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Introduction

Hereditary symbioses occur when symbionts are trans-
mitted vertically from hosts to their offspring. Given their
strong ecological effects and their roles in major evolu-
tionary transitions (Rudgers et al. 2007; Douglas 2008;
Haine 2008), understanding their dynamics has attracted
substantial interest. Here we critique a recent publication
in the American Naturalist (Faeth 2009) that raises general
issues in the study of symbiosis. Specifically, we address
three questions: (1) What are the appropriate measures of
the fitness consequences of symbiosis for the host? (2) How
should benefits to hosts be assessed in symbioses that con-
fer protection against natural enemies? (3) What are the
appropriate measures of the fitness consequences of sym-
biosis for the symbiont?

Associations between class 1 fungal endophytes (sensu
Rodriguez et al. 2009) and grasses have served as partic-
ularly useful systems for exploring the nature and signif-
icance of hereditary symbioses. Class 1 endophytes com-
prise a group of related fungal species in the family
Clavicipitaceae that grow intercellularly in aboveground
plant tissues. Clay (1988) proposed that many associations
between grasses and fungal endophytes represent protec-
tion mutualisms in which the endophytes produce phys-
iologically active alkaloids that defend host plants against
herbivory. Since then, substantial evidence has accumu-
lated that shows endophyte-mediated increases in host
plant growth, fecundity, and resistance to herbivores and
other stresses, most notably in agronomic grass species
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such as tall fescue and perennial ryegrass (Clay and Schardl
2002; Müller and Krauss 2005 and references therein).

However, there is a long-standing debate over whether
endophyte benefits in agronomic hosts are the conse-
quences of artificial selection or similar benefits accrue in
the wild (Saikkonen et al. 2006). A cornerstone of this
controversy has been comparisons between agronomic
grasses (particularly tall fescue, Lolium arundinaceum) and
a single wild host, Arizona fescue {Festuca arizonica), for
which the benefits of endophytes have not been obvious
and costs are sometimes reported (e.g., Saikkonen et al.
1999; Faeth et al. 2004). A recent contribution (Faeth
2009) prompted us to consider how evidence on host-
symbiont dynamics should be interpreted. In particular,
Faeth (2009) proposed that endophyte symbiosis in Ari-
zona fescue represents a case of reproductive parasitism,
whereby the endophyte gains fitness benefits by inducing
early host plant reproduction and thereby imposes a po-
tential cost on lifetime host fitness. Here we present an
alternative, testable framework for interpreting recent data
and informing future research.

Hereditary symbiosis can lead to mutualism through
partner fidelity feedback, which is created when an ex-
tended series of exchanges directly links the fitness of two
species (Ewald 1987; Sachs et al. 2004). Partner fidelity
feedback can be an important mechanism to generate and
stabilize mutualism because there are direct, negative fit-
ness consequences for species that fail to cooperate (Foster
and Wenseleers 2006). In hereditary symbioses that are
exclusively vertically transmitted from parent to offspring,
detrimental symbionts should be quickly lost from host
populations because of the lack of other mechanisms for
symbiont transmission (i.e., there is no contagious spread).
Gundel et al. (2008) showed that a net positive effect of
symbiosis is required for the local persistence of a symbiont
but that this effect can be very small (and difficult to
measure) if rates of vertical transmission are high. Saik-
konen et al. (2002) proposed that a symbiont with a net
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negative effect on its host can persist locally, provided that
there is migration from surrounding populations in which
the symbiont is beneficial. Thus, the persistence of strictly
vertically transmitted symbionts, such as some class 1 en-
dophytes, seems paradoxical if the symbionts reduce host
fitness.

However, within hereditary symbioses, partner fidelity
feedbacks can be decoupled, leading to conflict between
partners. Most notably, uniparental transmission of the
symbiont (typically, maternal inheritance) can lead to re-
productive parasitism, in which the symbiont alters the
host sex ratio through feminization, cytoplasmic incom-
patibility, male killing, or parthenogenesis. Uniparental
transmission occurs commonly in hereditary symbioses,
and reproductive parasitism has been especially well doc-
umented for Wolbachia, bacterial symbionts in many in-
vertebrates (Werren et al. 2008).

Faeth (2009) proposed another type of decoupling of
host and symbiont fitness. He found significantly higher
reproduction and growth of symbiotic Arizona fescue
plants relative to experimentally disinfected controls. Re-
productive effort (seeds/aboveground mass) was greater
for symbiotic than for symbiont-free plants in the first two
years but not significantly different in the final year. The
seed output of symbiotic plants was also higher under
ambient herbivory than under reduced herbivory (insec-
ticide treatment), but only during the first year. From these
results, Faeth concluded that endophytes shifted plant re-
source allocation toward earlier reproduction, generating
benefits to the endophyte but potentially reducing lifetime
plant fitness because of the costs of reproduction. Faeth's
hypothesis has two key requirements: (1) there is a trade-
off between host reproduction and host growth or survival,
and (2) symbiont fitness increases independently of host
fitness via earlier host reproduction. Neither was tested by
Faeth (2009). We argue that in the absence of information
on life-history trade-offs or symbiont fitness, proposing
that the symbiosis is parasitic is premature and potentially
misleading.

We appreciate the importance of Faeth's study for doc-
umentation ofthe ecological effects of hereditary symbiosis
for a native grass. However, his conclusions overlook the
most parsimonious explanation of the data, which is that
the endophyte had a positive effect on plant performance
during his study. In evaluating Faeth (2009), we raise three
general issues broadly relevant to symbiosis research. First,
we consider the fitness effects of symbionts on their hosts
and ask what evidence would substantiate a symbiont-
triggered shift to earlier host reproduction, consistent with
Faeth's hypothesis of "reproductive parasitism." Second,
we critique Faeth's methods for studying the mechanisms
underlying symbioses that confer protection to the host.
Finally, we ask what factors influence symbiont fitness, to

conditions under which a symbiont could benefit
from shifting the timing of host reproduction.

What Are the Appropriate Measures of the Fitness
Consequences of Symbiosis for the Host?

Understanding mechanisms that decouple host and sym-
biont fitness requires assessing the stage- (and sex-)specific
effects of symbiosis on the host and connecting these mea-
sures to the rate of host population growth. Put simply,
in a demographic context, the costs of symbiosis at one
host life-history stage could be outweighed by strong ben-
efits at a different stage. Furthermore, all stages do not
contribute equally to the rate of host population growth.
Thus, determining whether a symbiosis is mutualistic or
parasitic cannot be accomplished with data on only a sub-
set of host life-history stages. An accurate assessment of
the fitness consequences of symbiosis requires combining
experimental manipulation of symbiont presence with life-
time host demographic data.

Assessments of the performance of host stage classes
must also separate host ontogeny from temporal variation
in the environment. For example, a difference between
seedlings measured in year 1 and year-old plants measured
the following year could reflect host age or year-to-year
variation in the environment. To evaluate Faeth's repro-
ductive-parasitism hypothesis, multiple host stages must
be compared during the same year (e.g.. Roach 2003).
Finally, care must be taken to record host performance
under natural conditions and to avoid methods that could
disrupt demographic pathways.

Eaeth (2009) results. Differences in growth and seed pro-
duction between symbiotic and symbiont-free Arizona fes-
cue plants declined over three years. This temporal pattern
was interpreted as evidence that the symbiotic endophyte
had shifted plant allocation toward early reproduction,
potentially at a cost to lifetime plant fitness: "Infection by
the asexual Neotyphodium endophyte profoundly alters re-
source allocation in their native grass hosts over time. ...
Infected plants also shift allocation to increased repro-
ductive effort in early life stages" (Faeth 2009, p. 561). "If
Neotyphodium-medmted shifts to early allocation of
growth and reproduction increase endophyte fitness at the
expense of reduced lifetime fitness of the host via trade-
offs in other life-history parameters, then asexual endo-
phytes may be reproductive parasites" (p. 563).

Alternative hypotheses. We suggest that there is more
evidence for a mutualistic role for the endophyte in Ari-
zona fescue than for a role as a reproductive parasite.
Despite a decline in the magnitude of endophyte benefits
through time, symbiosis never reduced plant growth or
net reproduction, although Faeth gave no data on seed
viability or germination, which are essential for quanti-
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fying host reproductive fitness. There was also no evidence
for a trade-off between plant reproduction and plant sur-
vival. In fact, Faeth and Hamilton (2006) found no sig-
nificant differences in the survival of symbiotic versus
experimentally symbiont-disinfected seeds, seedlings,
or adults or in the survival of symbiotic versus naturally
symbiont-free adults surveyed over a 5-7-year period at
two sites. Thus, there is no reason to assume that an
endophyte-mediated increase in reproduction must come
at a cost to plant survival, particularly when the growth
of Arizona fescue was also increased by symbiosis. Even
if early flowering reduced long-term plant survival, seed
production by early progeny could more than make up
for later reproduction by longer-lived parental plants
(Charnov and Schaffer 1973; Bazzaz and Grace 1997). Fur-
thermore, experimental methods, such as Faeth's harvest
of all aboveground biomass at the end of each growing
season, could introduce artifacts that disrupt the demo-
graphic transitions of perennial hosts and alter the effects
of experimental treatments. In summary, while neither
mutualism nor parasitism can be confirmed without life-
time demographic data, the evidence presented by Faeth
(2009) is most consistent with the alternative hypothesis
that the endophyte is a mutualist (3 years of positive effects
on plant reproduction and growth; see fig. Al in Faeth
2009).

In addition, host age and temporal environment were
confounded in Faeth (2009); therefore, temporal changes
in the benefits of endophyte symbiosis could have resulted
from variation in environmental conditions rather than
from variation in host ontogeny (see also Olejniczak and
Lembicz 2007). Faeth (2009) documented considerable
year-to-year variation in both herbivore abundance and
water availability, two stresses against which endophytes
have been shown to be protective. For example, insect
herbivores were 8-10 times as abundant in the first two
years as in the final year, and experimental water addition
significantly improved plant performance only in the final
year. Because biotic and abiotic factors alter the benefits
of symbiosis (e.g., Müller and Krauss 2005), it is important
to consider environmental changes, in addition to devel-
opmental changes, as an explanation for shifting costs and
benefits. This alternative hypothesis was not considered
by Faeth (2009). VV'hether weakened benefits of the en-
dophyte later in the study indicate complex shifts in plant
allocation (such as earlier flowering) or simple variation
in the environment cannot be resolved with the data at
hand. Ultimately, measuring different host stage (or age)
classes during the same year and collecting data on stage-
specific endophyte frequencies will better inform the pre-
diction of life-history trade-offs. For example, in natural
populations, are the oldest plants more likely to be sym-
biont-free than symbiotic?

How Should Benefits to Hosts Be Assessed in
Protection Symbioses?

Protection symbioses are context dependent because a
third species (the host's enemy) or an environmental con-
dition (e.g., drought stress) is required for the interaction
to be mutualistic (see also Bronstein 1998; Rodriguez et
al. 2008). A complete assessment ofthe symbiosis requires
identifying the mechanisms through which benefits are
conferred. For symbiont-mediated protection against
host enemies, two potential mechanisms may contribute:
symbiont-mediated resistance to host enemies (e.g., pro-
duction of toxic metabolites) and symbiont-mediated tol-
erance to host enemies (e.g., enhanced host regrowth after
damage). Resistance-based mechanisms have garnered
the most attention (Haine 2008). In either case, inferring
symbiont-mediated protection without data on damage
caused by the enemy could produce misleading conclu-
sions. Specifically, we argue that positive (or negative) cor-
relations between enemy abundance and host performance
are not sufficient evidence to demonstrate improved host
tolerance (or resistance; see also Karban and Baldwin
1997). While quantifying damage to some host taxa, such
as grasses, can be challenging, we think that it is a critical
step toward documenting the mechanisms underlying pro-
tection symbioses.

Faeth (2009) results. In Arizona fescue, the magnitude
of endophyte benefit to plant reproduction was five times
as great under ambient arthropod herbivory as under ex-
perimentally reduced herbivory. However, the total abun-
dance (and biomass) of herbivores was higher on sym-
biotic plants than on symbiont-free plants. Faeth's (2009)
interpretation was that endophytes "increase reproductive
effort and seed production under increased herbivore
loads in early host life stages, which suggests endophyte-
mediated tolerance or overcompensation of hosts to her-
bivory" (p. 561). He also inferred ontogenetic variation
in resistance: "endophyte-mediated resistance to herbi-
vores is also dynamic, similar to plant-based changes in
resistance to herbivory ..., with decreased resistance dur-
ing the early ontogenetic stages of rapid growth ... and
then equivalent resistance in more mature plants" (p. 563).

Alternative hypotheses. An alternative hypothesis is that
the enhanced performance of symbiotic plants under am-
bient herbivory (relative to that under reduced herbivory)
reflected endophyte-mediated protection, as has been
widely reported in other endophyte symbioses (Clay and
Schardl 2002). Faeth's (2009) conclusion made the implicit
assumption that herbivore abundance and biomass ac-
curately measured herbivore damage. The evidence
showed only a positive correlation between herbivore
abundance and seed production: symbiotic plants had
both more herbivores per plant volume and higher seed
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production than symbiont-free plants. This pattern could
arise if herbivorous taxa were attracted to vigorous, highly
reproductive plants (e.g., thrips increasing with abundant
pollen); it does not verify that endophytes increased her-
bivore damage, because net damage may not scale directly
with herbivore biomass or abundance. For example, while
thrips, mirids, and plant hoppers strongly increased on
symbiotic plants, herbivore taxa with more significant ef-
fects on plant fitness (e.g., grasshoppers) may have de-
clined. Large and highly mobile taxa, sucb as grasshoppers,
can be undersampled by the vacuum collection methods
used by Faeth (2009), and food webs could be altered—
such that an increase in one group results from the decline
of other groups, such as parasites or predators. In short,
Faeth's (2009) data were insufficient to conclude that the
endophyte conferred tolerance, overcompensation, or re-
duced resistance to herbivory.

What Are the Appropriate Measures of the Fitness
Consequences of Symbiosis for the Symbiont?

Faeth's (2009) general hypothesis for reproductive para-
sitism relies on a decoupling of host and symbiont fitness,
such that symbiont fitness increases if hosts reproduce
earlier and die younger. Here, we evaluate what data would
be required to assess symbiont fitness. Exclusively vertically
transmitted symbionts reproduce by colonizing host off-
spring. Therefore, quantifying symbiont fitness requires
measuring not only lifetime host reproduction but also
the rate of symbiont transmission to the next generation.
Symbiont transmission is an often-overlooked but essen-
tial component of symbiont fitness. A breakdown of part-
ner fidelity feedback could occur if the rate of symbiont
transmission varies during host ontogeny, for example,
with a higher rate of transmission during younger host
life stages relative to older stages. Thus, evaluating sym-
biont fitness necessitates measurements of transmission
rates associated with each stage in the host life cycle (e.g.,
for plants: germination, establishment, growth, and re-
production) as well as host performance at each stage.
Symbiont losses during transmission have long been rec-
ognized, and recent studies have documented significant
variation in vertical transmission for class 1 endophytes
in grasses (Afkhami and Rudgers 2008; Gundel et al. 2009).
The most significant losses appear to occur during the
seed stage rather than as adult plants age. However, data
on ontogenetic variation in vertical transmission rates are
sparse. Ultimately, models that incorporate empirically de-
rived symbiont transmission rates will be useful for pre-
dicting symbiont fitness and symbiont frequency within
host populations (e.g., Gundel et al. 2008).

Faeth (2009) results. Faeth presented no data on en-
dophyte fitness. However, he concluded that endophyte-

mediated shifts in plant allocation were an adaptive strat-
egy to increase endophyte fitness, without consideration
of alternative hypotheses. "Increased reproductive effort
in early host ontogeny should benefit the symbiont by
increasing transmission" (Faeth 2009, p. 554). "Asexual
and nonhybrid endophytes ... may indirectly promote her-
bivory that shifts resources to seed production, thus en-
hancing transmission of the endophyte by producing more
seeds early in the life span of the host" (p. 563).

Alternative hypotheses. The hypothesis that endophyte
fitness increases with early host reproduction remains un-
supported, and alternatives are equally plausible. First, en-
dophyte fitness could rise with delayed, rather than early,
host reproduction if seeds produced by older plants were
better provisioned or more highly infected. Second, both
endophyte and host fitness could increase with early host
reproduction (no decoupling of fitness). Third, endophyte
fitness depends on transmission rate as well as on offspring
quantity and quality. Transmission of the endophyte could
vary with host plant age and a suite of biotic and abiotic
factors, but this has not been documented for any en-
dophyte system. Thus, we are a long way from having
support for the assertion that endophyte fitness will in-
crease with shifts to earlier host reproduction.

Conclusion

We posit that the most parsimonious conclusions from
Faeth (2009) are (1) that endophyte symbiosis increases
short-term plant growth and seed production in Arizona
fescue and (2) that these benefits are stronger when her-
bivores are abundant. These results are consistent with data
from other grasses whose mutualistic endophytes provide
defense against herbivory (Clay and Schardl 2002; Müller
and Krauss 2005). Asserting instead that the endophyte is
a reproductive parasite requires implicit assumptions that
remain unsupported by current data. More broadly, un-
derstanding the dynamic consequences of symbiosis for
both the host and the symbiont will require longer-term
demographic studies that incorporate correlations among
life-history stages as well as symbiont transmission rates.
Such work has the potential to yield greater insight into
the ecology and evolution of hereditary symbiosis.
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