) of
Fresh leaves
–27.2 ± 0.2 7.1 ± 0.2 3
–26.5 ± 0.3 5.3 ± 0.2 2
them had δ13C values falling within a
Dead leaves
ns
ns
–26.6 ± 0.2 2.0 ± 0.4 2
range of –20.4 to –17.5 ‰ in summer,
Phragmites australis
Fresh leaves
–26.4 ± 0.2 5.7 ± 0.3 3
ns
ns
and the δ13C values of over 60% conDead leaves
ns
ns
–26.8 ± 0.2 3.3 ± 0.8 2
sumer samples fell within a range of
C4 plants
–19.2 to –15.8 ‰ in winter; thus food
Spartina alterniflora
sources whose δ13C values fell in or
Fresh leaves
–13.2 ± 0.1 4.2 ± 0.3 3
–13.1 ± 0.1 5.0 ± 0.3 2
near these ranges might contribute
Dead leaves
ns
ns
–13.1 ± 0.2 2.3 ± 0.4 2
Phytoplankton
–21.4 ± 0.6 5.2 ± 0.2 3
–19.8 ± 0.7 4.8 ± 0.3 3
substantially to the food web of JiuduMPB
ansha salt marsh.
Bare flat
–19.8 ± 0.4 6.9 ± 0.2 2
–17.1 ± 0.3 6.3 ± 0.2 2
As the most depleted category of conCreek bank
–19.3 ± 0.3 7.5 ± 0.3 2
–16.6 ± 0.5 6.6 ± 0.2 2
sumers,
the overall range of δ13C values
Upland creek bank
ns
ns
–13.7 ± 0.3 7.3 ± 0.3 3
for planktonic copepods fell between
SPM
–23.2 ± 1.1 1.8 ± 0.4 4
–22.4 ± 0.8 2.1 ± 0.5 2
C3 vascular plants and phytoplankton.
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δ13C values of most meiofauna samples
fell within a relatively narrow range
from –19.9 ± 0.3 to –18.6 ± 0.2 ‰ in summer and –17.9 to –16.2 ± 0.3 ‰ in winConsumer
Summer
Winter
ter. The most 13C-enriched meiofaunal
δ13C
δ15N
n
δ13C
δ15N
n
individuals were derived from the bare
flat. Harpacticoid copepods showed
Planktonic copepods
Pseudodiaptomus
–24.6 ± 0.5 9.2 ± 0.4 3
–25.9 ± 0.3 7.4 ± 0.4 3
more regional variation in summer and
poplesia
nematodes did in winter. Both nemaSinocalanus sinensis –23.9 ± 0.3 8.3 ± 0.4 3
–23.6 ± 0.4 8.2 ± 0.2 3
todes and harpacticoids exhibited sigLimnoithona sinensis –23.6 ± 0.3 10.0 ± 0.3 2
–23.5 ± 0.3 9.0 ± 0.2 2
nificant seasonal shift of δ13C values
Tortanus vermiculus –23.1 ± 0.1 12.1 ± 0.2 2
–22.7 ± 0.3 12.3 ± 0.2 2
over 2.0 ‰.
Meiofauna
Macrofauna showed wider δ13C variNematoda
Bare flat
–18.5 ± 0.2 8.2 ± 0.2 2
–16.2
7.4
1
ations than meiofauna. In general, the
Creek bank
–18.8 ± 0.2 8.0 ± 0.3 2
–17.8 ± 0.4 7.2 ± 0.4 2
bivalve Corbicula fluminea was most
Bulrush zone
–19.6 ± 0.3 7.2 ± 0.4 2
–17.6 ± 0.3 5.9 ± 0.2 2
13
C-depleted among the macrofauna
Upland creek bank
ns
ns
–14.0 ± 0.5 7.7 ± 0.2 3
and presented stable carbon isotope
Harparcticoida
ratios even lower than phytoplankton
Bare flat
–18.2 ± 0.2 8.6 ± 0.1 2
–15.9 ± 0.4 7.9 ± 0.3 2
in summer. While the gastropod AssiCreek bank
–18.9 ± 0.3 7.9 ± 0.2 2
–17.1 ± 0.2 7.9 ± 0.4 2
Bulrush zone
–20.1 ± 0.3 6.7 ± 0.4 2
–18.7 ± 0.3 6.9 ± 0.4 2
minea violacea displayed regional variUpland creek bank
ns
ns
–13.7 ± 0.3 8.6 ± 0.3 3
ations of 2.7 ‰ in summer and 2.5 ‰
Macrofauna
in winter, the individuals distributed
Ilyoplax deschampsi
in the cordgrass zone exhibited the
Creek bank
–19.0 ± 0.2 10.0 ± 0.3 2
–16.2 ± 0.4 9.8 ± 0.3 2
most enriched δ13C values in summer
Bulrush zone
–19.5 ± 0.3 9.0 ± 0.1 2
–16.8 ± 0.1 8.5 ± 0.3 2
(–16.2 ± 0.3 ‰) but the most depleted
Cordgrass zone
–21.5 ± 0.4 9.1 ± 0.2 2
–18.6 ± 0.3 8.2 ± 0.2 3
Corbicula fluminea
–23.0 ± 0.2 10.3 ± 0.2 2
–19.7 ± 0.4 8.7 ± 0.3 2
δ13C values in winter (–20.6 ± 0.3 ‰)
Assiminea violacea
among macrofauna species, implying
Creek bank
–18.6 ± 0.2 7.4 ± 0.3 2
–18.1 ± 0.3 8.2 ± 0.3 2
marked seasonal variation in this deBulrush zone
–18.9 ± 0.3 6.9 ± 0.5 2
–18.8 ± 0.4 8.1 ± 0.2 2
posit feeder. In addition to significant
Cordgrass zone
–16.2 ± 0.3 6.0 ± 0.2 2
–20.6 ± 0.3 7.4 ± 0.3 3
seasonal variation in stable carbon isoBoleophthalmus
–17.7 ± 0.2 10.7 ± 0.1 2
ns
ns
topic signatures, δ13C values of Ilyoplax
pectinirostris
deschampsi were always lower in the
Nekton
Palaemon sp.
–17.0
12.6
1
ns
ns
cordgrass zone than in the sediment
Mugil cephalus
–16.0 ± 0.1 12.4 ± 0.3 2
–15.2 ± 0.2 11.4 ± 0.2 2
of the creek bank and bulrush zone,
Synechogobius
–19.8 ± 0.3 14.2 ± 0.2 2
–22.0 ± 0.3 13.6 ± 0.3 2
suggesting consistent regional variaommaturus
tion among this ocypodid crab. As the
only species of benthic feeding verteHigh abundances of Pseudodiaptomus poplesia were
brate in the present study, mudskipper Boleophthalfound in creeks of Jiuduansha salt marsh; these demus pectinirostris was most 13C-enriched among the
13
tritivorous copepods exhibited δ C values of –24.6 ±
macrofauna in summer.
0.5 ‰ in summer and –25.9 ± 0.3 ‰ in winter, closest
Nekton species could be divided into 2 categories by
among all the consumers to C3 plants. Another domidistinct stable carbon isotopic signatures and small
nant planktonic copepod in creeks was Sinocalanus
variations within species. While goby Synechogobius
sinensis, which presented δ13C values higher than P.
ommaturus exhibited depleted δ13C values both in
poplesia, especially in winter (–23.8 ± 0.4 ‰). Abunsummer (–19.8 ± 0.3 ‰) and winter (–22.0 ± 0.3 ‰),
dant Limnoithona sinensis could be found both in
mullet Mugil cephalus and shrimp Palaemon sp. had
creeks and open waters around Jiuduansha salt marsh;
much higher δ13C values.
13
the δ C values of this omnivorous species were similar
Stable nitrogen isotope ratios of consumers varied
to S. sinensis. Tortanus vermiculus was the major carbetween 6.0 ± 0.2 and 14.2 ± 0.2 ‰ in summer and
nivorous copepod in the Yangtze River estuary and
between 6.8 and 13.6 ± 0.3 ‰ in winter. The mean δ15N
displayed the most enriched δ13C values in planktonic
value for all consumers sampled was 9.3 ‰ in summer
copepod samples.
and 8.6 ‰ in winter. Most invertebrates showed δ15N
Although extreme enriched carbon isotopic signavalues that were more depleted than 10.5 ‰, except
tures were found in meiofauna located in sediment of
for Tortanus vermiculus (12.1 ± 0.2 ‰ in summer and
the upland creek bank during winter sampling, the
12.3 ± 0.2 ‰ in winter) and Palaemon sp. (12.6 ‰ in

Table 2. δ13C and δ15N values (mean ± SE, ‰) for consumers in the Jiuduansha
islands during summer and winter. n: no. of samples of pooled material analysed;
ns: not sampled
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Trophic relationships between producers
and consumers
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winter) were significantly higher than those
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of most macrofauna were decreased in winter
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Fig. 2. Stable isotopic values of organisms in the food web of Jiuduansha salt
could be discriminated in the food web of marsh in (a) summer and (b) winter. Each small symbol represents an indiJiuduansha salt marsh both in summer vidual sample. Rectangles: 1 to 5, clusters of primary producers; ellipses:
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6 to 7, clusters of primary consumers; triangle 8: cluster of predators
level included C3 plants (cluster 1), SPM
(cluster 2), phytoplankton (cluster 3), MPB
(cluster 4) and C4 plant (cluster 5). The second level
from C3 plants and phytoplankton. Although the δ15N
consisted of primary consumers, mainly herbi- and
values of Tortanus vermiculus were markedly higher
omnivorous copepods (cluster 6) in the water and
than other planktonic copepods samples, as the most
meio- and macrofauna (cluster 7) inhabiting the mud
depleted δ13C values among predators, it might also
substrate. The third level was composed of carnivorous
dependent on carbon from C3 plants and phytoplankconsumers (cluster 8), and all of these predators were
ton. Results from IsoSource demonstrated a significant
sampled in the water columns around the marsh.
role for fresh C3 plants in the diets of planktonic copeDuring summer sampling, 2 species of herbivorous
pods, with a minimum contribution of 45% in summer
planktonic copepods, Pseudodiaptomus poplesia and
and 66% in winter (Figs. 3 & 4). MPB might also be utiSinocalanus sinensis showed δ13C values that fell in the
lized by planktonic copepods while other producers
middle of C3 plants and phytoplankton, indicating they
contributed little (Figs. 3 & 4).
relied mostly on these 2 food sources. While the carbon
Dual isotope plots illustrated that MPB was the major
isotopic signatures of S. sinensis did not change much
food source for meiofauna. While all meiofauna species
in winter, the δ13C values of P. poplesia implied C3
had δ13C values close to that of MPB, their δ15N values
also overlapped each other, even in the 13C-enriched
plants played a major role in its diet. Since the carbon
isotopic signatures of Limnoithona sinensis were simisamples derived from upland creek banks in the winlar to S. sinensis both in summer and winter, this omniter. Phytoplankton might be another important carbon
vorous copepod should mainly have gained nutrients
source for meiofauna, particularly for the individuals
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DISCUSSION
Food sources of benthic consumers
While it is generally assumed that the benthic food
webs of salt marshes in the Yangtze River estuary are
detritus based (Lu 2003), the relative importance of different primary producers has not been studied previously, especially for algal production. Qualitative
examination of the stable isotopic signatures of dominant producers and benthic consumers in Jiuduansha

16

PFN

14

BFN

12

δ15N (‰)

residing in the bulrush zone and bare flat. IsoSource
calculations showed only MPB had the minimum contribution higher than 0%; MPB also had the highest
maximum contribution both in summer (74%) and winter (70%) (Figs. 3 & 4). However, the large ranges
between minimum and maximum contributions of all
primary producers implied the diets of meiofauna had
a lot of uncertainty (Figs. 3 & 4).
Most of the δ13C values of macrofauna were within or
slightly higher than the range of algae (phytoplankton
and MPB), indicating that algal production sustained
these primary consumers. The 13C-depleted bivalve
seemed to depend primarily on phytoplankton, but
carbon derived from C3 plants might also be consumed
by this filter feeder especially in summer. The isotopic
signatures of gastropods sampled in the cordgrass
zone fell between MPB and C4 plants in summer,
implying C4 plants could be an alternative food of this
deposit consumer. IsoSource results showed carbon
sources derived both from fresh tissues of C3 plants
and MPB were important in the diets of bivalves, while
the contribution of other producers was small (Figs. 3
& 4). MPB was the primary food source for ocypodid
crab and mudskippers with minimum contributions
higher than 60% (Figs. 3 & 4). The minimum and maximum contributions of producers in the diets of gastropods showed large uncertainty in summer, while
MPB and fresh C3 plants might be more important in
winter (Figs. 3 & 4).
The enriched δ13C and δ15N values of Mugil cephalus
and Palaemon sp. indicated these predators should
feed on 13C-enriched primary consumers, such as meiofauna. As the top consumer in the present study, the
depleted carbon isotopic signatures of Synechogobius
ommaturus showed more zooplanktonic food in their
diet. IsoSource output indicated the significant contribution of MPB in the food base of nekton consumers
except goby in winter, which relied on both C3 plants
and MPB (Figs. 3 & 4). Based on natural stable isotope
ratio analyses, relative contribution of dominant producers and the major trophic transferring pathways
could be summarized as in Fig. 5.
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Fig. 5. Schematic view of δ13C and δ15N values and food web
in Jiuduansha salt marsh. C3, C3 vascular plants; SPM, suspended particulate matter; PP, phytoplankton; MPB, microphytobenthos; C4, Spartina; PPC, pelagic primary consumers;
BPC, benthic primary consumers; PFN, pelagic feeding nekton;
BFN, benthic feeding nekton. Wider arrows: larger trophic
contribution; dashed arrows: uncertain contribution

islands suggests the contribution from benthic and
pelagic microalgae deserves more attention (Fig. 2).
IsoSource estimations also demonstrate the importance
of MPB, but the role of phytoplankton seems uncertain
(Figs. 3 & 4)
The high nutritional value of benthic microalgae for
marsh consumers has long been supposed (Teal 1962,
Pomeroy & Wiegert 1981). MPB are mainly diatoms
which have siliceous frustules rather than cellulosic
cell walls of vascular plants, so that these unicellular
algae can be more easily ingested by benthic consumers. High surface area to volume ratio of these cells
also facilitates enzymatic digestion. More nutritious
and labile than vascular plants, MPB have been regarded as a major food source of meiofauna (Miller et
al. 1996). Indeed, many stable isotope studies have
confirmed the tight nutritional relationship of meiofauna and MPB (Riera et al. 1996, Middleburg et al.
2000, Carman & Fry 2002). However, the apparent δ13C
values of meiofaunal consumers in Jiuduansha salt
marsh can still be a combination from C3 plants and
Spartina, but the large difference between the signatures of vascular plants and that of meiofauna increases the uncertainty of this hypothesis. Although
the meiofauna in the upland creek bank exhibited very
high δ13C values also present in Spartina during winter
sampling, these enriched carbon isotopic signatures
were more likely derived from the coexisting 13Cenriched MPB. IsoSource results showed the feasibility of other food sources utilized by meiofauna, but
low minimum contribution (0%) and large variance
between minimum and maximum contributions implied the uncertainty of their role in the diets of
meiofauna.
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Meiofaunal consumers always show more depleted
δ13C values in bulrush zones than in the bare flat,
implying the contribution of some 13C-depleted food
sources besides MPB. Phytoplankton may be an alternative carbon source for they are also comprised of
a high proportion of digestible and metabolizable
energy and nutrients similar to MPB. Although phytoplankton is thought to be more efficiently consumed by
suspension-feeding animals than deposit feeders, surface-deposited phytoplankton may constitute at least
part of the diet of harpacticoids in the salt marsh (Buffan-Dubau & Carman 2000); nematodes in the mudflat
also utilize this settling labile organic carbon (Moens et
al. 2005). SPM deposited into mudflat sediment may be
another 13C-depleted carbon source for meiofauna, but
low maximum feasible contribution in IsoSource calculations and relative low nutrition restrict its role in the
diets of meiofauna.
The ratio of stable isotopes of nitrogen has been used
widely to estimate trophic position for the δ15N of a
consumer and is assumed to enrich by 3 to 4 ‰ relative
to its diet (DeNiro & Epstein 1981, Peterson & Fry
1987), but this is not the case for meiofauna in Jiuduansha salt marsh. The δ15N values of meiofaunal consumers here are overlapped with, or just slightly
higher than, that of MPB, the most feasible food source
evaluated by IsoSource. Recent studies showed the
isotopic fractionation of nitrogen by small crustaceans
is not constant but depends on protein quality (Fantle
et al. 1999) or nitrogen content of the diet (Adams &
Sterner 2000). High nutritional foods may result in
reduced or nearly zero 15N enrichment, so low C:N
ratios and high nutritional value of MPB may contribute to limited nitrogen isotope fractionations of
meiofaunal consumers in the Jiuduansha salt marsh.
Macrofauna in salt marshes of the Yangtze River
estuary present very different feeding behaviours, so
that they may rely on different primary producers (Lu
2003). Our isotopic analyses suggest that algal production constitutes the majority of the carbon in the diets
of macrofauna in Jiuduansha salt marsh. However, the
specific, regional and seasonal variations among δ13C
and δ15N values of macrofaunal consumers imply the
relative importance of MPB and phytoplankton vary
in different species, and vascular plants may also be
utilized on some occasions.
Bivalve Corbicula fluminea have carbon isotopic signatures similar to that of phytoplankton, which seem
consistent with their filter-feeding behaviour. However, phytoplankton is thought to comprise only a
small proportion of the organic fraction of the seston in
salt marshes (Langdon & Newell 1990), and various
potential food sources are available to benthic suspension feeders. Resuspended benthic microalgae are regarded as an important food source for marsh bivalves

(Riera et al. 1999, Page & Lastra 2003); detritus of terrestrial vascular plants may also significantly contribute to the Corbicula diet (Kasai & Nakata 2005).
While feeding on a mixture of C3 plant detritus and
MPB can also result in a carbon isotopic signature of
consumers similar to that of phytoplankton in Jiuduansha salt marsh, these nonphytoplankton food sources
may be substantial contributors of food for C. fluminea
in this low-phytoplanktonic production estuary, just
like IsoSource output presents.
Deposit feeders, the ocypodid crab Ilyoplax deschampsi and the gastropod Assiminea violacea, always
show regional variation of carbon isotopic signatures
among samples from the cordgrass zone and other
habitats. The congener of I. deschampsi, I. pusilla is
thought to selectively feed on benthic diatoms (Doi et
al. 2005). I. deschampsi tend to feed on 13C-depleted
food in the Spartina zone in the present study, indicating deposited phytoplankton and even detritus of C3
vascular plants and SPM may contribute to the diet of
this deposit-feeding consumer. A. violacea in the cordgrass zone show a more enriched isotopic carbon signature than MPB in summer, implying the utilization
of carbon from the most 13C-enriched Spartina. While
some isotopic analyses indicate Assiminea may selectively feed on or ingest benthic microalgae (Rodelli et
al. 1984, Bouillon et al. 2002), other studies define them
as unselective feeders which can assimilate carbon
from the detritus of vascular plants (Kurata et al. 2001,
Doi et al. 2005). Our IsoSource results indicate A. violacea may utilize all sorts of food in Jiuduansha salt
marsh, while MPB and fresh C3 plants are more important in winter. However, A. violacea exhibit more
depleted δ13C values in the cordgrass zone than in
other habitats in winter, implying detritus from C3
plants may be dominant in deposited organic matter,
as most of the C3 vascular plants are dead while
Spartina is still flourishing in winter.
Although some mudskippers are carnivorous, in situ
observation and gut analyses reveal Boleophthalmus
pectinirostris is predominantly grazing on the intertidal mudflat MPB (Yang et al. 2003, Al-Zaidan et al.
2006). Similar to the individuals that live in the mangrove marsh of Malaysia (Rodelli et al. 1984) and soft
mud intertidal flats by the Arabian Gulf (Al-Zaidan et
al. 2006), the stable isotopic analyses on B. pectinirostris in Jiuduansha salt marsh indicate MPB is also
their main food source.

Food sources of pelagic consumers
Planktonic copepods had the most depleted carbon
isotope values among all the consumers in the present
study, indicating that these consumers seem to utilize a
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considerable proportion of carbon sources derived from
C3 marsh plants and phytoplankton (Fig. 2), IsoSource
analyses also show the tight trophic relationship
between planktonic copepods and C3 plants (Figs. 3
& 4). Although planktonic copepods exhibit significant
food selectivity, and their preference for more nutritious phytoplankton has been mentioned (Bouillon et
al. 2000, Müller-Solger et al. 2002), detritus of vascular
plants or macrophytes can also enter the diet of planktonic copepods (Roman 1984, Hummel et al. 1988).
Moreover, there may be seasonal shifts in the importance of microalgal and terrestrial production in diets
of planktonic copepods (Grey et al. 2001, Kibirige et al.
2002). As SPM in the Yangtze River estuary is largely
composed of C3 plant-derived organic matter carried
by the Yangtze River (Zhang et al. 2002), low biomass
and production of phytoplankton may restrict its importance in the diets of suspension-feeding zooplankton in this estuary (Shen et al. 1999). Skeletonema
costatum is the dominant phytoplankton species in the
Yangtze River estuary and also dominates the phytoplankton community in the water column around
Jiuduansha salt marsh (Chen et al. 2003, Li et al. 2007).
Freshwater and suspended benthic algae account for
only a small proportion to the total phytoplankton biomass here (Chen et al. 2003), implying their depleted
or enriched δ13C signatures may have minor impact on
the stable carbon isotope signatures of the bulk of
phytoplankton. Planktonic copepods such as Pseudodiaptomus can maintain populations in estuaries with
net seaward flow by vertical migration to make use
of stratified flows or lateral movement to areas of
decreased flushing as in channel margins (Morgan et
al. 1997, Ueda et al. 2004). These brackish copepods
dominate the zooplankton community in the water
column around Jiuduansha salt marsh, and only few
freshwater species can be found (Chen et al. 2003), so
that the stable isotope characteristics of these resident
copepods can reflect feeding conditions in situ rather
than the situation upstream.
Pseudodiaptomus poplesia in Jiuduansha islands
show carbon isotopic signatures closest to C3 plants
among all the dominant consumers, implying that 13Cdepleted production may be the most important food
sources of these demersal copepods, just like their congener P. hessei, which has significant food contribution
from the detritus of vascular plants (Kibirige et al.
2002). The δ13C values of Sinocalanus sinensis are
higher than P. poplesia both in summer and winter, so
that this pelagic copepod may rely on 13C-enriched
phytoplankton more, but organic matter from C3 vascular plants can still constitute a considerable proportion in their diet. The pathway by which the carbon
of terrestrial C3 vascular plants is incorporated into
herbivorous planktonic copepods remains uncertain.
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These copepods may ingest the detritus of C3 plants
and its associated bacteria directly, like the utilization
of seagrass detritus by Acartia (Roman 1984, Buskey et
al. 1999). Another possible explanation is these ‘herbivorous’ copepods also feed on planktonic protozoans,
which in turn have fed on bacteria nourished by the
detritus of C3 plants (Stoecker & Capuzzo 1990). As this
‘carnivorous’ feeding may result in significant 15N
enrichment, the role of 13C-depleted SPM may be
important in the diets of zooplankton in this highturbidity and low-chl a estuary, although depleted δ15N
values conceal its contribution in IsoSource evaluation.
Similar to Oithona species which are thought to be predominantly omnivores (Turner 2004), Limnoithona also
preys on motile mixotrophic and heterotrophic ciliates
and phytoflagellates, except for diatoms (Bouley &
Kimmerer 2006). Omnivorous feeding of L. sinensis
may result in their δ15N values being higher than P.
poplesia and S. sinensis in the present study, but they
also derive carbon mainly from C3 vascular plants and
phytoplankton. The δ15N values of Tortanus vermiculus are significantly more enriched than other copepods, which is consistent with the predatory feeding of
the genus Tortanus (Hooff & Bollens 2004), so that they
present the carbon isotopic signatures as a mixture of
C3 plants and phytoplankton by ingesting herbi- and
omnivorous copepods.
A former study based on gut content analysis
showed no fish has a purely algal diet in the Yangtze
River estuary, as their prey include benthic and pelagic
invertebrates, even small fish (Luo et al. 1997). Two
main food chains have been assumed, one is based on
detritus and MPB (→ meio- and macrofauna → small
benthic fish → high trophic-level fish), and the other
relies on phytoplanktonic production (→ zooplankton
→ small pelagic fish → high trophic-level fish). Other
investigations of fishery resources around Jiuduansha
islands also define fish here as secondary consumers,
and they may derive carbon mainly from detritus and
MPB (Chen et al. 2003, Tang et al. 2003). Our results
identified the possibility that there are 2 main pathways of nutrition in the food webs of nekton in Jiuduansha salt marsh. But unlike former assumptions, one
was based on MPB mainly and transferred by meioand macrofauna; the other was based on the mixture
composed of detritus from terrestrial C3 plants and phytoplankton, and transferred by zooplankton (Fig. 5).
The isotopic signatures of Mugil cephalus and Palaemon sp. indicate they obtain 13C-enriched carbon
from MPB through preferentially consuming meiofauna both in summer and winter, which is consistent
with their epibenthic feeding behavior. The δ13C values of goby Synechogobius ommaturus exhibit marked
seasonal variation, implying their selective feeding
results in more 13C-enriched food such as abundant
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Palaemon sp. and Boleophthalmus pectinirostris during productive summer, but entirely shifts to 13Cdepleted zooplanktonic diets in the low-yield winter.
Since salt marshes are thought to be important nursery and feeding areas, the food sources of nekton living in and around salt marshes have long been of concern. Stable isotopic analyses indicate the food web of
nekton in the salt marsh may depend on algal production (Sullivan & Moncreiff 1990) or on a mixture of
various primary producers including vascular plants
(Wainright et al. 2000, Weinstein & Litvin 2000). How
the carbon of these primary producers is integrated
into higher trophic levels is often ignored. For example, although carbon isotopic signatures of terrestrial
plants are often found in estuarine nekton, whether
these nutrients are transported by zooplankton, meiofauna or macrofauna is still unknown. Our results show
13
C-depleted carbon of vascular plants may be utilized
by planktivorous nekton which feed on detritivorous or
bacterivorous zooplankton, while carbon from 13C-enriched MPB may be transferred to benthivorous nekton
by meio- and macrofauna. As estuarine nekton often
exhibit great flexibility in feeding, they may tend to
obtain nutrition from the most accessible carbon source
regionally (Wainright et al. 2000) or seasonally (such as
Synechogobius ommaturus in the present study).

Impact of Spartina invasion on the food web of
Jiuduansha salt marsh
Spartina alterniflora is a dominant cordgrass native
to the eastern US, which forms one of the greatest
aboveground net productions in the world and yields
large quantities of detritus within salt marshes and in
the adjacent estuarine and coastal waters. Although
many researchers report that salt marsh food webs are
mainly fueled by algal producers, especially benthic
microalgae (e.g. Sullivan & Moncreiff 1990), the detritus derived from S. alterniflora can play an important
role in the food web of salt marshes along the Atlantic
coastal ecosystems of North America (e.g. Currin et al.
1995). However, the trophic contribution of C3 plants
may overcome that of Spartina when they co-occur in a
same marsh (Stribling & Cornwell 1997, Wainright et
al. 2000). More than 80% of the biomass of S. alterniflora is comprised of refractory structural lignocellulose, and it is among the toughest marsh plants and
does not decompose easily (Pennings et al. 1998). Stable carbon isotope analysis of microbial biomarkers
also suggest the C3 plant Scirpus maritimus is a more
important carbon source for bacterial growth than C4
Spartina (Boschker et al. 1999), so that production from
C3 vascular plants can be utilized more easily through
the bacterial pathway.

Stable isotopic analyses of dominant producers and
consumers in Jiuduansha salt marsh suggest the
trophic contribution of the invasive Spartina alterniflora may be limited in the local food web. Only the
deposit-feeding snail Assiminea violacea shows incorporation of enriched δ13C carbon from S. alterniflora in
summer. The small difference between the δ13C values
of S. alterniflora and that of MPB in the upland creek
bank may cause a specious interpretation of trophic
importance of cordgrass in winter, but the more easily
assimilated MPB is assumed to be preferred by meiofaunal consumers under high MPB yield there. Most
macrofaunal consumers in the cordgrass zone exhibit
more depleted δ13C values than in other habitats, indicating the contribution of phytoplankton and even C3
vascular plants. The invasion of S. alterniflora may
decrease species diversity and alter the trophic group
structure of the macrofauna community (Zhu & Lu
2003, Chen et al. 2005), which may partly be attributed
to the exclusion of Spartina from the diet of most native
animals. While some other studies suggest the variation on abundance and diversity of macrofauna among
the cordgrass zone and other habitats are insignificant,
increased proportions of gastropods among the macrofauna community imply a trophic shift in Spartina
vegetation (Zhou et al. 2006).
Investigations on invasive Spartina reported alteration of faunal composition and abundance (e.g.
Hedge & Kriwoken 2000), and some predicted possible
food web changes (Simenstad & Thom 1995). But only
a few studies recently focused on the trophic shift after
invasion of Spartina and document the bottom-up control of the community structure of benthos (Levin et al.
2006). Although the structure of the macrofaunal community may also be regulated by habitat-flow interactions, physiological tolerance and top-down control
(Neira et al. 2006), invader-mediated changes in food
availability would alter trophic structure and hence
community structure substantially (Levin et al. 2006).
While most of the native animals seem to prefer native
marsh flora to S. alterniflora, the rapid expansion of the
invader cordgrass may be a threat as they will impact
the production and distribution of native marsh flora.
S. alterniflora has strong competitive effects on bulrush Scirpus mariqueter and results in significant
decreases of S. mariqueter abundance in the Yangtze
River estuary (Chen et al. 2004); it has also expanded
to cover previously unvegetated mudflat habitat in
Jiuduansha islands (unpubl. data). As the riverine
sediment supply decreased dramatically after the construction of Three Gorges Dam, the progradation rate
of Jiuduansha islands decreased and has shifted to
degradation in recent years (Yang et al. 2005). As a
drastic recession of salt marshes in the Yangtze River
estuary can be expected to occur, the expansion of
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acidification on the stable isotope ratios (15N:14N, 13C:12C)
Spartina may remarkably reduce the niches where
of
two species of marine animals. Can J Fish Aquat Sci 56:
native C3 vascular plants and MPB grow, therefore
2181–2185
probably endangering the food sources of many native
➤ Bouillon S, Chandra Mohan P, Sreenivas N, Dehairs F (2000)
animals that live in and around this estuary.
Sources of suspended organic matter and selective feed-

CONCLUSIONS

➤

Based on the results of natural stable isotope analyses and IsoSource estimation, the food web of Jiuduansha salt marsh can be divided into 2 relatively independent parts. The benthic consumers primarily feed on
benthic microalgae, while pelagic consumers mainly
rely on carbon sources derived from autochthonous
and allochthonous C3 plant-derived organic matter.
Phytoplankton can be utilized by all the consumers,
but low production in this high-turbidity estuary may
restrict its relative importance in the diets of animals.
Carbon from 13C-enriched MPB and 13C-depleted C3
plants are transported to high trophic levels by zoobenthos and zooplankton, respectively. These 2 pathways overlap at higher trophic level consumers. The
contribution of Spartina alterniflora in the food web of
Jiuduansha salt marsh is inconspicuous, so we predict
the rapid expansion of this invading C4 plant may
change the nutrient foundation of resident and migratory consumers, and hence impact the ecosystem
through bottom-up processes.
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