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Abstract

Positive interactions may change in outcome over time and depending on which of the interacting
species is studied. We explored the seasonal patterns of facilitation between Styela clava and
Undaria pinnatifida by following their association for a complete sporophytic phase. In addition,
we investigated how the relationship affected the morphometric parameters of U. pinnatifida, and
if the association had a negative outcome for S. clava. We performed monthly surveys in San
Antonio Bay (Argentina) for nearly one year to evaluate U. pinnatifida’s density (both the total
and mature individuals exclusively) on different substrates to determine whether U. pinnatifida
was more closely associated with S. clava than with inert substrates (i.e., consolidated and
nonconsolidated). Moreover, we compared the morphometry of U. pinnatifida between substrates
(S. clava vs. rock) and collected S. clava individuals overgrown by U. pinnatifida and classified
them by their holdfast’s coverage to assess their condition (dead or alive). A higher total density
of individuals of U. pinnatifida was associated with S. clava than with other substrates from
autumn to spring. Undaria pinnatifida individuals growing on S. clava were smaller than those
growing on rock. Finally, the probability of S. clava dying increased for individuals with higher
holdfast coverage, although the scarcity of dead individuals found suggested a negligible
influence. Our findings suggest, whereas U. pinnatifida clearly benefitted from this interaction
by appearing earlier on the field and presenting higher densities that could benefit the population

when associated to S. clava, for S. clava the relationship was more neutral.
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1. Introduction

Negative interspecific interactions are involved in the structuring of communities (Irving &
Bertness 2009; Silliman & He 2018). Nevertheless, in stressful environments, positive
interactions may play a significant role as well (Bertness & Callaway 1994; Bruno et al. 2003).
Facilitative interactions are often defined as interspecific non trophic interactions that benefit one
species and do not harm another (Bruno et al. 2003). Furthermore, it is widely recognized that
the outcome of interspecific relationships could change with changing environmental or biologic
conditions (Silliman & He 2018; Gastaldi et al. 2020). These changes in the interactions are well
documented in marine environments, where habitat-forming species have a positive effect (on the
biomass or the diversity of species) at high intertidal areas, and neutral effects in the low intertidal
zone, both for other algae (Molina-Montenegro et al. 2005) and for other benthic organisms (Uya
et al. 2020). In addition, the effects of interspecific interactions can vary throughout the life-cycle
of the interacting species (Schiffers & Tielbdrger 2006, Allegrezza et al. 2016; Klanderud et al.

2021), but this phenomenon has seldom been considered in marine environments (Bulleri 2009).

In studies concerning facilitation process, it has also been interesting to document how the
facilitator species may affect the development or growth of the facilitated organism (cf. Peterson
et al. 1984; Bulleri 2009; Purcell et al. 2016). For example, in species with density-dependent
growth, if the association between those species results in a higher density of individuals
(Thomsen et al. 2018), that effect could translate into a limited growth of the facilitated species—
i.e., individuals that grow more densely exhibit smaller morphometric parameters (Gao et al.
2014). In addition, studies of facilitative interactions have been dominated by unidirectional
approaches (Schob et al. 2014b). Reciprocal effects between interacting species are well
documented, though mainly for plant-plant positive interactions; which, for their part, have

demonstrated a wide range of feedbacks (positive, negative or neutral) by facilitated species on
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facilitators (Pugnaire et al. 1996, Armas & Pugnaire 2005, Cranston et al. 2012, Schob et al.
2014b). Understanding of not only how a facilitation relationship affects population parameters
of the facilitated species (e.g., recruitment, growth), but also how the relationship affects the

facilitator, is therefore essential.

Most facilitation studies performed in marine environments were carried out with organisms
capable of generating dense aggregates or entire new habitats—e.g., mussels, corals, seagrasses
(Gribben et al. 2019). Ascidians, however, have received less attention as facilitators, despite
being capable of providing refuge and resources to other species (Rimondino et al. 2015). On
Argentine rocky shores, an interaction occurs between the solitary ascidian Styela clava
(Herdman 1881)—hereafter Styela—and the macroalga Undaria pinnatifida (Harvey) Suringer—
hereafter Undaria—in which the latter uses the former as basibiont (Pereyra et al. 2017). Through
a short-term experiment, Pereyra et al. (2017) provided evidence for facilitation at the start of the
sporophytic phase, but in the present work we aimed at discovering if shifts in this interaction
take place over time. In addition, since Undaria grows on a wide variety of substrates—i. e., rock,
bivalve’s shells, artificial and live substrates (Wotton et al. 2004; Forrest & Blakemore 2006;
Thomsen et al. 2018), we were interested in how growth on Styela can affect the morphometric
parameters of Undaria. If Styela increases Undaria’s density as it was seen with other
invertebrates (Thomsen et al. 2018), the ascidian could affect Undaria’s growth because of the
kelp’ density-dependent growth (Gao et al. 2014). Finally, to study the effect of that interaction
on both participating species would appear essential for gaining a better understanding of the

possible outcomes in the relationship between two species in this type of facilitation.

We conducted field sampling for 11 months from the time that the first sporophytes appeared in
the area until most became senescent—hereafter called the sporophytic phase—with the objective

of assessing changes in the sign of the facilitation between Styela and Undaria, and how that
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interaction affects both species. We hypothesized that seasonal changes occur in the facilitative
interaction between Styela and Undaria throughout the sporophytic phase of the macroalgae. In
this context, we predicted that (1) the density of Undaria on Styela would be higher than on other
available substrates at the beginning of Undaria’s sporophytic phase but that the pattern would
be the opposite when Undaria reach maturity, (2) Undaria growing on Styela would be smaller
than those growing on rock, and (3) the probability of Styela of dying would be greater as the

level of coverage by Undaria increases.
2. Materials & Methods
2.1 Study area and species investigated

The study was performed in San Antonio Bay, a protected marine area of 80 km?, located in the
San Matias Gulf, northern Argentine Patagonia (40° 46° S, 64° 54> W). San Antonio Bay is
dominated by tidal currents, with a semidiurnal macrotidal regime (up to 9-m amplitude; Alliota
et al. 2000) and is characterized by its high diversity of benthic species, mainly mollusks (Guller
& Zelaya 2017). Among the Mollusca, mytilids, such as Brachidontes rodriguezii and
Perumytilus purpuratus, are the dominant species on the rocky shores; but ophiuroids, crabs,
snails, sea stars, and sea urchins in addition to algae such as Corallina officinalis, Ulva sp., and
Dictyota sp. are also common although their distribution is patchier (Narvarte et al. 2006). We
carried out the study near the mouth of the bay, a sector that is characterized by a substrate of a
wide range of grain sizes—silt, sand, and gravel; including granules, pebbles, and cobbles (Salas
et al. 2016). In this location, the interaction between the studied species was documented for the
first time, with both species being found in relatively high abundances (Pereyra et al. 2015).
Undaria (Phaeophyceae, Laminariales) has a biphasic life-cycle with a heteromorphic alternation

of generations, a microscopic gametophyte, and a macroscopic sporophyte (Epstein & Smale
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2017). Styela is a solitary ascidian with an elongated oval body and a long tapering peduncle

terminating in a discoid holdfast (Litzen 1998).

2.2 Facilitation throughout Undaria pinnatifida’s sporophytic phase

To evaluate the facilitation between Undaria and Styela, we performed monthly surveys during
low tide in the intertidal and shallow subtidal (up to 0.5 m deep), from March 2018 through
January 2019. Sampling was carried out using quadrats of 30 x 30 cm, arranged in a random,
stratified manner. We divided the study area into two sectors, according to the dominant
substrate—the first, a consolidated substrate sector (dominated by rocky outcrops); the second, a
nonconsolidated substrate sector (dominated by sand and cobble in different proportions)—and
randomly deployed 50 quadrats in each one every month. For each quadrat, we counted the
number of individuals of Undaria, and registered the occurrence of Styela in order to obtain the
number of Undaria growing in quadrats with and without Styela in each sector. We collected all
the individuals of Undaria in the quadrats for further processing in the laboratory. All the
individuals were preserved in aquaria with aerated seawater until further processing (from 5 to
10 h). Each Undaria was classified by its developmental stage after Casas et al. (2008): stage 0,
no stipe or defined holdfast; stage 1, poorly developed holdfast; stage 2, sporophyll not yet

developed; stage 3, fully developed sporophyll.

We evaluated the total density of Undaria and the density of the mature macroalga (stage 3)
relative to the substrate throughout the sporophytic phase. The variable substrate was defined as
having three levels: (1) Styela, quadrats from the consolidated sector containing Styela
individuals; (2) consolidated substrate, quadrats from the consolidated sector with no Styela; and
(3) nonconsolidated substrate, quadrats from the nonconsolidated sector with no Styela present
(Fig. 1). Because we found only 4 quadrats from the nonconsolidated sector containing Styela,

we excluded this circumstance as a fourth level from the analysis. We used a Scheirer-Ray-Hare
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test, an extension of the Kruskal-Wallis test (Sokal & Rohlf 1995) because the data was zero-
inflated and presented highly heterogeneous variances (Levene test, P <0.001) and thus did not
conform the parametric-test assumptions that could be corrected by data transformation. The
Scheirer-Ray-Hare test was performed with the function scheirerRayHare of the R package
“rcompanion” (Mangiafico 2021) in a crossed design involving ‘sampling month’ and ‘substrate’

as independent variables, and the number of Undaria individuals as the response variable.

To further assess, we compared the number of Undaria individuals between substrates and
months. We compared Styela vs. consolidated substrate to evaluate the use of Styela as substrate.
In addition, we compared the use of consolidated vs. nonconsolidated substrate to determine if
Undaria was more closely associated with hard substrates, as is usually described for the species
(Epstein & Smale 2017). These analyses were performed with Kruskal-Wallis tests through the

use of the Kruskal-test function of the R package “stats” (R Core Team 2020).

2.3 Morphometric differences in Undaria pinnatifida

To evaluate the potential effect of Styela as a basibiont on the morphometry of Undaria, we
randomly collected mature individuals (stage 3) of Undaria growing atop Styela and on rock (n
= 14, on each substrate) in July 2018. Of each Undaria individual we measured (in mm) lamina
length, lamina width, stipe length, stipe width and sporophyll width with a measuring tape. In
addition, the total wet and dry weights and the sporophyll wet weight (in g) were registered. For
the dry weight, individuals were weighed after drying in an oven at 60 °C for 48 h. The different
measurements used in this study are those that are usually considered in ecological and
commercial studies to characterize algal growth (Casas et al. 2008; Gao et al. 2014; de Leij et al.

2017).
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Morphometric variables were compared between Undaria growing on Styela and on a rocky
substrate with a multivariate permutational analysis of variance (PERMANOVA) by means of
the adonis function of the R package “vegan” (Oksanen et al. 2019), through the use of Euclidean
distances and 999 unrestricted permutations of the raw data. The variables were standardized after
Becker et al. (1998), with the scale function from the R base package (R Core Team 2020). The
assumption of multivariate homogeneity of group dispersion (variances) was tested with
permutest function (Anderson 2017), from the package “vegan” (Oksanen et al. 2019). As a post-
hoc test, a SIMPER analysis was used to identify the main morphometric-response variables
contributing to the dissimilarity by means of the simper function of the R package “vegan”

(Oksanen et al. 2019).

2.4 Undaria pinnatifida’s holdfast coverage on Styela clava

To assess the effect of Undaria overgrowth on Styela, individuals of Styela that were overgrown
by Undaria were randomly collected every month during low tide, from April 2018 through
January 2019 (throughout Undaria’s sporophytic phase). Colonized individuals of Styela were
collected in a different shallow subtidal zone (up to 0.5 m deep) from the one used for section
2.2, to avoid a potential disturbance in the sampling area. Individuals of Styela were classified in
the following manner in accordance with their overgrowth (i.e., the percent coverage) by
Undaria’s holdfast (1) 0-25%, Styela with a small Undaria individual without a holdfast; (11) 25—
50%, Undaria’s holdfast covering up to half of Styela’s surface; (III) 50-75%, the holdfast
covering more than half of Styela’s surface, but the siphons remaining uncovered; (IV) 75-99%,
Styela’s peduncle being the only part free from the holdfast; (V) 100%, Styela totally covered;
see Electronic Supplement S1). The condition of Styela upon collection (i.e., dead vs. live) was

also assessed. The individuals that responded to being pricked with a probe, either by opening
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and closing the siphons or the expulsion of water through the siphons or by remaining turgid

when squeezed, were considered alive; otherwise, they were regarded as dead.

We used a generalized linear mixed model (GLMM; Bolker et al. 2009) to identify the effect of
the Undaria holdfast coverage on Styela. This test is an extension of generalized linear model
(GLM) that allows the violation of independence assumption between observations. The levels
of that coverage were used as the fixed factor and the condition of Styela as the response variable
with binomial error distribution. The Undaria holdfast coverage occurred at five levels and was
considered an ordered factor because the state of the holdfast overgrowth was sequential—i.e.,
the holdfast in level 5 had to have gone through levels 4 and 3 previously. To deal with temporal
autocorrelation, the month of collection was included as a random factor. The effects of holdfast
overgrowth were assessed through the use of Akaike’s Information Criterion (Burnham &
Anderson 2002) by means of the function aictab of the R package “AlCcmodavg” (Mazerolle
2020). GLMMs were calculated through the glmer function of the R package “Imer4” (Bates et

al. 2015). All analyses were performed in R version 3.6.3 (R Core Team 2020).

3. Results

3.1 Facilitation throughout Undaria pinnatifida’s sporophytic phase

Upon evaluation of Undaria’s total density, the data revealed an interaction between month and
substrate use (Schierer-Ray-Hare test, Hzo, 10s8 = 63.230, P <0.001) suggesting that Undaria’s

density on each substrate was dependent on the month of the year (Fig. 2).

For simplicity, we expressed the differences in Undaria density by citing one month per season.
Those months, accordingly, were representative of the differences evidenced for the remaining
months of each season (cf. Electronic Supplement S2 for a detailed comparison of every month).

In autumn (April), the density of Undaria was 97% higher in the Styela quadrats than in the

10
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consolidated-substrate quadrats (Kruskal-Wallis, April: Hy = 37.4, P < 0.001; Fig. 2). Similar
results were found in winter (July), with a 24% higher density in the Styela quadrats than in the
consolidated-substrate quadrats (Kruskal-Wallis, July: Hy = 4.9, P = 0.026) and 72% higher in
the consolidated-substrate quadrats than in the nonconsolidated-substrate quadrats (Kruskal-
Wallis, July: H1 = 5.7, P = 0.016). In spring (October), the density of Undaria was 28% higher
in the Styela quadrats than in the consolidated-substrate quadrats (Kruskal-Wallis, October: Hy =
4.7, P = 0.029). Finally, in summer (January), we found no evidence that Undaria’s density in
the consolidated-substrate quadrats differed from that in the Styela quadrats (Kruskal-Wallis,
January: H1 = 3.5, P =0.061) or the nonconsolidated-substrate quadrats (Kruskal-Wallis, January:

H,=1.6, P = 0.212).

Upon observing the density of the different developmental stage of Undaria associated to each
evaluated substrate, we found that it was higher in Styela quadrats for every developmental stage
(Fig. 3). Mature Undaria occurred from only June onwards. These results also revealed an
interactive effect of substrate and month on the density of mature Undaria (Schierer-Ray-Hare
test, Hoo, 1058 = 42.3, P = 0.002) implicating that the density of mature Undaria associated to the
different evaluated substrates vary throughout the evaluated months. Mature Undaria were
affected by substrate only during June and August exhibiting a 35% and 39% higher density in
the consolidated-substrate quadrats than in the nonconsolidated-substrate quadrats (Kruskal-
Wallis, June: H1 = 4.8, P = 0.027; August: Hy = 4.3, P = 0.02; cf. Electronic Supplement S2 for
details). Throughout the study period the densities of the mature Undaria were not significantly
different between the Styela and the consolidated substrates (cf. Electronic Supplement S2 for

details).

3.2 Morphometric differences in Undaria pinnatifida

11
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Our data revealed that Undaria individuals growing on Styela were morphometrically different
from those growing on rock (PERMANOVA, F1 23 =9.9, P =0.001). Undaria growing on Styela
were smaller than those growing on rock with respect to all the metrics used (Fig. 4), and all the
morphometric variables evaluated contributed to the dissimilarity (SIMPER, P < 0.01), except

the stipe width (SIMPER, P = 0.05).

3.3 Undaria pinnatifida’s holdfast coverage on Styela clava

We examined 270 individuals of Styela with different levels of coverage of Undaria’s holdfast.
Only 12 of the Styela individuals collected (4.4%) were dead (Fig. 5). The data, however, revealed
an association between Undaria holdfast coverage on the condition of Styela (Table 1), although
the size of the effect was very small since only 13% of the individuals from categories IV or V

were dead (Fig. 5).

4. Discussion

The results suggest that, although the facilitation between Styela and Undaria is maintained
throughout the sporophytic phase, changes occur in that interaction. Undaria sporophytes are
found in the substrates in a differing fashion during the year-long phase, with the total density of
Undaria in Styela quadrats being higher for almost the entire time—except in summer, when this
pattern changes and the total densities become similar on all the substrates evaluated. In addition,
from the first half of the sporophytic phase until the end, the density of mature individuals of
Undaria is higher in quadrats with Styela than on any other substrate quadrats. Our observations
indicate that Styela facilitates Undaria during the entire sporophytic phase—first with higher
density of juveniles of Undaria and then with a greater proportion of mature individuals—by
serving as a beneficial substrate. Nevertheless, Undaria growing on Styela ends up being smaller
than when growing on a rocky substrate, a difference which might be interpreted as a negative

effect of this relationship. In addition, our results did not suggest any negative effect from the

12



254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

interaction on Styela because, although the higher proportion of dead Styela individuals presented
high degree of coverage by Undaria, the number of dead individuals of Styela found in the current

study was still quite low.

4.1 Facilitation throughout the sporophytic phase of Undaria pinnatifida

Undaria was more associated to Styela during the first half of the sporophytic phase (autumn to
early spring), but then this decreased at the end of the sporophytic phase to the point of being
indistinguishable from other substrates by summer. Nonetheless, an evaluation of the number of
individuals of Undaria reaching maturity indicated that Styela quadrats still had the highest

densities of mature Undaria.

The presence of Undaria almost exclusively in Styela quadrats at the beginning of the sporophytic
phase could favor the kelp competitively (Thompson & Schiel 2012). Undaria is considered a
poor competitor for space and in the presence of other canopy-forming macroalgae cannot readily
become established in new environments (Thompson & Schiel 2012). If that establishment does
occur, it is only transient (South et al. 2016). Thus, growing associated with Styela could give
Undaria a competitive advantage by providing an opportunity to emerge before other algae. In a
similar study, Thomsen et. al. (2018) reported that mussels could facilitate Undaria, thus resulting
in the maintenance of the kelp’s cover through the sporophytic phase. Something similar may
occur in the present study site, with Styela benefitting Undaria by facilitating it in periods when
the cover or abundance of the kelp is negligible. Since solitary tunicates have the ability to
increase organic matter deposits—i.e., via biodeposition (Qi et al. 2015), the high density of
recruits of Undaria found growing in Styela quadrats at the beginning of the sporophytic phase
could be due to the biologic properties of Styela as opposed to bare substrate (Qi et al. 2015;

Pereyra et al. 2021).
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The density of Undaria in Styela quadrats decreases from the middle to the end of the sporophytic
phase. This pattern may be related to the high mortality of recruits in kelps, which may be even
higher when initial densities are high (Schiel & Foster 2006). In addition, kelp fecundity and
recruitment are considered high, but the survival of recruits is extremely low (Primo et al. 2010).
Nevertheless, the decrease in Undaria’s population density could be due to the natural death of
individuals as mortality is usual in summer as a result of rising temperatures (Thornber et al.

2004; Casas et al. 2008).

Looking our results, this interaction could be understood as a zero-sum game, where the benefits
of the first half of the sporophytic cycle are canceled by the end of the cycle. Notwithstanding,
even if the total density of individuals of Undaria growing on Styela quadrats decreased to
become equal to density values of the other substrates, the proportion of mature individuals was
still higher on Styela quadrats than on any other substrate quadrats, a difference that implies Styela
presence leads to more individuals with the ability to reproduce. Considering all these different
aspects, we would conclude that Undaria benefits from Styela from the standpoint of the kelp's

overall population level during the entire sporophytic phase.

4.2 Morphometric differences in Undaria pinnatifida

Undaria individuals that grew on Styela were smaller than those growing on rock. That difference
was expected because kelp species typically exhibit a high morphologic plasticity (Fowler-
Walker et al. 2005; Wernberg & Thomsen 2005), and higher densities of Undaria growing on
Styela might translate into smaller morphometric structures as the result of limited space (Schiel
& Foster 2006; Gao et al. 2014). Competition for space could have consequences not only for
Undaria’s individual growth, but also for its reproductive success (de Leij et al. 2017). The
sporophyll is Undaria’s reproductive structure; and, as spore production is correlated with

sporophyll area (Primo et al. 2010), the smaller sporophylls of Undaria growing on Styela may
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have lower fitness (or spore production) than those growing on rock. Nevertheless, to speculate
how this difference would affect the reproductive potential of Undaria would be premature, and
should be done carefully until the effect on the fitness of the kelp is evaluated. Another likely
explanation for the reduced size of Undaria on Styela (vs. rock) may be a selective dislodgement
process by the great tidal currents in the main channel, which affects mainly large individuals (cf.
Thomsen 2004). However, we did not see dead individuals of Undaria attached to Styela when
they are dislodged following the greatest spring tide. For this reason, we do not seem likely that

Undaria is dislodged more when attached to Styela than to other substrates.

Otherwise, while growing on Styela could be detrimental for individual growth of Undaria, the
higher densities on that substrate could be beneficial for the Undaria population (Schiel & Foster
2006). For kelps, high population density may increase dispersal distances as well as spore and
gametophyte densities, enhance fertilization, reduce physical stress in intertidal habitats, and
suppress the recruitment and growth of competitors (McConnico & Foster 2005; Schiel & Foster
2006, Tatsumi et al. 2018). Our results suggest that, even when the Undaria individuals growing
on Styela were smaller, the density of the mature stages was higher on Styela than on other
substrates, implying that Styela could boost the population growth of Undaria. We note that the
sample size for comparing the morphometry of Undaria growing on Styela and rock was small
(n=14 per substrate), and thus the conclusions accepted with caution. The estimation of the effect
size, however, has a high certainty (Baguley 2004) because the differences between the groups

were unquestionably evidenced and verified statistically.

4.3 Undaria pinnatifida holdfast coverage on Styela clava

Our study reveals a higher proportion of dead individuals occurred when Undaria’s holdfast
covered Styela completely. Despite this, in view of the low proportion of dead Styela found, we

conclude that the ascidian tolerates being covered by the Undaria holdfast, contrary to what was
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originally hypothesized by Pereyra et al. (2017). As result, we propose that, with respect to

lethality, the outcome of the interaction for Styela was essentially neutral.

Although ascidians could have defenses against epibiosis like the presence of antifouling
compounds, such as vanadium, on their tunics (Stoecker 1978; Hirose et al. 2001), they are
capable of survive overgrowth by epibionts if the ascidian’s siphons are not covered (Claar et al.
2011). Despite this, we found live Styela individuals with their siphons fully covered by
Undaria’s holdfast. The high degree of epibiosis that Styela presents (Rodriguez 2020) could be
due to the very low concentration of vanadium and consequently, its antifouling defenses are also
low (Curtin et al. 1985). In addition, Styela has irregular longitudinal wrinkles and grooves in the
tunic, features that would favor the accumulation of organic matter and thus facilitate even more

the settlement of epibionts (Filip 2020).

Despite of what it was mentioned above, the possible outcomes of the interaction for Styela need
to be experimentally tested. While we only examined lethal outcomes of the coverage by
Undaria, Styela could experience a reduction in fitness if, for example, their reproductive output
is compromised by affecting gonad development, spawning and recruitment (Bourque et al.
2007). In addition, other aspects as the dislodgment of Styela should be tested, because this could
be modified (as the strength of attachment) by the epibiosis of Undaria. It is important to note
that our survey do not allow to determine the cause of death of Styela. For example, the age of
the Styela individuals could have an influence in our results, but we think this is unlikely, since
Styela has a relatively short life-cycle (up to 2 years; Morris et al. 1980, Lambert and Lambert
1998) and a relatively low growth rate (1-15 mm per month; Morris et al. 1980). Thus, since the
Styela individuals collected were about the same size, their belonging to different cohorts was
unlikely. Lastly, positive effects on Styela should be tested too. Positive outcomes for the

basibiont have been described before in marine environments (Thomsen et al. 2022, and
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references therein). Styela could benefit from the interaction by the reduction of predation or
physical stress that Undaria may offer. Ascidians are commonly predated on (Giachetti et al.
2022), and we have observed regularly in the field death individuals of Styela with marks of
predation, but this is not the case of those individuals tested here. A possibility that remains to be
explored is that Undaria offers protection against predation to Styela by growing over it, as it was
documented for similar cases—e.g., Microcosmus sabatieri overgrown by an encrusting sponge
(Voultsiadou et al. 2010). Thus, to determine the net effect of the interaction for Styela we need
to gather a better understanding of the effects on the ascidian, both positive and negative, beyond

lethal effects.

4.4 Varied outcomes of the interaction

The current study adds evidence documenting changes in outcome and magnitude of the effect
occurring in the facilitation relationship between Styela and Undaria over time, related to biotic

or abiotic context.

Nevertheless, a gap still remains in our understanding on how this interaction results at other
marine sites because context dependency could well be related not only to time but also to the
site where the interaction occurs (Catford et al. 2022). Undaria using Styela as basibiont has been
documented in other locations, but the interaction was not the focus of the study (Thornber et al.
2004) or was studied as competition (Farrel and Fletcher 2006). In general, our results provide
evidence for how facilitation changes over time in a marine system, at least for Undaria, and
contribute new observations with respect to how the interaction affects both species. Undaria
seems to benefit from its association with Styela, although the effects on reproductive outcome
will need further investigation. Styela does not seem to be harmed by Undaria, although possible
negative effects not tested in this study should be further evaluated. Since the two species have

only recently been introduced into San Antonio Bay, Undaria and Styela are still adapting to their
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interactions with resident species, as well as to the new abiotic environment. Perhaps the plasticity
of Undaria and the facilitative interaction with Styela are only two adaptive responses to this new
set of selective pressures among others that can aid the two species in the successful invasion of

this new environment in the Patagonia.
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559  Tables

560  Table 1. Parameter estimates + standard errors (SE) and 95% confidence interval limits (CL) for
561  explanatory variables describing the variation in probability of Styela clava individuals of dying
562  relative to level of coverage by Undaria pinnatifida. The significant explanatory variables are

563  represented in bold.

Explanatory Parameter CL
variable estimate = SE

Lower Upper
Coverage
Intercept 5.405 + 1.149 3.69 8.65
Category Il -1.534 + 1.489 -4.88 1.79
Category Il -2.042 + 1.495 -5.44 1.28
Category IV -3.189 + 1.196 -6.31 -1.15
Category V -3.312 + 1.227 -6.48 -1.19

564
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Fig. 1. Undaria pinnatifida growing on each substrate evaluated. Panels A and B: U. pinnatifida
growing on the consolidated substrate. Panel C: U. pinnatifida growing on the nonconsolidated
substrate. Black arrows point to recruits. Panels D and E: U. pinnatifida growing on Styela clava.

White arrows point to S. clava’s siphons and the white square bracket demarcates S. clava’s body.
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Fig. 2. Undaria pinnatifida density (individuals/m?) on different substrates through the
sporophytic phase (mean * standard error). Shaded and unshaded areas mark the seasons. The
curves were plotted through the use of ‘jitter’ to reduce the overlap of points and error bars. The

months on the X-axis are the ones whose results are provided in the main text. n = 1100 quadrats.
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576  Fig. 3. Undaria pinnatifida density (individuals/m?) at each developmental stage on different

577  substrates throughout the sporophytic phase. n = 1100 quadrats
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Fig. 4. Morphometric differences between Undaria pinnatifida growing on rock and on Styela
clava. Each box represents 50% of the central data and the thick horizontal line denotes the
median. The bars represent maximum and minimum values without the outliers. The black points

mark the outlier values. n = 14 individuals of Undaria pinnatifida per substrate.
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