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Abstract

1. The role of biotic interactions in shaping the distribution and abundance of spe-
cies should be particularly pronounced in symbionts. Indeed, symbionts have a
dual niche composed of traits of their individual hosts and the abiotic environment
external to the host, and often combine active dispersal at finer scales with host-
mediated dispersal at broader scales. The biotic complexity in the determinants of
species distribution and abundance should be even more pronounced for hyper-
symbionts (symbionts of other symbionts).

2. We use a chain of symbiosis to explore the relative influence of nested biotic
interactions and the abiotic environment on occupancy and abundance of a
hypersymbiont.

3. Our empirical system is the epibiont ciliate Lagenophrys discoidea, which attaches
to an ostracod that is itself ectosymbiotic on crayfish (the basal host). We applied
multimodel selection and variance partitioning for GLMM to assess the relative
importance of (a) traits of symbiotic hosts (ostracod sex and abundance), (b) traits
of basal hosts (crayfish body weight, abundance and intermoult stage), (c) the abi-
otic environment (water chemistry and climate) and (d) geospatial autocorrelation
patterns (capturing potential effects of crayfish dispersal among localities).

4. Our models explained about half of the variation in prevalence and abundance of
the hypersymbiont. Variation in prevalence was partly explained, in decreasing
order of importance (18%-4%) by shared effects of symbiotic host traits and the
abiotic environment, pure fixed effects of symbiotic hosts, abiotic environment and
geospatial patterns (traits of basal hosts were not relevant). Hypersymbiont abun-
dance was most strongly explained by random effects of host traits (mainly the
symbiotic host), in addition to weaker fixed effects (mostly abiotic environment).

5. Our results highlight the major role of the interplay between abundance of

symbiotic hosts and water physico-chemistry in regulating populations of a
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1 | INTRODUCTION

The relevance of biotic interactions in determining species dis-
tributions is a long-standing and controversial question (Godsoe,
Jankowski, Holt, & Gravel, 2017; Louthan, Doak, & Angert, 2015;
Soberoén, 2007; Wiens, 2011). Biotic interactions have been often
considered as secondary players relative to abiotic conditions, es-
pecially at broader scales (Soberdn, 2007). However, this is not nec-
essarily the case, especially for organisms that are tightly linked to
others (Stewart et al., 2015), such as symbionts (i.e., species which
depend upon other species for a place to live). Symbionts have a
dual niche composed of traits of the individual hosts which harbour
them, and the abiotic environment external to the host, and often
combine active dispersal at finer scales with host-mediated disper-
sal at broader scales (Campbell & Crist, 2016; Krasnov et al., 2015).
Hypersymbionts (i.e., symbionts of other symbionts) in a sense have
a threefold niche—the external environment, traits of the basal host
sustaining the symbiotic host and traits of the symbiotic host itself.
Living in association with two nested hosts thus adds an extra level
of biotic complexity, with potential impacts on species distribu-

tion and abundance. Here, we investigate the roles of nested biotic

FIGURE 1 Chain of symbiosis
comprised of the freshwater crayfish
Procambarus clarkii (a), the symbiotic
ostracod Ankylocythere sinuosa and the
ciliate Lagenophrys discoidea (b). The ciliate
acts as hypersymbiont with two nested
hosts. The ostracod is the symbiotic host,
and the crayfish is the basal host of the
symbiotic chain (i.e., hosting the ostracod)

hypersymbiotic ciliate, which is likely critical for dispersal dynamics, availability
of attachment resources and suitability of on-host living conditions for the cili-
ate. We also found moderate signal of regulation by the basal host, for which we
propose three mechanisms: (a) modulation of microhabitat suitability (crayfish-cre-
ated water currents); (b) concentration of symbiotic hosts within crayfish; and (c)

dispersal mediated by crayfish.

abundance, dispersal, host traits, nested hosts, niche, occupancy, symbiotic host

interactions and the abiotic environment in governing occupancy
and abundance of a hypersymbiont —based on a ciliate, living on an
ectosymbiotic ostracod, which in turn resides on crayfish.

Our study species is the hypersymbiont ciliate Lagenophrys dis-
coidea Kellicott, 1887. The ectosymbiotic ostracod Ankylocythere
sinuosa (Rioja, 1942), which hosts L. discoidea, will be referred to as
the ‘symbiotic host’ (i.e., direct host of the hypersymbiont), and the
crayfish Procambarus clarkii (Girard, 1852), which hosts the ostracod,
as the ‘basal host’ of the symbiotic chain (Figure 1). Both nested
hosts were introduced to Europe from their native North American
range (Mestre et al., 2013). By contrast, Lagenophrys discoidea has
a wide Holarctic and Neotropical distribution and uses freshwater
ostracods as hosts, including both free-living and ectosymbiotic
ostracods (Mayén-Estrada & Clamp, 2016). Peritrich ciliates of the
genus Lagenophrys Stein, 1852 are sessile suspension feeders that
attach to crustacean hosts in an ectosymbiotic lifestyle called epibi-
osis (Mayén-Estrada & Clamp, 2016). Lagenophryids feed on micro-
organisms, phytoplankton and organic particles suspended in the

water by capturing them with their peristomial cilia whilst attached
to their hosts (Clamp, 1973, 1989; Felgenhauer, 1982). Crustacean

hosts, such as ostracods in our system, provide multiple benefits
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to their epibionts (Fernandez-Leborans, 2010): (a) an attachment
surface; (b) increased efficiency in food acquisition from water cur-
rents provided by host respiration and feeding; (c) enhanced dis-
persal capability; and (d) avoidance of interspecific competition and
predatory pressures. However, anti-fouling mechanisms of hosts,
such as moulting or grooming, should hinder evolution towards ob-
ligate epibiosis. Whilst epibiosis has been documented as predom-
inantly facultative (Wahl & Mark, 1999), the 62 known species of
Lagenophrys are obligate epibionts specialized on a wide variety of
crustacean hosts from many marine, brackish and freshwater hab-
itats (Mayén-Estrada & Clamp, 2016). A large part of the success
of Lagenophrys ciliates as obligate ectosymbionts of crustaceans is
attributed to a special type of binary fission (called second-type di-
vision) just before host moulting, which prevents them from being
lost (Clamp, 1991). Other adaptations to the ectosymbiotic lifestyle
in Lagenophrys (Mayén-Estrada & Clamp, 2016) are as follows: (a)
a mechanism for permanent attachment to the host; (b) a closure
apparatus to protect the ciliate from drying when the host leaves
water; and (c) a specialized free-living, dispersal stage.

Populations of Lagenophrys inhabiting free-living hosts are po-
tentially affected by (a) physiological tolerances of physico-chemical
and climatic conditions (Cabral, Utz, & Velho, 2017; Clamp, 1973,
1988; Sheehan, Lafferty, O'Brien, & Cebrian, 2011); (b) concentra-
tion of chlorophyll a, dissolved nutrients and percentage of organic
matter in sediment, governing nutrient availability (Cabral et al.,
2017; Clamp, 1973, 1989; Sartini et al., 2018); (c) host abundance
and geospatial patterns that influence their dispersal (Cabral et al.,
2017; Jones, Carrasco, Perissinotto, & Vosloo, 2016; Utz & Coats,
2005); and (d) host body size determining the total attachment
surface available per host individual (Fernandez-Leborans, 2010;
Poulin, 2007). In our study system, the body size of a symbiotic host
depends on its sex. Adult females of the ostracod A. sinuosa are sig-
nificantly larger than males, with little size variation within each sex
(Aguilar-Alberola et al., 2012). In addition, crayfish with larger body
size (which is highly variable among individuals) harbour larger num-
bers of symbiotic ostracods, whereas crayfish moulting temporarily
decreases their abundance (Aguilar-Alberola et al., 2012; Mestre,

Monrés, & Mesquita-Joanes, 2014). The ciliate L. discoidea has three
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dispersal mechanisms acting at different spatial scales (Figure 2).
First, free-swimming larval stages actively migrate among symbiotic
ostracods within a single crayfish individual (Clamp, 1987). Second,
sessile adults passively disperse among crayfish within a locality
via dispersal of the symbiotic ostracods (Mestre, Castillo-Escriva,
Rueda, Monrés, & Mesquita-Joanes, 2015). Third, crayfish dispers-
ing among localities (Hunt, Thomas, James, & Cable, 2018; Mestre et
al., 2016) likely disseminate ciliates carried by symbiotic ostracods,
a dispersal mechanism called hyperphoresy (Sabagh, Dias, Branco,
& Rocha, 2011).

Here, we examined the relative importance of two nested
hosts and the abiotic environment external to the hosts in regulat-
ing populations of the hypersymbiotic ciliate L. discoidea. A priori,
the strong dependence on the chain of hosts for microhabitat suit-
ability and dispersal should play a major role in driving population
dynamics of the ciliate. The ciliate attaches specifically to ostracod
valves, so that the bodies of symbiotic hosts should represent
crucial attachment resources for the ciliate. Moreover, symbiotic
hosts should play crucial roles for local-scale dispersal of the cil-
iate, including both active larval dispersal from one ostracod to
another within a crayfish and passive transport among crayfish by
the ostracod. On the other hand, basal hosts could affect popula-
tions of the ciliate in three ways. First, the crayfish could modulate
microhabitat suitability, for example by creating water currents
for food acquisition by the ciliate. Second, because ostracods are
symbiotic, crayfish bodies act as containers that concentrate and
regulate ostracod populations within and among their bodies,
potentially influencing within-crayfish and local dispersal of the
ciliate. Third, crayfish regional dispersal should leave a trace in oc-
cupancy and abundance of the ciliate due to dispersal limitations,
demographic stochasticity or rescue effects experienced by the
ciliate (Kanarek, Webb, Barfield, & Holt, 2015; Prenter, MacNeil,
Dick, & Dunn, 2004; Torchin, Lafferty, Dobson, McKenzie, & Kuris,
2003). However, ectosymbionts by definition live on host exterior
surfaces and therefore should also depend on external environ-
mental conditions (DeWitt, Williams, Lu, Fard, & Gelder, 2013;
Mestre et al., 2014), including food resource availability (e.g., for

ectosymbionts that are suspension feeders; Sartini et al., 2018).

FIGURE 2 Dispersal mechanisms of
the hypersymbiont ciliate Lagenophrys
discoidea: (a) at the basal host scale, free-
swimming larval stages actively migrate
among symbiotic ostracods within a single
crayfish individual; (b) at the local scale,
sessile adults passively disperse among
crayfish within a locality via dispersal of
symbiotic ostracods; and (c) at the regional
scale, dispersing crayfish disseminate the
ciliates carried by symbiotic ostracods
among localities

Dispersal of
basal hosts

Regional
scale
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TABLE 1 Description of explanatory variables and selection criteria used for modelling prevalence (Prev) and abundance (AbOH) of
Lagenophrys discoidea

Class

Response
variables

Symbiotic host

Basal host

Abiotic
environment

Geographical
space

Selection
criteria

Code

Prev

Abgy
SexRatH1
SexH1
AbH1°
AbH1_Loc
RE H1

WeightH2
MoultH2
AbH2

RE H2

Cond
Chlor-a
Alk
0,
NH,*
NO,~

PO,*
S0,*
RatAlkAn
RatCIS
RatNO,NH,
Sedqy,

T

max

T

min
Trange
Precip
PrecipSeas
MEM

RE Loc

AlCc

Ry’

2
RC

Description

Prevalence within a basal host

Abundance per occupied symbiotic host

Sex ratio of symbiotic hosts (used for Prev)

Sex of symbiotic host (used for Ab,,)

Abundance of symbiotic hosts

Mean AbH1 in a locality

Random effects of symbiotic host (nested
within H2; used for Abg, )

Body weight of basal host

Intermoult stage of basal host*

Abundance of basal hosts

Random effects of basal hosts (nested
within Loc; used for Abg,,)

Electric conductivity

Chlorophyll a concentration
(Bi-)carbonate alkalinity

Oxygen concentration

Ammonium concentration

Nitrate concentration

Phosphate-P concentration
Sulphate concentration
Alkalinity/(chloride + sulphate)
Chloride/sulphate
Nitrate/ammonium

% of organic matter in sediment
Max. temperature of warmest month
Min. temperature of coldest month

T

Temperature annual range (T, min)

o
Annual precipitation

Seasonal precipitation (CV monthly precip.)
Moran's eigenvector maps

Random effects of sampling locality

Second-order Akaike information criterion

Units/levels

% of occupied symbiotic

hosts

Ind. within a symbiotic host

% of males

2 levels (3 and Q)

Ind. within a basal host

Av. ind. per basal host

942 levels

g

4 levels©

Av. ind. per trap
143 levels

mS/cm
pg/L
meq/L
mg/L
mg/L
mg/L
mg/L
mg/L
(ratio)
(ratio)
(ratio)
%

°C

“C

°C

mm

%

Mean/
Median

28.9

45.8

231

21.5

2.08

1.26
8.75
3.47
7.46
0.560
224
0.116
232.9
1.32
2.10
99.5
6.93
30.9
3.90
27.0
519.2
45.2

22 levels (Prev); 16 levels (Abg,,)

AlCc increase of the model ‘i’ in relation to the best model

Relative likelihood of the model ‘I’ given the data and the set of best models

Ratio of AlCc weight of the best model to the model V' (0, . /)

Marginal coefficient of determination (variance explained by fixed effects)

Conditional coefficient of determination (variance explained by both fixed and random effects)

?For abundances, median and first and third quartiles are displayed. Mean and SD are given for other quantitative variables.
PAbH1 was log-transformed because it showed a highly skewed distribution.
0: body, including chelae, completely and extremely soft; 1: sides of cephalothorax soft and very elastic; 2: sides of cephalothorax hard but slightly
elastic; 3: sides of cephalothorax hard and totally rigid.

SD/quartiles®
28.7

(1,4)
23.9

(5,35)
16.3

10.7

(1.25,3.91)

1.13
9.53
1.61
3.20
1.049
27.3
0.158
265.7
1.81
3.25
124.7
4.56
2.57
2.57
3.82
103.0
12.5
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Moreover, the abiotic environment can affect local dispersal
among hosts for horizontally transmitted symbionts with free-liv-
ing dispersal stages (Studer & Poulin, 2013). Therefore, we expect
a significant influence of abiotic conditions on occupancy and
abundance of the ciliate, because ciliate individuals are directly
exposed to the external aquatic environment when attached to
symbiotic hosts, as well as during larval dispersal (Cabral et al.,
2017; Clamp, 1973, 1988; Sheehan et al., 2011). We tested our hy-
potheses with multimodel selection and variance partitioning for
GLMM, through which we assessed the relative importance of the
following sources of variation in prevalence and abundance of the
ciliate: (a) traits of symbiotic hosts (ostracod sex and abundance);
(b) traits of basal hosts (crayfish body weight, abundance and in-
termoult stage); (c) the abiotic environment (water chemistry and
climate); and (d) geospatial autocorrelation patterns (capturing po-

tential effects of crayfish dispersal among localities).

2 | MATERIALS AND METHODS

2.1 | Sources of data

Two response variables describing hypersymbiont populations were
modelled in this study. First, prevalence is defined as the proportion
of symbiotic hosts occupied by the hypersymbiont within a basal
host. Second, abundance is the number of hypersymbionts inhabit-
ing an occupied symbiotic host (Table 1). The data used to model
both variables were collected in the field and are available in the
Dryad Digital Repository (Mestre et al., 2019).

The data were obtained from 22 localities in the Iberian Peninsula
and Balearic Islands (SW Europe; Figure 3 and Table S1) with sampling
concentrated in spring-summer (April to July) of two consecutive years
(2010 and 2011; single sampling time per location). Individuals of P.
clarkii were collected using 10-20 baited traps (40 cm x 40 cm x 80 cm)
laid overnight, regularly distributed along the littoral of the waterbody
(10 m distance between traps; up to 2 m depth). The next day, traps
were retrieved and crayfish abundance (individuals per trap) was re-
corded. A maximum of 16 crayfish per location (depending on the local
availability; see Table S1) were sampled for symbionts and hypersym-
bionts. Only crayfish with post-orbital cephalothorax length >10 mm
were retained in the samples (and used to estimate crayfish abun-
dance), as juvenile crayfish generally lack ostracod symbionts (Castillo-
Escriva, Mestre, Monrés, & Mesquita-Joanes, 2013). After applying the
protocol for symbiont removal described below, crayfish hosts were
preserved in 96% ethanol. In the laboratory, crayfish were sexed and
weighed, and their intermoult stage estimated using hardness of the
cephalothorax (following Castillo-Escriva et al., 2013).

Individuals of the ostracod A. sinuosa (species identification from
Mestre et al., 2014, based on Hart & Hart, 1974) were removed from
each sampled crayfish individual in situ by immersing it in a con-
tainer filled with carbonated water for 15 min (Mestre, Monrés, &
Mesquita-Joanes, 2011). Afterwards, the water was filtered through
a 63-pum-mesh sieve to concentrate ostracods and their ciliates
from each crayfish individual into separate 50-ml containers filled

with 96% ethanol. The adult ciliates of Lagenophrys are sessile, liv-
ing permanently attached to their hosts, and the ciliate-ostracod
associations remain unaltered and preserved after the protocol of
ostracod isolation. In the laboratory, all adult ostracods of A. sinuosa
from each crayfish individual were counted under a stereomicro-
scope to obtain estimates of their abundance. Each adult ostracod
was sexed, and the external surfaces of both valves were examined
for the presence of hypersymbiotic ciliates. From each crayfish, a
maximum of 10 ostracod individuals were randomly selected from
the pool of adult ostracods harbouring L. discoidea. The selected
ostracods were individually checked for hypersymbiont abundance
(i.e., the total number of individuals attached to the valves). When a
crayfish individual had fewer than 10 adult ostracods with ciliates,
all these ostracods were checked for hypersymbionts. For species
identification, representative samples of ciliates from each locality
were mounted on a microscope slide, stained with safranin and sus-
pended in a solution of glycerine plus distilled water (1:6). Species
identification of ciliates relied on descriptions by Clamp (1990,
1991). All the ciliates proved to be Lagenophrys discoidea.

Oxygen concentration, pH, temperature and conductivity of
the sampled waterbodies were measured in situ with portable
probes. Water and sediment samples were collected from each
locality and analysed in the laboratory. For water samples, con-
centrations of anions (alkalinity, CI” and 5042') and nutrients
(NH4+, NO;" and PO43') were determined using standard methods
(APHA-AWWA-WEF, 2012); chlorophyll a concentration was es-
timated following Jeffrey and Humphrey (1975). From sediment
samples, the percentage of organic matter was obtained by the
loss-on-ignition method (Heiri, Lotter, & Lemcke, 2001). The fol-
lowing climatic data at 0.5 arcmin resolution were taken from
WorldClim (Hijmans, Cameron, Parra, Jones, & Jarvis, 2005): max-
imum temperature of the warmest month, minimum temperature
of the coldest month, temperature range, annual precipitation
and precipitation seasonality. Moran's eigenvector maps (MEMs)
were obtained from geographic coordinates of sampling locations,
using spoep v. 0.5.88 (Bivand & Piras, 2015). The MEMs are spa-
tial predictors that characterize a wide range of autocorrelation
structures based on the distances between sampling sites (Dray,
Legendre, & Peres-Neto, 2006). We used these geospatial vari-
ables representing patterns of spatial autocorrelation among lo-
calities to capture potential effects of crayfish dispersal among
localities. Autocorrelated MEMs were identified through a 99-time
permutation procedure implemented by spacemakeR v. 0.0.5 (Dray,
2013) and removed from the analyses. A total of 15 uncorrelated
geospatial variables (MEM1-MEM15) were obtained from this pro-
cedure, representing a gradient of spatial autocorrelation patterns
from broader (MEM1) to finer (MEM15) scales.

2.2 | Sources of variation in occupancy and
abundance of the hypersymbiont

We used a model selection approach and variance partitioning to
test the relative importance of traits of symbiotic hosts, traits of
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basal hosts, the abiotic environment and geographical space, in ex-
plaining variation in prevalence and abundance of the hypersymbi-
ont. Traits of symbiotic hosts included ostracod sex and abundance.
Traits of basal hosts were crayfish body weight (as a measure of body
size), intermoult stage and abundance. The set of variables describ-
ing the abiotic environment included the water chemistry and the
climate variables listed above. Geographical space was represented
by geospatial autocorrelation patterns (MEMs), used here to capture
effects of crayfish dispersal among localities (see Table 1).

2.2.1 | Model selection

The general structure applied to our models was based on the
nested nature of the study system and the overdispersion of cili-
ate abundance. The hierarchical structure was incorporated by using
generalized linear mixed models (GLMM) with sampling locality (for
prevalence and abundance) and basal host (for abundance) as nested
random effects (i.e., basal host nested within locality). The GLMM
were implemented with tme4 v. 1.1.19 (Bates, Machler, Bolker, &
Walker, 2015). The model families were binomial for prevalence
(with ‘logit’ link function) and lognormal-Poisson for abundance
(with ‘log’ link function). The lognormal-Poisson was derived from
a Poisson model by including individual of symbiotic host as a third
random effect (nested within basal host), which allows us to con-
trol for overdispersion of abundance (Ozgul, Oli, Bolker, & Perez-

Heydrich, 2009). We limited the initial set of geospatial variables

(15 MEMs) through backward selection. The preliminary backward
selection pre-selected two geospatial variables for prevalence (i.e.,
MEM12 and MEM14) and nine for abundance (i.e., MEM3, MEMS5,
MEM6, MEM9-MEM11, MEM13-MEM15). All continuous explana-
tory variables were standardized. All pairs of explanatory variables
(including pre-selected MEMs) had |r| < 0.75.

An automated model selection process was performed with cL-
muLTl v. 1.0.7 (Calcagno & de Mazancourt, 2010). It consisted of an
exhaustive screening of a set of candidate models, using the AlCc as
selection criterion, and considering all combinations of explanatory
variables subject to complexity limits. That is to say, to prevent over-
fitting and facilitate computation tasks, we discarded models with
more than 8 explanatory variables (including random effects). Thus,
the maximum number of fixed effects was set to seven for preva-
lence models (plus 1 random effect; 726,206 candidate models) and
five for abundance models (plus 3 random effects; 242,825 candi-
date models). With that, we obtained a ratio of ca. 30 crayfish per
fixed effect for both model variants. Moreover, interactions between
explanatory variables were also discarded. The set of best models
was composed of those with: A; < 2, where i is the model index and
A; = AlCc; - AlCc, s AlCc, ., is the model with the minimum AlCc
(Burnham & Anderson, 2002). When this criterion led to fewer than
four models, we selected the four best models. Multimodel inference
was performed on the set of best models to obtain model-averaged
estimates of the parameters of fixed effects (Lukacs, Burnham, &
Anderson, 2010).
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2.2.2 | Percentages of explained variance

The relative influence of the different sources of variation in hyper-
symbiont populations was analysed through variance partitioning
based on the marginal coefficient of determination for GLMM (R,,%
Nakagawa & Schielzeth, 2013). RM2 represents the proportional con-
tribution of fixed effects to the variance explained by the model.
The analysis was made on a consensus model with all the explana-
tory variables with a relative importance (RVI) higher than 0.1. The
RVI of an explanatory variable is the sum of the AlCc weights across
the best models containing the variable. The AICc weight of a best
model represents its relative likelihood given the data and the full set
of best models. We verified that consensus models were not biased

by sampling month or sampling year (Figure S1).

3 | RESULTS

The dataset for the prevalence models was obtained from 212 cray-
fish (143 with hypersymbiotic ciliates on A. sinuosa) from 22 locali-
ties (16 with ciliates). A total of 4,901 ostracods were sampled for
prevalence (2,577 females and 2,324 males), of which 2,045 har-
boured ciliates (913 females and 1,132 males). Thus, the global per-
centage of occupied ostracods was 41.7%. The mean prevalence per
crayfish was 28.9% (SD = 28.7%; SD is the standard deviation). The
data for abundance models were obtained from 143 crayfish from
16 localities and 942 ostracods (422 females and 520 males). The
median abundance per occupied host was 2 (IQR = 3; max. = 17; IQR
is the interquartile range). General descriptive statistics of model
variables are given in Table 1.

A single model was clearly superior for prevalence (with an AlCc
that was over 5 units below the second best model) and, there-
fore, we only selected the best four models including this one. The
five best models for abundance were selected based on having an
AICc within 2 units from the best one (Table 2). In all the models,
both fixed and random effects explained around 40%-50% of the
variation in both prevalence and abundance of the hypersymbiont.
However, prevalence and abundance models differed in the relative
contribution of fixed versus random effects. Whilst fixed effects ex-
plained most of the variation in prevalence, abundance was mostly
explained by random effects. About 85% of the variance attributed
to random effects in abundance models corresponded to symbiotic
hosts, and 15% was attributed to basal hosts. The proportion of ran-
dom-effects variance explained by locality was less than 0.1%.

The most important fixed effects for prevalence, which ap-
peared in all the best models (i.e., RVI = 1), were (Table 2): (a) negative
effects of a fine-scale geospatial autocorrelation pattern (MEM12;
Figure S2), and (b) positive effects of average abundance of symbi-
otic hosts in a locality, sex ratio of symbiotic hosts (% of males) and
phosphate concentration. Other important variables for prevalence
(0.85 < RVI < 1) were (bi-)carbonate alkalinity (negative effects), max-
imum temperature of warmest month (positive effects) and precipi-
tation seasonality (negative effects), all of which were present in the

best model. The only explanatory variable that appeared in all the

abundance models was water conductivity, with negative effects. It
was also the only variable showing significant effects on abundance
according to confidence intervals of § estimates averaged across the
best models.

The consensus model used for variance partitioning of prev-
alence had seven predictors and corresponded to Model 1 in
Table 2. The variance partitioning for prevalence (Figure 4) showed
that 17.8% was explained by the shared effects of symbiotic host
traits and the abiotic environment. Pure fixed effects of symbiotic
host traits explained 9% of the variance. The unique effects of
the abiotic environment explained 6.1% and geospatial patterns
3.6% (no traits of basal hosts were present in the best models for
prevalence). The consensus model for abundance had ten predic-
tors (Table 2; AlCc = 4,072.5; R,,? = 0.100; R.? = 0.486). Random
effects accounted for 39% of the variance explained by the con-
sensus model for abundance, of which 88% was attributed to traits
of the symbiotic host, and the other 12% to the basal host (local-
ity-level random variation was zero). The fixed effects explained
only 10% of the variance (Figure S3). The most important source
of fixed effects explaining variation in abundance was the abiotic
environment, with 4.7% of variance explained by pure effects, and
2.6% by shared effects with geographical space. Pure effects of
host traits (considering both host types together) contributed with
just 1.8%. Some factors thus have much more explanatory power
than do others, and there is considerable residual unexplained
variation.

4 | DISCUSSION

Populations of symbionts are spatially structured as aggregates
among and within hosts, and their life cycles are adapted to both
within-host living conditions and transmission among hosts. Thus,
strong biotic interactions necessarily associated with a symbiotic life-
style potentially affect both niche and dispersal processes (Borges,
2017; Buser, Newcomb, Gaskett, & Goddard, 2014; Lymbery, 2015).
Using data from a chain of symbiosis, we investigated the relative in-
fluence of nested biotic interactions and the abiotic environment on
occupancy and abundance of the hypersymbiotic ciliate L. discoidea.
The most important source of variation in both occupancy and abun-
dance of the ciliate was the symbiotic host. But we also found sig-
nificant influence of water physico-chemistry and a moderate signal
of regulation by basal hosts. We provide evidence suggesting that
the interplay between two nested hosts and the abiotic environment
external to the hosts regulates populations of L. discoidea, through
their combined role in governing microhabitat suitability and disper-
sal dynamics of the ciliate.

4.1 | Main role of symbiotic hosts

In symbiotic species, host traits (e.g., body size or abundance) govern
host susceptibility to symbiont acquisition, maintenance and trans-
mission and thus can be key drivers of symbiont dynamics (Poulin,
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FIGURE 4 Percentages of contribution of pure and shared
effects of traits of symbiotic hosts, the abiotic environment
external to the hosts and geospatial autocorrelation patterns to

the explained variation in prevalence of the hypersymbiotic ciliate
Lagenophrys discoidea. No variable representing traits of basal hosts
was included in the best models for prevalence. Small negative
values in shared fields appear in cases of suppression/enhancement
between explanatory variables and can be interpreted as zeros

2007). The main source of variation in prevalence of the hypersym-
biont L. discoidea corresponded to traits of the symbiotic host (i.e.,
ostracod abundance and sex). We found positive effects of local-
scale average abundance of the symbiotic ostracods on prevalence
of the ciliate. Host abundance is expected to be an important fac-
tor affecting prevalence and abundance of horizontally transmit-
ted symbionts (Arneberg, Skorping, Grenfell, & Read, 1998; Stanko,
Krasnov, & Morand, 2006). World-wide, the ciliate L. discoidea uses
both free-living and symbiotic ostracods as attachment surfaces
(Mayén-Estrada & Clamp, 2016). However, there are no other pub-
lished records of L. discoidea in the Iberian Peninsula (Mayén-Estrada
& Clamp, 2016), and findings of peritrich ciliates in samples of free-
living ostracods from the study region are rare (authors' pers. obs.).
Our results strongly support the symbiotic ostracod as being a key
host for L. discoidea in the study region. Very high prevalences and
high transmissibility observed for A. sinuosa suggest highly efficient
dispersal of the symbiotic ostracod among crayfish (Aguilar-Alberola
et al.,, 2012; Mestre et al., 2015, 2014). Thus, local-scale dispersal
of symbiotic ostracods among crayfish (Figure 2b) should be crucial
for transmission dynamics of the ciliate. The lack of significance of
crayfish abundance in our analyses adds support to the main role
of ostracod dispersal (instead of ciliate active dispersal) in govern-
ing among-crayfish transmission. In addition, the lower numbers of
ciliates observed in ostracod females are explained by the precopu-
latory behaviour of the ostracod, whereby females are guarded by
males. Valves of guarded females are partially covered by the male's
body (Aguilar-Alberola et al., 2012), thereby impeding colonization
of females by ciliates, or dislodging them when the precopulation

position is established. Thus, ostracod sex (and sexual behaviour)
likely influences the availability of attachment surfaces for the ciliate.

The observed large proportion of variance in ciliate abundance ex-
plained by random effects of symbiotic hosts was expected, in part,
from the colonization-extinction dynamics at the scale of symbiotic
hosts. Symbiotic ostracods have seven juvenile instars separated by
moult events (Aguilar-Alberola et al., 2012), and adults live less than
one year (Young, 1971). The highly ephemeral nature of ostracod
valves exacerbates the necessity for frequent movement among sym-
biotic hosts by second-type division to avoid being lost during host
moult or after host death (Clamp, 1991). The resulting highly transient
colonization-extinction dynamics should generate high levels of sto-
chasticity in ciliate abundance. However, other host traits that we did
not consider here could conceivably account for a portion of this ran-

dom unexplained variation as well (e.g., time from last moult).

4.2 | Significant influence of the abiotic
environment

Our analysis of populations of a hypersymbiotic ciliate showed a
strong signal of regulation by water chemistry and climate. The abi-
otic environment external to the hosts may influence populations of
ectosymbionts both directly, modulating on-host living conditions
and/or mortality during dispersal, and indirectly through its effect
on host attributes (e.g., abundance or quality). The selected abiotic
variables (i.e., those present in the best models; see Table 2) are likely
to affect physiological tolerances (alkalinity, temperature and precipi-
tation seasonality) and nutrient availability (phosphate) of the ciliate
(Cabral et al., 2017; Clamp, 1973, 1988, 1989; Sartini et al., 2018;
Sheehan et al., 2011). Phosphate is likely a proxy for food sources
of L. discoidea (i.e., micro-organisms and organic particles suspended
in the water). Adult ciliates live outside their hosts, attached to their
external surface, where they are exposed directly to the external en-
vironment from which they obtain their food. Thus, the on-host mi-
crohabitat suitability for the ciliate should also depend on the abiotic
environment. Moreover, larval stages of L. discoidea move actively
through the water environment during dispersal. Both microhabitat
suitability and dispersal-related factors should make the ciliate more
sensitive to the abiotic environment, compared to, say, endosymbi-
onts with direct host-to-host transmission which are more isolated
from the external environment. Moreover, because crustacean hosts
such as freshwater crayfish and ostracods are aquatic ectotherms,
thermal conditions of their bodies should closely match the environ-
ment. Thus, they likely do not offer a thermally regulated microen-
vironment for ectosymbionts (though habitat selection by crayfish,
for example choosing water depth, could indirectly influence thermal
conditions). Accordingly, we found an effect of ambient temperature
on prevalence of L. discoidea. The amount of shared effects of the abi-
otic environment with traits of the symbiotic host can be explained by
the already documented effects of water chemistry on abundances
of the ostracod A. sinuosa (Mestre et al., 2014). Our study system rep-
resents a clear example of indirect effects of the abiotic environment
through modulation of host traits (i.e., host abundance).
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4.3 | Moderate signal of regulation by the basal host

Random effects of hosts were the main sources of abundance vari-
ation identified by our models. The basal host accounted for about
15% of the variance in abundance explained by random effects of
hosts. The amount of random variation explained by basal hosts
suggests that crayfish bodies play a moderate role in regulating the
ciliate abundances at the within-crayfish scale. Crayfish bodies may
modulate ciliate abundances through their effects on microhabitat
suitability or within-crayfish dispersal. At a local scale, because cray-
fish abundance affects the abundance of their symbiotic ostracods
(Mestre et al., 2014), crayfish populations should indirectly regulate
ciliate populations through modulation of ostracod abundances. At
a regional scale, the significance of geospatial autocorrelation pat-
terns could be a signal of the impact of crayfish dispersal on ciliate
distribution.

Water currents from hosts are considered critical factors of
microhabitat suitability and selection in epibiont ciliates of the
genus Lagenophrys (Clamp, 1973, 1988, 1989, 1990, 1993, 2006;
Felgenhauer, 1982; Roberts & Chubb, 1998). A potential advantage
of using ostracods living on crayfish as substrate for attachment
could be related to feeding benefits from the water current around
the ciliates created by the respiratory and locomotory activities of
the crayfish. Because the symbiotic ostracods are tiny and not filter
feeders, they have a limited capacity to generate water currents that
the ciliate could use for feeding. Moreover, L. discoidea selects pref-
erentially the laterodorsal margin of the ostracod valves (Figure 1b),
which is not the location where the ostracod-generated water
currents should be stronger (i.e., the ventral area near the mouth).
Furthermore, symbiotic ostracods often select the branchial cavity
or ventral areas of the crayfish as their preferred microhabitat (Hart
& Hart, 1974; Hobbs & Peters, 1977). Hence, individual variation in
intensity of crayfish-created currents could generate variation in mi-
crohabitat conditions among crayfish bodies that potentially explain
the significance of crayfish random effects in our abundance mod-
els. In addition, abundances of the symbiotic ostracod are dependent
on crayfish body size and intermoult stage (Aguilar-Alberola et al.,
2012; Mestre et al., 2014), suggesting that body size and moulting
of crayfish individuals could regulate ciliate populations indirectly
through their effects on the abundances of the symbiotic host.

Variation in crayfish individual traits influencing within-host dis-
persal could produce random variation at the level of basal hosts as
well. For instance, variation among crayfish individuals in the intensity
of their water currents could generate variation in the ability of ciliate
larvae to find and colonize new ostracods. We found a positive rela-
tionship between occupancy and abundance of the ciliate at the scale
of basal hosts, after controlling for locality-scale effects (see Appendix
1 and Figure S4). In a given locality, crayfish with higher abundances of
the ciliate also have higher prevalences, thus supporting the relevance
of within-crayfish dispersal dynamics for the ciliate. Otherwise, the
relationship would have been diluted by dispersal at higher scales (i.e.,
among hosts). Previous studies proposed that active transmission by

larval stages in epibiont ciliates may be favoured by host aggregation

(Sartini et al., 2018), as in other symbionts (Patterson & Ruckstuhl,
2013). The microscopic size and short life span of free-living larvae
(Reynoldson, 1951) suggest that their active dispersal is limited in
range. Symbiotic ostracods are among the smallest hosts used by lag-
enophryids (Mayén-Estrada & Clamp, 2016). The variance-to-mean
abundance relationship (see Appendix 1 and Figure S5) indicates a
moderate degree of aggregation in L. discoidea within symbiotic hosts
(B = 1.32), compared to other symbionts (Matthee & Krasnov, 2009).
The spatial limitation on intra-host population size imposed by the
small size of the symbiotic ostracod (adult length 360-420 um; see
Figure 1b) constrains the degree of aggregation of L. discoidea (max.
abundance within a symbiotic host = 17). In contrast, the symbiotic
ostracod has a higher degree of aggregation within crayfish (5 = 1.67;
Mestre et al., 2014; max. abundance within a basal host = 145). Hence,
the basal host is most likely to be relevant in aggregating and favouring
active dispersal of the hypersymbiotic ciliate.

Geospatial autocorrelation patterns served to test for the
relevance of potential footprints of dispersal processes on occu-
pancy and abundance patterns of the ciliates. When attached to
their hosts, adult ciliates of the genus Lagenophrys have the ability
to seal their bodies hermetically within their lorica to avoid desic-
cation when they leave water (Clamp, 1991). The amphibious be-
haviour of crayfish offers opportunities for their aquatic symbionts
to disperse among isolated ponds, or different riverine systems
(Hunt et al., 2018). Moreover, the introduction and spread of the
crayfish P. clarkii in the Iberian Peninsula was driven by human-me-
diated translocations (Mestre et al., 2016). The full chain of symbi-
osis is widespread across the study region (Figure 3). Thus, crayfish
dispersal (either active or passive) among nearby locations is a po-
tential driver of the fine-scale geospatial autocorrelation patterns
observed in occupancy and abundance of the Iberian populations
of Lagenophrys discoidea (Figure S2). For example, crayfish carrying
ostracods free of ciliates could colonize localities that are environ-
mentally optimal for the ciliate. Multiple causes can explain the lack
of ciliates in the crayfish colonizers (Prenter et al., 2004; Torchin et
al., 2003): (a) environmental unsuitability (either abiotic or biotic)
in the origin, implying that the colonizing ostracods were originally
ciliate-free; (b) loss of ciliates during the overland movement, for
example because they did not tolerate well the dry overland con-
ditions; or (c) simply absence by chance (or dispersal limitation) in
the subset of colonizers from the origin. Moreover, ciliates could
become locally extinct after colonization due to demographic or
environmental stochasticity. On the other hand, crayfish carrying
large numbers of ostracods and ciliates could colonize a pond en-
vironmentally suboptimal for the ciliate, leading to prevalences or
abundances of ciliates that would be unexpectedly high based on
the environmental conditions (either abiotic or biotic) of the colo-
nized locality (Kanarek et al., 2015).

4.4 | Future perspectives

A symbiotic lifestyle alters organism-environment relationships
because it partitions the niche space into two main components:
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host individual traits and the abiotic environment (Campbell &
Crist, 2016; Krasnov et al., 2015). One potential advantage of
symbiosis is the function of host bodies as ‘environmental stabiliz-
ers’, buffering the effects of the off-host environment on symbi-
ont fitness (Hairston & Bohonak, 1998; Mestre et al., 2014). If so,
within-host populations of the symbiont should acquire a degree
of insensitivity to external environmental conditions. That is, the
abiotic environment would become a less important component of
the symbiont's niche, especially when combined with transmission
by host-to-host contact. In contrast to our case study, we predict
that populations of parasites and mutualists that obtain food re-
sources directly from their hosts will be more independent from
external food resources (Mestre et al., 2014). In addition, we expect
less influence of the abiotic environment in endosymbionts, and
in ectosymbionts of endothermic hosts, which a priori should be
more protected from the external environment by host bodies. The
use of macroecological approaches to search for patterns across
symbiont-host systems (Stephens et al., 2016), including assessing
the relative sensitivity of symbiont populations to variation in host
traits and the abiotic environment, is a promising approach to test
and refine these hypotheses. Finally, we propose that future re-
search might focus on three potential benefits of hypersymbiosis:
(a) improvement of microhabitat suitability (crayfish currents in our
example); (b) facilitation of active hypersymbiont dispersal medi-
ated by aggregation of symbiotic hosts; and (c) increased dispersal

capacity by hyperphoresy.
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