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Abstract. Parasites are ubiquitous members of ecological communities but have only recently been
recognized as key players in broader interactions and ecosystem dynamics, such as foodweb structure and
energy flow. Ecological stoichiometry provides a framework for placing parasites in an ecosystem
perspective by considering elemental imbalances and their consequences. I measured the elemental
content of trematodes and their gastropod hosts and then estimated the nutrient-recycling effects of
parasitism. N:P of all tissue types in trematodes of the freshwater pulmonate snail, Physa acuta, was similar
to N:P of gastropod gonadal tissue. However, N:P of trematodes and gastropod gonads was lower than
N:P of other gastropod tissues, a result suggesting an elemental imbalance between parasite and host. N:P
of excreta of P. acuta increased with the N:P content of their algal food, consistent with consumer-driven
nutrient recycling theory. However, gastropods with patent infections of Trichobilharzia physellae excreted
greater N:P than did uninfected snails, a result indicating that infected and uninfected gastropods were
functionally different. Overall, these results suggest a significant role for parasites in nutrient recycling.

Key words: ecological stoichiometry, elemental imbalance, extended phenotype, Physa acuta, trematode,
Trichobilharzia physellae.

Energy and nutrients are transferred from host to
parasite, thereby affecting host fitness by altering
fecundity (Decaestecker et al. 2007, Lafferty and Kuris
2009), behavior (Thomas et al. 2002, Bernot 2003,
Lefèvre et al. 2009), and vital rates (Lettini and
Sukhdeo 2010), and by inducing tolerance and
resistance responses (Raberg et al. 2009). The ecolog-
ical consequences of parasitism include indirect
effects resulting from changing host-species interac-
tions (Kohler and Wiley 1997, Bernot and Lamberti
2008, Raffel et al. 2010) and altered ecosystem
energetics (Sato et al. 2011a, b). Inclusion of parasites
in foodweb studies is leading to further insight into
ecosystem structure (Hernandez and Sukhdeo 2008,
Kuris et al. 2008) and is informing metabolic theory
(Hechinger et al. 2011). However, the effect of
parasites on nutrient or element allocation and their
role in nutrient recycling is largely unexplored.
Moreover, any link between parasites and ecosys-
tem-level nutrient recycling will depend critically on
the effects of parasites on the functioning of individ-
ual hosts.

Ecological stoichiometry is the study of the role of
mass balance of multiple elements in the control of

ecological processes and provides a framework for
understanding energy and elemental fluxes across
different levels of ecological organization (Sterner and
Elser 2002, Elser et al. 2003). Tracking elemental flux
among organisms and the environment provides a
template for understanding ecosystems and for
making predictions about future interactions and
perturbations (Hillebrand et al. 2008). Elemental
imbalances between consumers and their food are of
particular interest because they can affect trophic
interactions and ecosystem processes, such as nutrient
recycling (Sterner and Elser 2002, Andersen et al.
2004, Evans-White and Lamberti 2006). For example,
consumer-driven nutrient recycling (CDNR) describes
how grazer dynamics feed back to algal nutrient
content (Elser and Urabe 1999). In short, CDNR
describes how N:P released by grazers is a function
of N:P and C:P of their food and of N:P of the grazer
(Sterner 1990, Vanni et al. 2002, Evans-White and
Lamberti 2006). A growing body of literature illus-
trates the interactions between autotrophs and their
consumers because autotrophs exhibit variability in
nutrient content, whereas their consumers often
maintain homeostatic elemental content, highlighting
material imbalances (Klausmeier et al. 2004). Many
studies have been focused on CDNR in pelagic1 E-mail address: rjbernot@bsu.edu
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aquatic systems (DeMott and Gulati 1999), and a
growing number of studies involve benthic ecosys-
tems (Hillebrand et al. 2008). Fewer investigators have
examined elemental mismatches at higher trophic
levels (Vanni 2002).

Freshwater gastropods are hosts to numerous
digenean trematodes that castrate the snail (Brown
et al. 1988), alter snail behavior (Bernot 2003), and
often occupy up to 40% of within-shell biomass
(Bernot and Lamberti 2008). The trematode is a
consumer of its host, which is often the sole resource
of the trematode. The energetics of such a large
biomass of parasites suggest a significant role for
trematodes in ecosystems (Kuris et al. 2008), but the
elemental content and recycling of nutrients through
hosts and trematodes remains largely unexamined. A
first step in identifying the effects of trematodes on
ecosystem-level nutrient recycling is to assess wheth-
er individual snail hosts function differently when
parasitized than when not parasitized.

My objectives were to: 1) measure the elemental
content of trematodes and their freshwater snail hosts,
2) investigate the nutrient-recycling effects of trema-
todes on snails, thereby assessing whether parasitized
snails function differently from nonparasitized snails
with regard to nutrient cycling, and 3) assess the
effects of host food quality on trematode cercarial
production. I used field-collected snails to evaluate
the elemental content of trematode tissues and snail
tissues and laboratory excretion measurements to
estimate the elemental ratios of excreta of infected and
uninfected snails after snails grazed on food with a
range of elemental ratios. Thus, I tested the hypoth-
eses that trematode infection alters the elemental
content of snail excreta and that the elemental content
of excreta depends on the elemental content of the
food resource as predicted by CDNR theory.

Methods

Trematodes

Trichobilharzia physellae is a digenetic trematode
(Class Trematoda) with a complex life cycle consisting
of both free-living and endoparasitic stages. I used T.
physellae (Trematoda: Schistosomatidae), a common
parasite of waterfowl that causes cercarial dermatitis
(swimmer’s itch) in humans in my experimental
manipulations. Eggs from sexually reproducing adult
flatworms leave birds in their feces and hatch into
ciliated miracidia that enter a compatible molluscan
intermediate host. Once in the mollusk, usually a
physid snail, the larva metamorphoses into a sac-like
sporocyst (mother sporocyst) usually in the liver,
margins of the mantle, or margins of the gonad of the

host snail. The mother sporocyst absorbs nutrients
from the host and asexually produces daughter
sporocysts that migrate to the gonads and asexually
produce embryos that become free-swimming cercar-
iae. The life cycle of T. physellae is completed when a
cercaria finds an avian host, burrows through the
epidermis, migrates to mesenteric blood vessels, and
develops into a hermaphroditic adult capable of
producing thousands of eggs during its lifetime.

Trematode–gastropod elemental content

I collected the common pulmonate gastropod, Physa
acuta, by visually searching the shore margin of 3 sites
in the White River at Muncie, Indiana, in August 2009.
I brought live snails to the laboratory and screened
them for shed cercariae, which indicates patent
infections. I then dissected them to verify infection
status and to separate trematode sporocysts and
developing cercariae from snail tissues. I filtered a
minimum of 50 cercariae onto precombusted and
preweighed glass-fiber filters (Whatman, GF/F),
dried the filters at 60uC for 24 h, and ground them
to a fine powder. I analyzed %C and %N of
subsamples on a CHN elemental analyzer (Perkin
Elmer CHN 2400, PerkinElmer Health Sciences
Inc., Shelton, Connecticut) and %P by digestion with
heating and the molybdate-blue–ascorbic-acid meth-
od (APHA 2002). I separated sporocysts from snail
tissues, prepared them as described above, and
analyzed their elemental content. I also analyzed the
elemental content of the remaining snail tissue and of
20 uninfected snails as described above. I used
Student’s t-tests to assess whether elemental ratios
(C:P, C:N, and N:P) differed between tissues in
uninfected and infected snails. I used 1-way analysis
of variance (ANOVA) to test for differences in
elemental content and ratios of elemental content
among snail tissues and trematode tissues and used
Tukey’s post hoc test to identify pairwise differences.

CDNR experiment

I examined the nutrient ratios of excreta produced
by snails fed algae with differing elemental ratios.
Snails were housed individually in glass beakers
(200 mL) with 2 3 2-cm algae-covered clay tiles that
provided food and substrate. I fed individual P. acuta
(mean shell length = 11.23 6 0.51 mm [SE]) algae with
differing N:P ratios for 14 d and measured the change
in N:P of excreta and feces of snails that either had
patent (cercarial shedding) infections of T. physellae or
were not infected. I infected naı̈ve snails grown in
batch cultures by housing them individually in 20-mL
glass culture vials with 10 T. physellae miracidia

300 R. J. BERNOT [Volume 32



hatched from eggs isolated from mallard duck (Anas
platyrhynchos) feces. I determined in preliminary
experiments that this method results in ,95%

successful infections.
I cultured the green alga, Scenedesmus acutus, in 6

different nutrient media (6 different P concentrations)
with semicontinuous P supply rates and constant
light and temperature (20uC) conditions. I used the
algae as food for Physa after centrifuging harvested
cells at 5000 rpm and allowing them to settle on 2 3 2-
cm clay tiles. I monitored cellular elemental content in
Scenedesmus grown in media with reduced P supply
weekly by capturing cells on glass-fiber filters and
measuring %C, %N, and %P (Table 1) as described
for cercarial elemental content to ensure that target
ratios were maintained (Frost et al. 2008).

Every 2nd day, I transferred each snail from its 200-
mL glass beaker to a 10-mL glass culture vial for 2 h to
estimate cercaria production. I then transferred the
snail back to the beaker containing 200 mL of artificial
spring water and an ungrazed tile covered with algae
from the algal P-content treatment assigned to the
snail. I estimated cercaria production by preserving
(70% ethanol) the contents of the 10-mL vial and
counting cercariae using a dissecting microscope. I
calculated production of cercariae per snail per day as
12 3 the number of cercariae released over 2 h. Every
2nd day, each uninfected snail was transferred to a 10-
mL glass culture vial for 2 h to mimic the procedure
for infected snails, then transferred to a beaker
containing 200 mL of artificial spring water and an
ungrazed tile covered with algae from the algal P-
content treatment assigned to the snail. I fed snails
algal treatments for 14 d before estimating excretion
ratios.

For each excretion trial, I measured the snail from
the tip of the spire to the aperture and placed it in
a 200-mL beaker with artificial spring water with
known initial dissolved N and P concentration for 3 h.
I removed the snail at the end of the trial and froze a

water sample from the beaker for subsequent analysis
of NH4

+ and soluble reactive P (SRP) using the
phenate (Solarzano 1969) and ascorbic acid (APHA
2002) methods, respectively. I estimated excretion as
the difference between initial and final (after 3 h)
nutrient concentrations. I removed fecal strings from
each 200-mL culture chamber daily, dried, and
combined them by snail to obtain a composite fecal
sample over the course of the experiment. Composite
fecal samples were necessary to ensure a minimum of
2 mg of dried sample for CHN analysis (%C, %N, and
%P as described above). I used analysis of covariance
to test whether the relationship between food quality
and snail excreted N:P, fecal N:P, and fecal C:P
differed among infected and uninfected snails. I also
used Student’s t-test to determine whether individual
Physa N and P excretion rates differed between
infected and uninfected snails. I used linear regres-
sions to describe the relationship between snail size
and N and P excretion rates and the relationship
between food quality (algal N:P) and cercariae
production in T. physellae after 14 d. Snail shell length
was a covariate in all analyses. I performed all
statistical analyses using SYSTAT (version 11.0; Systat
Inc., Richmond, California).

Results

Trematode–gastropod elemental content

Percent C, %N, %P, C:P, C:N, and N:P of foot, head,
and digestive gland did not differ between infected
and uninfected snails (t18 , 0.74, p . 0.60). Percent C
and %N did not differ among tissue types (F5,54 ,

0.85, p . 0.05; Fig. 1A, B). Snail gonad, trematode
sporocyst, and trematode cercariae had a greater %P
than snail foot, digestive gland, and head (F5,54 =

17.93, p , 0.01; Fig. 1C). C:P of trematode tissues and
snail gonads were lower than C:P of other snail
tissues (F5,54 = 13.21, p , 0.01; Fig. 1D). C:N of snail
and trematode tissues did not differ (F5,54 = 0.42, p =

0.84; Fig. 1E). N:P of trematode sporocysts and
cercariae was lower than N:P of all snail tissues
(F5,54 = 5.17, p , 0.01; Tukey’s, p , 0.01) except gonad
(Tukey’s, p = 0.90; Fig. 1F).

CDNR experiment

Infected snails excreted N (mean 6 SE, 4.66 6

0.45 mmol N g21 h21) more rapidly than uninfected
snails (2.24 6 0.21 mmol N g21 h21; t18 = 4.86, p ,

0.01). Infected snails also excreted P (0.22 6 0.01 mmol
P g21 h21) more rapidly than uninfected snails (0.17 6

0.01 mmol P g21 h21; t18 = 3.06, p , 0.01). Neither N
nor P excretion rates depended on shell length (linear

TABLE 1. Elemental content of Scenedesmus acutus grown
under constant light and different P supply rates. Data are
representative of weekly samples from cultures receiving
different P supplies.

Media P
(mmol P/L) C:N N:P C:P

55 8.02 8.56 59
45 7.84 12.05 70
40 8.12 15.45 91
35 7.98 27.09 198
17 8.51 35.64 343
12 10.50 48.33 522
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regression, R2 , 0.1, p . 0.51). N excretion rates were
more rapid in infected than in uninfected snails (F1,57

= 47.16, p , 0.01; Fig. 2A), and N excretion rates from
infected snails increased as N:P of their algal food
increased (linear regression, R2

= 0.13, p = 0.05). P
excretion rates were more rapid from uninfected than
from infected snails (F1,57 = 145.12, p , 0.01; Fig. 2B),
and P excretion rates from infected and uninfected
snails decreased as N:P of their algal food increased
(linear regression, R2 . 0.39, p , 0.01). The slope of
the linear relationship between algal N:P and log-
transformed excreted N:P was steeper for infected
than for uninfected snails (F1,56 = 54.62, p , 0.01),
indicating that infected snails excreted greater N:P
than uninfected snails (Fig. 3). Elemental excretion

rates were not related to shell length (linear regres-
sion, p . 0.05; Fig. 4A, B). Snails egested feces with
greater C:P when fed algae with greater N:P (linear
regression, F1,58 = 52.60, p , 0.01, R2

= 0.48; Fig. 5A),
but fecal C:P did not differ between infected and
uninfected snails (F1,56 = 0.19, p = 0.66). Fecal C:N did
not depend on N:P of algal food (linear regression,
F1,56 = 0.45, p = 0.51; Fig. 5B) and did not differ
between infected and uninfected snails (F1,56 = 1.62, p
= 0.21). Snails egested feces with greater N:P when
fed algae with greater N:P (F1,56 = 49.68, p , 0.01, R2

= 0.51; Fig. 5C), but fecal N:P did not differ between
infected and uninfected snails (F1,56 = 0.20, p = 0.64).

Cercarial production decreased as N:P of algal food
increased (linear regression, F1,28 = 41.16, p , 0.01;

FIG. 1. Mean (+1 SE) Physa acuta and trematode tissue %C (A), %N (B), %P (C), molar C:P (D), molar C:N (E), and molar N:P
(F) from snails collected from 3 sites in the White River, Indiana, in August 2009. Bars with the same letter are not significantly
different (Tukey’s p . 0.05).
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Fig. 6A). Cercarial production was not related to shell
length (linear regression, F1,28 = 1.93, p = 0.18;
Fig. 6B).

Discussion

Elemental imbalances between consumers and their
resources can influence nutrient recycling (Sterner
and Elser 2002). In my study, trematode elemental
composition reflected the composition of the gonadal
tissue of their snail hosts and contained more P per
unit N than did the remaining snail tissue. Moreover,
trematodes altered snail elemental recycling rates and
ratios resulting in greater disparities in excreted N:P.

Thus, parasitized snails became functionally different
from unparasitized snails. Consistent with CDNR
theory, N:P of excreta was a function of algal N:P, but
it also depended on parasitism. Specifically, infected
snails excreted less P per unit N than uninfected
snails, a difference that could potentially exacerbate P
limitation in some systems. Overall, these results
suggest that parasites alter host elemental ratios and
they offer a potential mechanism by which parasites
might affect nutrient recycling and energy flow in this
ecosystem.

Sporocysts of T. physellae absorb nutrients from
surrounding host tissues, and daughter sporocysts
produce free-swimming fork-tailed cercariae (Talbot
1936). In my study, the elemental content of snail
reproductive tissue mirrored the elemental content of
trematode reproductive tissue, a result suggesting
parallel physiology between snail gonadal and trem-
atode sporocyst tissues. Both tissues had lower N:P
(more P per unit of N) than snail body tissues. Greater
%P in snail gonads and trematode sporocyst and
cercarial tissue indicates that the lower N:P and lower
C:P in those tissues were the result of significantly
more P in these tissues than in snail body tissues. P-
rich ribosomal ribonucleic acid (RNA) in rapidly
growing organisms is hypothesized to account for
their lower N:P (Elser et al. 2003). Elevated P in
gonads and trematode sporocysts relative to other
snail tissues may be caused by rapid cell division
associated with gamete and cercarial production.
Moreover, snails fed lower-quality food in the form
of algae with greater N:P (P-poor food) produced
fewer cercariae, a result suggesting that P may limit
asexual reproduction in T. physellae.

FIG. 2. Physa acuta excretion rates of N (A) and P (B) after
consuming algae with different N:P content for 14 d. Lines
represent linear relationships in P. acuta with and without
patent infections of the trematode Trichobilharzia physellae.

FIG. 3. Molar N:P of excreta of the freshwater gastropod,
Physa acuta, after consuming algae with different N:P ratios
for 14 d.
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The increase in N:P excreted by P. acuta infected with
T. physellae can be explained by either an increase in N
excretion per unit time or a decrease in P excretion per
unit time. My results suggest that both mechanisms are at
play, although P excretion responded more consistently
than N excretion to P-limited algae (Fig. 2A, B). Taken
together, the slower P excretion rates of infected snails
and the relatively greater P content of T. physellae within
the snail suggest that the greater %P in trematode tissue
contributes to lower P content in excreta. Physa acuta may
show compensatory feeding caused by P limitation when
infected (Fink and Von Elert 2006) in addition to the
energetic stresses of infection (Bernot and Lamberti 2008).

Variation in elemental content of individual gastro-
pods occurs within and across taxa (Evans-White
et al. 2005, Fink and Von Elert 2006) and could lead to

variation in nutrient excretion among populations of
the same taxon (Evans-White and Lamberti 2005). In
my study, snails had elemental body content within
the range of values for other freshwater gastropods
(Evans-White et al. 2005). Moreover, nutrient excre-
tion rates and ratios were comparable to estimates
from other studies. To my knowledge, my results are

FIG. 4. Excretion rates of N (A) and P (B) vs Physa acuta
size (shell length) after consuming algae with different N:P
content for 14 d.

FIG. 5. Fecal molar C:P (A), molar C:N (B), and molar
N:P (C) excreted by the freshwater gastropod, Physa acuta,
after consuming different algal N:P ratios for 14 d. Snails fed
algae with greater N:P egested greater fecal C:P (fecal C:P =

14.90[algal N:P] + 372.39, R2
= 0.48), but ratios in fecal

strings from infected P. acuta did not differ from ratios in
uninfected P. acuta.
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the first with the potential to explain some of the
variation in excretion rates and ratios as effects of
parasitic infection. Excreta N:P and excretion rates
differed between infected and uninfected P. acuta,
whereas fecal nutrient ratios were affected by algal
nutrient ratios but not by infection. Nutrients released
by snails via excretion and egestion differ in their
effects on primary producers (e.g., periphyton) because
the nutrients released are available via different
pathways and on different timescales (Liess and
Haglund 2007). Thus, different components of the
periphyton may react to parasitized snails differently,
leading to complex indirect effects of parasitism.

The time from initial infection to patent infection may
be several weeks depending on water temperature and
taxon-specific developmental traits (Koprivnikar and
Poulin 2009). I measured excreta of patently infected
snails when cercariae were being shed, but snail vital
rates and physiology probably change throughout the
period of parasite development. At any given time, the
status of an individual snail can range from uninfected to
infected with parasites of multiple taxa at one of many
possible developmental stages. Studies with other taxa
and at multiple points of parasitic development will be
valuable in estimating the general nature of trematode
effects on nutrient recycling by freshwater gastropods.

FIG. 6. Trichobilharzia physellae cercarial production vs molar N:P of algae fed to Physa acuta hosts (A) and P. acuta size (B).
Snails fed algae with greater N:P shed fewer cercariae (cercarial production = 214.58[algal N:P] + 1173.11, R2

= 0.60).
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Most organisms harbor multiple parasitic taxa that
lead to observable effects on host vital rates and
behavior, effectively altering host phenotype to some
degree (Goodman and Johnson 2011). The changed
host phenotype may decrease or leave host fitness
unchanged while enhancing parasite fitness by help-
ing to increase parasite growth, persistence within a
host, or transmission between hosts (Moore 2002,
Poulin 2010). Such parasitic manipulations of host
phenotype have been reported in numerous parasite–
host systems including nematode–ant (Hughes et al.
2009), trematode–fish (Lafferty and Morris 1996),
trematode–frog (Goodman and Johnson 2011), and
others (reviewed in Poulin 2010). These investigators
focused on the adaptive nature of host manipulation
and, more recently, on the subsequent broader
ecological effects (Lefèvre et al. 2009). However, some
functional effects of parasites on host phenotype need
not be adaptive for the parasite and may simply be a
by-product of infection. Nevertheless, an infected host
may function quite differently than an uninfected host,
and these differences can lead to many broader
ecological effects including altered population ecology
(Ponton et al. 2005), apparent competition (Hatcher
et al. 2006), and foodweb structure and energy flow
(Fenton and Rands 2006, Miura et al. 2006, Hernandez
and Sukhdeo 2008). My results suggest that nutrient
recycling may be affected by parasitism.

Biological rates vary with body size and tempera-
ture in predictable ways according to metabolic
theory (Allen and Gillooly 2009, Brown et al. 2007,
Hall et al. 2007). Individual trematode development
and gastropod excretion rates may be strongly linked
to body size, temperature, and resource availability
(Allen and Gillooly 2009, Koprivnikar and Poulin
2009). My study was limited to a relatively small
range of snail size, and I did not observe allometric
relationships between snail body size and nutrient
excretion rates. I held temperature constant through-
out the study, so my ability to extrapolate my results
to relationships in an environment with variable
temperatures is limited. However, I found that
nutrient recycling depended strongly on resource
availability. Thus, it should be possible to derive
predictions on the storage and flux of nutrients in
systems that include these common snails and their
parasites. At the community and ecosystem scales,
storage, flux, and turnover of N and P in freshwater
ecosystems is the sum of these variables over all
individuals in a community and can be linked to
energy storage and flux described by food webs
(Allen and Gillooly 2009). Recent integration of
parasite energy storage and flux into the broader
metabolic theory of ecology (Hechinger et al. 2011)

with evidence of nutrient-recycling effects of parasites
should provide insight to and predictions about
parasites in freshwater ecosystems.

Benthic grazers can alter the availability of key
nutrients to primary producers and other microbes
(Liess and Haglund 2007, Hillebrand et al. 2008).
Gastropods, in particular, can reduce resource stand-
ing stock (Osenberg 1989), enhance primary produc-
tivity (Lamberti et al. 1989), and act as nutrient pumps
by controlling the availability of nutrients to sur-
rounding primary producers through their excretion
(Evans-White and Lamberti 2006). At high densities,
gastropods may control ecosystem-level N and C
recycling (Hall et al. 2003). Hotspots of nutrient
excretion by different animals can alter nutrient flux
in ways that depend on species identity (Vanni et al.
2002, McIntyre et al. 2008, Moslemi et al. 2012). Thus,
parasites that alter the nature of the way in which
species function (e.g., nutrient recycling) can have
effects that scale up to ecosystem-level nutrient flux.
Moreover, parasitized animals that excrete and
function differently than unparasitized animals
may contribute to ecosystem flux in previously
unanticipated ways. Overall, my results show that
parasites potentially affect the availability of nutri-
ents to primary producers by altering host nutrient
recycling and further illustrate the utility of consid-
ering parasites when exploring broad ecological
processes.
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