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Abstract

We estimated the food sources of macroinvertebrates using carbon, nitrogen, and sulfur stable iso-
topes in a headwater stream. Stream food webs, including macroinvertebrates, rely on production from
autochthonous and allochthonous photosynthesis. We found that a freshwater grazer, the snail Semisul-
cospira libertina, may assimilate different food sources, based on stable carbon and nitrogen isotope
evidence from snail muscle and the much lighter sulfur isotope signature than those of other associat-
ed macroinvertebrates. Previous studies have shown the importance of methanotrophic and sulfur bac-
teria in reductive environments (clay and organic-rich sediments) as food sources for macroinverte-
brates. Our results show that the production by chemoautotrophic bacteria contributes to the food
sources of a snail in a stream. Thus, the chemoautotrophic bacteria are important in the freshwater food
webs, even in mostly aerobic habitats.

1. Introduction

In general, aquatic food webs rely on in situ algal production (i.e., macro-and microalgae)
and allochthonous production (i.e., terrestrial litter) derived from photoautotrophy (e.g., FIN-
LAY, 2001). In addition, many reports have shown the importance of food sources for the
macroinvertebrate community from in situ chemoautotrophic sources, such as methano-
trophic and sulfur-oxidizing bacteria, in deep-sea hydrothermal vents and cold seeps (e.g.,
LEVIN and MICHENER, 2002), lake bottoms (e.g., KiYASHKO et al., 2001; GREY et al., 2004;
HERSHEY et al., 2005, 2006), and backwater stream pools (KoHzu et al., 2004).

The food webs based on chemoautotrophy prevail in reductive habitats because sulfur-
oxidizing and methanotrophic bacteria are commonly observed in and nearby anoxic condi-
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tions, respectively (see comprehensive review in KROUSE and GRINENKO, 1991). In fresh-
water ecosystems, such habitats are found in typical reductive environments of clay-rich sed-
iment and large amounts of litter detritus (e.g., GREY ef al., 2004; KoHzU et al., 2004). In
the gravel surface and water body of freshwater ecosystems, no studies have examined the
contribution of chemoautotrophy to macroinvertebrate food sources. If chemoautotrophy is
important in freshwater food webs, we must consider the link between aerobic and anaero-
bic habitats in these ecosystems.

Stable carbon isotope analysis is used to estimate the contribution of chemoautotrophy in
food webs (e.g., KiYASHKO et al., 2001; KoHzu et al., 2004; HERSHEY et al., 2005, 2006).
The 8"3C values of some macroinvertebrates in lakes and backwater pools vary from —635 to
—30%o. Chemoautotrophic bacteria, such as methanotrophic and sulfur-oxidizing bacteria,
have much lower 8°C values than photoautotrophs. Thus, when their 8"°C values are
markedly lower than those of particulate organic matter (POM) and periphyton, this should
indicate that a possible contribution of chemoautotrophy to the macroinvertebrates (KoHzu
et al., 2004).

Sulfur isotope signatures can be used to identify the sulfur nutrition in aquatic ecosystems
in which sulfur-oxidizing bacteria are involved (Fry, 1986; GREY and DEINES, 2005). In-
corporation of elemental sulfur into chemoautotrophs results in lower **S values, because
34S-depleted sulfides are the likely source (FrRY, 1986). In marine and saline habitats where
reductive environments often develop, biomass with very low 38 values, derived from the
activity of sulfate-reducing and sulfur-oxidizing bacteria, contributes to the food webs (e.g.,
KHARLAMENKO et al., 2001). Nevertheless, the values of the sulfur isotope signature for
understanding the role of chemoautotrophy has not been examined in stream food webs.
Here, we investigated the contribution of chemoautotrophs (i.e., sulfur-oxidizing bacteria) to
macroinvertebrates, especially freshwater snails, in a headwater stream using multiple iso-
tope analysis, including carbon, nitrogen, and sulfur.

2. Methods
2.1. Study Area

The study site was in the Honzawa Stream, a headwater stream, on a small hill (Aobayama) in
Sendai, northeastern Honshu, Japan (38°15” N, 140°51” E; 90 m above sea level). The area consists of
Pliocene tuff of marine origin. All samples were collected within a 30 m length of riffle, and the
streambed consisted of cobbles and sand with many litter packs. The stream width and water depth were
15-40 cm and 5-10 cm, respectively. The pH, water temperature, and electrical conductivity of the
stream water were 6.2, 14.4 °C, and 25.2 uS m™!, respectively, which were measured using a multiple
water quality sensor (U-22; Horiba Co., Kyoto, Japan). The dissolved oxygen content of the surface
water and the current velocity of surface flow were 7.1 +0.1 mg 1" and 22.0 + 0.3 cm s (mean + SD,
n = 3), respectively. The SO}~ (sulfate) concentration of the water was estimated as 1.3 + 0.1 mmol 1!
using ion chromatography (DX-120; Dionex Co., Sunnyvale, CA, USA). The chlorophyll a content of
the biofilm brushed from the gravel surface was 0.88 £ 0.21 ug cm™, as extracted by N,N-dimethylform-
amide and measured using a fluorometer (AU-10; Turner Designs, Sunnyvale, CA, USA). All of these
measurements were made on 29 June 2002.

2.2. Sample Collection and Preparation

We collected 3 replicates of dominant benthic macroinvertebrates from the streambed on 29 June
2002. Macroinvertebrate feeding groups were classified according to MERRITT and CUMMINS (1996). All
macroinvertebrate tissues were subjected to stable isotope analysis with three individuals of each (sev-
eral more for chironomid larvae). Muscle tissues was taken from Semisulcospira libertina (gastropods);
lipids were removed using a chloroform-methanol mixture (2 :1 by weight) because of the high lipid
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content of the muscle. For sulfur isotope measurements, we collected 3 replicates of dominant inverte-
brates from each feeding group, including S. libertina (gastropod grazer), Ephemera japonica (mayfly
and collector-gatherer), and Anotogaster sieboldii (dragonfly and predator). We did not observe any
fishes during sampling, probably because of exclusion by a water gate at the downstream.

As potential food sources, we collected three replicates of suspended particulate organic matter
(SPOM), benthic particulate organic matter (BPOM), and periphyton from the stream on 29 June 2002.
However, for the periphyton samples two replicates could be measured for sulfur isotope. SPOM was
collected by filtering the stream water through glass fiber filters (GF/F; Whatman Co., Florham Park,
NJ, USA). BPOM was similarly collected using a 250 um Surber net, and measured as two size frac-
tions: >1 mm and <1 mm, using sieves. For sulfur isotope analysis, BPOM (>1 mm) was washed using
deionized water to remove dissolved constituents, and combusted in a Parr Bomb (#1108; Parr Instru-
ment Co., Moline, IL, USA), and the resulting sulfate was precipitated as BaSO,. Periphyton was col-
lected by scouring the gravel using a brush with three replicates. SPOM, BPOM, and periphyton sam-
ples were acidified with 1 mol L™ HCI to remove any carbonate contaminants. All samples were freeze-
dried and stored at —20 °C until stable isotope analysis.

We collected three replicates of surface stream water, filtered it using a Millipore filter (pore size
0.25 wm; Millipore, Billerica, MA, USA), and acidified it using 1 mol L' HCI to remove dissolved
bicarbonates. The samples were boiled and sulfates were recovered as BaSO, by adding warm 10%
BaCl, solution. The samples were then dried for isotope analysis.

2.3. Stable Isotope Analysis

The carbon and nitrogen isotope ratios of the samples were measured using a mass spectrometer
(DELTA plus; Finnigan MAT, Bremen, Germany) connected to an elemental analyzer (NA-2500;
Fisons Instruments, Beverly, MA, USA). For sulfur isotope measurements, the BaSO, isolates were con-
verted to SO, gas via the thermal decomposition method of YANAGISAWA and SAKAT (1983). **S/°%S
ratios were determined using a dual inlet mass spectrometer (SIRA-10; VG Isogas, Middlewich, UK)
at the Institute for Study of the Earth’s Interior, Okayama University, Japan. However, one of three peri-
phyton replicate samples was not successfully measured for the sulfur isotope, thus we obtained only
duplicate data of periphyton sample for the sulfur isotope.

The results are presented using common delta notation calculated as &C, 8N, or ™S
= (Ruumpte/Raangara — 1) - 1000 (%o), where R is the *C/"*C, "N/™N, or *S/*S ratio for 8"°C, 6N, or 8*S,
respectively. Pee Dee Belemnite (V-PDB), nitrogen in air, and Canyon Diablo Troilite were used as
standards for 8'*C, 8N, and &**S, respectively. Errors during the overall analyses were within + 0.2%o
for 8'3C, 8"°N, and *S. Analysis of trophic relationships using stable isotope ratios is generally based
on the premise that the enrichment of &“C and S during trophic transfer is slight
(+0.4 £0.12%0 and +0.4 £ 0.52%o, respectively), while that of 8N is fairly large (+2.0 % 0.20%0;
MCcCUTCHAN et al., 2003).

3. Results

Most macroinvertebrates had similar 8'*C and 8'°N values (Fig. 1). However, the §'°C
value of S. libertina was significantly lower than those of other macroinvertebrates and
potential food sources, i.e., BPOM, SPOM, and periphyton (one-way ANOVA, F =8.84,
p <0.01, n=3, Tukey multiple comparison, p <0.05, n=3), and two predatory species,
Parachauliodes japonicus (Megaloptera) and A. sieboldii had higher 8"°N values than the
other feeding groups, including grazers (S. libertina), caddisfly filter-feeders (Diplectrona
spp., Wormaldia spp.), caddisfly shredders (Goerodes spp.) and collector-gatherers
(E. japonica, Amphinemura spp., Chironomidae gen. spp). Except for S. libertina, the 8'*C
values of macroinvertebrates (-28.0 to —26.2%0) were similar to those of BPOM, SPOM,
and periphyton.

The 8'°C values of BPOM, SPOM, and periphyton ranged from —27.9 to —25.7%o. The
8'3C and 8N values of BPOM did not vary markedly with size. Moreover, the §'*C value
of BPOM was similar to that of C 3 terrestrial plant litter (-29 to —26%o0; FRANCE, 1995).
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Figure 1. Plot of 8'*C and 8'°N values of macroinvertebrates and their potential food sources. BPOM

(<1 mm and >1 mm mesh size) and SPOM indicate benthic and suspended particulate organic matter,

respectively. Boxes indicate potential food sources. White, black, and hatched triangles indicate collec-

tor-gatherers, shredders, and collector-filterers, respectively. Black diamonds and circles indicate pre-

dators and grazers, respectively. The feeding groups were assigned according to MARRIOTT and
CuMMINS (1996). Each symbol indicates mean + SE (n = 3).

The 8'°C and 8N values of periphyton may be affected by current velocity and the con-
centration of dissolved inorganic carbon (FINLAY et al., 1999); however, we found a narrow
range of 8'°C values for periphyton among replicate samples (—26.8 to —26.6%o).

The 8*S values of a POM feeder (E. japonica) and a predator (A. sieboldii) were similar
to those of dissolved sulfate in the stream water, periphyton and BPOM (Fig. 2). The 6*S
value of the snail (S. libertina; from -5.1 to —1.3%0) was significantly lower than those of
other macroinvertebrates, BPOM, and dissolved sulfate (one-way ANOVA, F=6.19,
p <0.05, n = 3, Tukey multiple comparison, p < 0.05, n = 3). Moreover, there was a signif-
icant correlation among the consumers (Pearson’s correlation coefficient, r=0.940,
p <0.001, n=9, Fig. 2).

4. Discussion
The 8"3C and &*S values of S. libertina were consistently depleted relative to other

macroinvertebrates inhabiting the streambed and their possible food sources. The food web
of the macroinvertebrate community appears to rely on BPOM, SPOM, and periphyton as

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.revhydro.com



Chemoautotrophic Food of Macroinvertebrates 505

6 ~ ) .
A. sieboldii
4 |sulfate E. japonica
A POV
- 2 | A .
£ A
3 B S. libertina .
0 periphyton
-2 - 9/
-4 L
)]
-6 L | I 1 L J

33 -31 -29 -27 -25
5" C (%o)

Figure 2. Plot of 8'°C and &S values of sulfate in stream water (only 6**S), BPOM (benthic partic-

ulate organic matter, >1 mm mesh size), periphyton, and macroinvertebrates (snail, Semisulcospira

libertina; POM feeder, Ephemera japonica; and predator, Anotogaster sieboldii). The line shows

the significantly correlation among the consumers by Pearson’s correlation coefficient (r=0.940,
p <0.001, n=9).

potential food sources (Figs. 1 and 2). Generally, macroinvertebrate species in streambeds
are sustained by POM and autochthonous (periphyton) food sources as shown in previous
studies using carbon and nitrogen stable isotope analyses (e.g., FINLAY et al., 2001). Never-
theless, the 8"°C value of S. libertina was significantly lower than those of other macroin-
vertebrates and potential food sources, suggesting that S. libertina assimilates different food
sources from the rest of the macroinvertebrate community that inhabits the same streambed.
However, S. libertina were observed not only on the stones, but also on the deposit terres-
trial litters in the site. The food source of S. libertina may be organic matter on the stream
gravel and litter because S. libertina generally feeds on these surfaces as a grazer.

At the oxic/anoxic interface with reductive habitats, some benthic macroinvertebrates
assimilate bacterial production from methanotrophs and sulfur-oxdizing and sulfate-reduc-
ing bacteria (e.g., MIZOTA et al., 1999; KiYASHIKO et al., 2001; GREY et al., 2004; KoHzu
et al., 2004; HERSHEY et al., 2005, 2006) On the gravel and litter surface, a thick biofilm
may often be present, and this deep layer of biofilm is anoxic, as evidenced by very low
amounts of dissolved oxygen (OKABE et al., 2005 in the wastewater habitat, NAKANO ef al.,
2006 in an experimental stream). Methane-oxidizing bacteria that preferentially consume '*C
are usually characterized by distinctly low 8'3C values (GROSSMAN et al., 2002). As a con-
sequence, the 8'°C values of the organisms that consume biomass derived from methan-
otrophs are expected to be low (KiYASHIKO et al., 2001; GREY et al., 2004; KOHzU et al.,
2004). To date, researchers have empirically deduced that the extremely high depletion of
8!3C (<-30%o0) in macroinvertebrates can be attributed to the incorporation of *C-depleted
methane-derived carbon source via methane-oxidizing bacteria (KoHzu et al., 2004). Thus,
the contribution of methanotrophs to the food source of the snail S. libertina appeared low
because the 8'°C value of S. libertina was not extremely depleted (-=30.6 £ 0.2%o).
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In addition, methanogen and sulfate-reducing bacteria grow on acetate or acetate plus sul-
fate, and at low acetate concentrations, the rate of acetate consumption by a sulfate-reduc-
ing bacteria approached 15-fold the rate of a methanogen (SCHONHEIT et al., 1982). Thus,
at low acetate concentrations in the biofilm, sulfate-reducing bacteria might be more than
methanogen.

Another possible food source for the snails is from chemoautotrophic bacteria, such as
sulfur-oxidizing bacteria. Sulfur-oxidizing chemoautotrophic bacteria are the most '*C-
depleted primary producers in the lake sediment (KIYASHIKO et al., 2001) because sulfur-oxi-
dizing chemoautotrophic bacteria assimilate light carbon isotopes to a greater degree than
marine photoautotrophs (RUBY et al., 1987). Relatively low 8"C values (-34.0 to —31.7%o)
are reported for mats of sulfur-oxidizing bacteria from hydrothermal vents (CARY et al.,
1989). For sulfur isotopes, sulfate-reducing bacteria produce sulfides that are depleted in **S
during dissimilatory reduction (JONES and STARKEY, 1957; KAPLAN and RITTENBERG, 1964).
The low 8**S values of organisms relative to common seawater sulfates indicate the contri-
bution of the reduced form of sulfur from the interstitial water of the anaerobic sediment to
their biomass through assimilation of the symbiotic sulfur-oxidizing bacteria in their tissue
(see CARY et al., 1989) and nutrition from sulfate-reducing and sulfur-oxidizing bacteria in
clay-rich sediment (Mizota et al., 1999).

From the relevant evidence of the bacteria, we interpret that lower 8'°C associated with
lower S values observed in the muscle of the grazer S. libertine reflect the reduced sul-
fur species (i.e., nutrition from sulfate-reducing and sulfur-oxidizing bacteria) in the body
tissue, although the productivity of microalgae occurred on the surface of the river gravel
(0.88 +0.21 ug chlorophyll ¢ cm™). Deposit feeders are considered to selectively assimilate
food sources from the sediment, and diatoms were not largely assimilated by chironomid
larvae, despite their high productivity (Dot et al., 2006). Although snails would feed on the
bulk biofilm on the stone and litter surfaces, they may selectively assimilate prey derived
from bacterial production and/or heterotrophic protozoa, which feed on the bacteria, over
periphytic diatoms. Unfortunately, the limitation of the present study is that samples were
taken only once, but this study shows very clearly an estimation of the contribution of
chemoautotrophic bacterial production for the snails. However, the importance of chemoau-
totrophs may vary seasonally.

Biofilm consists of various microorganisms such as bacteria, algae, and fungi, and these
microorganisms create a microbial exopolysaccharide matrix (LocK et al., 1984). The deep
layer of biofilm on the stones is anoxic, as shown by very low levels of dissolved oxygen
and high H,S concentrations (OKABE et al., 2005). Thus, the heterotrophic protozoa that
can assimilate the *S-depleted sulfur from the reductive layer of the biofilm, including ben-
thic microalgae and bacteria, on the stones and litters. Bacteria and heterotrophic protozoa,
such as ciliates and flagellates, are highly abundant in biofilm, and microbial loops
in streambeds may be as active as those in lakes and oceans (FUKUDA et al., 2004). So we
can assume that the protozoa and bacteria were the probable sources of **S-depleted
organic matter for the snail. Grazers, such as snails, may serve as an important connection
between the photoautotrophic and chemoautotrophic components of the food web in stream
ecosystems.
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