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Abstract

The effect that environmental conditions have on community and network assembly processes
remains unclear, in part because these processes operate at multiple scales. Because marine
primary producers and microinvertebrates have limited mobility, are susceptible to multiple
stressors, and can be observed interacting in situ, their habitat-based interactions provide an
informative system for disentangling network organising processes. We sampled 646 habitat-use
networks, quantifying interactions involving ‘habitat-users’ and biogenic ‘habitat-formers’ over
12 months at 9 sites within Te Thutai/Avon-Heathcote estuary in Christchurch, Aotearoa New
Zealand. Using generalised dissimilarity mixed-effect models, we examined whether changes to
species interactions — deconstructed into species turnover and interaction rewiring — were
modulated by environmental covariates, including freshwater discharge, elevation,

temperature, spatial location and season. We found that with increasing dissimilarity in sites
proximity to freshwater, interaction change was more driven by rewiring, whereas differences in
elevation (i.e., between channels and non-channel habitats) were driven by species turnover, with
more sessile species inhabiting tidal channels. The proximity of habitats also played a strong
role, with nearby networks comprising more similar interactions, and species turnover becoming
more prevalent with increasing distance. Our results highlight that the relative influence and
magnitude of rewiring and species turnover in controlling estuarine interaction networks was
affected by the individual species distributions across the estuary and their responses to separate,
but co-occurring, environmental factors. Quantification of habitat-former/user interaction
networks offers robust, albeit understudied, measures of processes that can underpin community

assembly, highlighting their potential importance in research, management and conservation.
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Introduction
Understanding how community assembly is influenced by habitat selection, species interactions,
and environmental conditions is a fundamental goal of community ecology (Chase, 2003; Drake,
1990; Flores-Arguedas et al., 2023; Fukami, 2015). The assembly of and changes to species
interaction networks, in particular, depends on various processes that operate at multiple spatial
and temporal scales (Marjakangas et al., 2022; Ponisio et al., 2019). Disentangling these
processes is critical to better understand how interactions networks vary across space and
through time (Carstensen et al., 2014; Simanonok & Burkle, 2014), but requires approaches that
account for changes to both species composition and interactions. Overall changes in species
interactions (i.e., the total interaction turnover), can be partitioned into ‘species turnover’ ( f«),
and ‘interaction rewiring’ (3w), reflecting changes in both composition and interaction partners
(within a shared species pool) between networks, respectively (Fig. 1; Friind, 2021; Novotny,
2009; Poisot et al., 2012).

The contribution of interaction turnover mechanisms to network assembly depends, in
part, on species-specific responses to key environmental factors (Bascompte & Stouffer, 2009;
Chase, 2003; Ponisio et al., 2019). Species turnover can contribute to interaction turnover when
the species composition of networks changes due to niche selection or partitioning along strong
deterministic environmental gradients, such as altitude (with associated differences in
temperature and precipitation; Sekar et al., 2024; Simanonok & Burkle, 2014). In contrast,
rewiring, i.e., partner switching among the same pool of species, can contribute to interaction
turnover when the relative abundances of some species change along spatiotemporal gradients in
environmental conditions, and resource availability (CaraDonna et al., 2017; Ceron et al., 2022;

Lazaro & Gomez-Martinez, 2022). Given the varied species responses to environmental
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conditions, it remains unclear how the different turnover mechanisms contribute to network
assembly, particularly in spatiotemporally dynamic systems (Pellissier et al., 2018; Ward et al.,
2026).

Coastal bar-built low-energy estuaries are complex, interconnected, and highly variable
habitats, formed and maintained by geophysical processes, including the deposition of sediment
from rivers and the ocean, and fluctuations in sea levels. Estuaries are generally dominated by
soft sediments and burrowing infauna, like worms and bivalves (Levin et al., 1996). By contrast,
estuaries have little hard substrate, such as rocks and boulders, for seaweeds and ‘epifaunal’
macroinvertebrates to attach to — epibiotic life strategies that instead dominate on rocky reefs.
Nevertheless, estuarine organisms can form complex epibiotic interaction networks, where and
when habitat-forming organisms, including seaweeds or cockles, provide attachment, feeding
and hiding space for habitat-using organisms, such as snails and crabs (Clemente & Thomsen,
2025b; Manca et al., 2022; Thomsen et al., 2016). Furthermore, the limited mobilities of the
many epibiotic seaweeds and invertebrates that make-up habitat-based interaction networks may
increase their susceptibility to stress from multiple co-occurring environmental factors,
potentially revealing new insights into network assembly processes (Dominguez et al., 2021;
Krug et al., 2021; Wang et al., 2024). For example, the vertical tidal position (e.g., along a tidal
flat-to-tidal channel gradient) may filter species that are susceptible to desiccation from networks
(reflecting species turnover; Chang et al., 2018). In contrast, rewiring may become more
prevalent along a freshwater-influenced salinity gradient where stenohaline snails become more
abundant and use a wider variety of habitat-formers further from freshwater sources. Finally,
metacommunity and spatial processes, like dispersal, may affect how functionally connected

communities are, thereby modualting interaction similarity between networks (Novotny, 2009).
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90 Because disentangling the complexity of the competing processes that underpin network

91  assembly is challenging with traditional dissimilarity-based methods, modern hierarchical

92  approaches, such as Generalised Dissimilarity Mixed effect Models (GDMM; Herndndez-

93  Carrasco et al., 2026; White et al., 2024; Woolley et al., 2017), are required.

94 Here, we combined network theory and GDMMs to investigate the mechanisms

95  underpinning assembly of interaction networks and their variability in response to the

96  predictability of key stressors in a dynamic estuarine ecosystem. Using networks formed by

97 intertidal habitat-former-user interactions, we assessed how the strength of species turnover and

98 rewiring was modified by pairwise dissimilarities in distance to nearest river, tidal elevation,

99  season, air temperature, freshwater discharge, and inter-sample distance. We hypothesised that
100 rewiring would become more important to overall interaction turnover with increasing
101  dissimilarity in distance to freshwater source (H1a) and freshwater discharge (H1v) because
102  freshwater inputs may have opposing effects on different species (e.g., near-river sites with low
103  salinity and high organic loading may support euryhaline filter-feeders but suppress stenohaline
104  grazers). We also hypothesised that species turnover would contribute more to the overall
105 interaction turnover along strong deterministic filtering conditions, including tidal elevation
106  (H2a), temperature (Ho2b) or season (Hzc), partly because many species are poorly adapted to
107  desiccation stress, which is exacerbated at high air temperatures during the summer months.
108  Lastly, we hypothesised that networks that are close to each other in space will have relatively
109  similar species pools and interactions (hereafter referred to ‘similarity’) and will exhibit
110 increasing species turnover with increasing spatial distance (Hz3).

111
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112  Methods

113  Study site

114  Thutai/Avon-Heathcote is a ca. 7 km? bar-built tidal estuary located in Otautahi/Christchurch in
115  Aotearoa/New Zealand (Fig. 2a; Foster, 2019; Gerber, 2021). The estuary receives freshwater
116  (and associated nutrients and sediments) from the northern Otakaro/Avon and southwestern

117  Opawaho/Heathcote rivers and fully saline water through a small inlet located in the southeast
118  corner (Fig. 2b). These sources of fresh and marine water create a salinity gradient in the estuary
119  from ca. 4 to 34 ppt, depending on location and temporally varying tidal and riverine flow

120  regimes (Gerber, 2021; Jones & Simons, 1981; Marsden, 2004). Moreover, tidal channels which
121  remain submerged during low tide, and tidal flats, which typically are emerged during low tide,
122  create a strong desiccation gradient (Foster, 2019; Gerber, 2021; Jupp et al., 2007). The tidal
123  amplitude varies from 1.7 to 2.2 m, exposing large tidal flats to atmospheric conditions for 3-5
124 hours during low tide (Foster, 2019; Gerber, 2021; McClatchie et al., 1982). In the estuary, bare
125  sand and mud flats are interspersed with biogenic habitat-formers, like the seagrass Zostera

126  mulleri, the seaweeds Ulva spp. and Gracilaria chilensis, high densities of the endemic cockle,
127  Austrovenus stutchburyi (which can often protrude partly above the sediment surface to provide
128  an attachment space for epibiota) and scattered dead shells deposited on the sediment (Clemente
129 & Thomsen, 2024, 2025a, 2025b). Z. muelleri, Ulva spp., and A. stutchburyi, are archetypical
130 estuarine foundation species that create critical habitat and attachment substrates for epiphytes
131  (e.g., filamentous algae), epifaunal sessile species (e.g., barnacles), and epifaunal species with
132  limited mobility (e.g., limpets; Clemente & Thomsen, 2025a, 2025b; Gerber, 2021).

133
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134  Sampling of habitat-former/user interactions

135  Using an established habitat-former-user interaction sampling protocol (see Montie et al., 2024;
136  Montie & Thomsen, 2023; Thomsen & South, 2019), we recorded interactions between habitat-
137  formers and habitat-users ca. two hours before low tides, each month from November 2019 to
138  October 2020 (except for April 2020, where sampling was prohibited due to COVID-19

139  restrictions). Each month, we haphazardly placed 0.0625 m? georeferenced quadrats at nine sites
140  positioned along the estuary's eastern and southern shores (a total of ca. 60 samples per month,
141  all samples were separated by > 2m, Fig. 2b). To quantify the role of vertical elevation,

142  approximately half of the quadrats were sampled on the tidal flats and half in tidal channels.

143  Within each quadrat, we recorded the interactions between the biogenic (e.g., Z. mulleri and A.
144  stutchburyi) and non-living (e.g., mud, dead shells) habitat-formers and their associated epibiotic
145  habitat-users. Habitat-users could either be physically attached to the habitat-former (e.g., sessile
146  species like barnacles or slow-moving species like limpets) or living directly underneath the

147  habitat-formers (e.g., many snails and crabs, underneath seaweed fronds). We did not quantify
148  infauna in the sub-surface sediments (typically polychaetes and bivalves) in this study. All

149  species were identified, and their specific habitat interaction were recorded, such as Elminius (a
150  barnacle) attached to 4. stutchburyi or Micrelenchus huttoni (a snail) attached to Z. muelleri. In
151  addition to two-species interactions, we also recorded longer interaction chains, such as

152  Membranipora spp (a bryozoan) on M. huttoni on Ulva spp. on A. stutchburyi (an example of a
153  rare four-level chain).

154
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155  Environmental and spatial covariates

156  We used the proximity to nearest freshwater sources (i.e., distances to the two river mouths) and
157  LIDAR-derived vertical elevation (relative to mean sea level) as proxies for salinity and

158  desiccation stress, respectively. Using the sf package in R (Pebesma, 2018), we calculated the
159  minimum distance (m) to the nearest river mouth and extracted elevation (m) for each quadrat
160 from a I-metre resolution digital raster elevation model obtained from Land Information New
161  Zealand (LINZ: https://data.linz.govt.nz/layer/121859-new-zealand-lidar-1m-dem/). To account
162  for the potential role of dispersal, we also calculated the spatial distance (m) between all quadrats
163  using a spatial distance function from the sf'package in R (Pebesma, 2018). Furthermore, hourly
164  air temperature (°C) data were downloaded from the Bromley weather station (agent no: 43967)
165  using the National Institute of Water and Atmosphere (NIWA) data repository DataHub

166  (https://data.niwa.co.nz/products/climate-station-hourly). Additionally, daily freshwater flow data
167  (m?/s) were downloaded from the Environmental Canterbury (ECAN) Open Data portal

168  (https://data.dev.ecan.govt.nz/Catalogue/Method?MethodIld=79) from the Buxton Terrace and
169  Gloucester Street Bridge flow gauges, representing freshwater flow from the Heathcote and Avon
170  rivers, respectively. Using the downloaded freshwater and temperature data, we then calculated
171 the mean freshwater flow and mean air temperature for the month prior to sampling to account
172  for any prolonged time periods of high flow and temperature that may repeatedly affect the

173  epibiota communities.

174
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175 33 Statistical analysis

176  Patterns in community and interaction composition

177  We visualised the multivariate community for the entire estuary (pooled across time) and

178  monthly variability (with 95% confidence ellipses) at specific sampling sites with non-metric
179  multidimensional scaling (NMDS) ordination, using the Segrensen dissimilarity index with the
180  ecodist R package (Goslee & Urban, 2007). We visualised network structure with chord

181  diagrams by pooling network adjacency matrices at the site level and arranging them by

182  increasing distance to the nearest freshwater river (Fig. 2b), using the circlize R package (Gu et
183  al.,, 2014). We then used a generalised linear model to assess whether interaction count and

184  richness varied across months, tidal position and sites, which were ordered based on their

185  minimum proximity to a river using the function g/lmmTMB and a negative binomial distribution
186  (nbinom2; M. Brooks et al., 2017). Last, we conducted an analysis of deviance with type I1I

187  sums of squares and a y? test using the car package and the Anova function to assess the amount
188  of variation explained by each factor in our glm.

189

190 Interaction turnover, covariate distances, and GDMM

191 The composite of two networks can be decomposed into the contributions of (a) interaction

192  rewiring, (b) species turnover (st) and (c¢) similarity (sim, Fig. 1; Friind, 2021). Following Frund
193  (2021), we quantified rewiring (rw), species turnover (s7) and similarity (sim) between quadrats i

194  and; using the Serensen-Dice dissimilarity index (Dsor = (b + ¢)/(2a + b + ¢)) as:

D _ rWij + Stij 1
195 SORLj — Simij + T'Wij + Stij
TW; + TW;
196 Drw,ij = 2

Simij + T'Wij + Stij
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. b st; + st 3
SBY T simyj + Twy; + sty

198  where rw, st, and sim are the counts of interactions attributed to rewiring, species turnover and

199  similarity, the latter of which is denoted as 2a in the standard index formula (Fig. 1).

200 To better understand the relative contribution of rewiring and species turnover to overall

201  network changes, we modelled their contribution to network dissimilarity simultaneously using a
202  multinomial likelihood within a generalised dissimilarity mixed model (GDMM), an extension of
203  generalised dissimilarity models (Dias et al., 2022; Ferrier et al., 2007; Mokany et al., 2022; see
204  Woolley et al., 2017 for use of binomial distribution). We modelled observed pairwise changes in
205 interaction counts (7w, st, and sim, the numerators of Eq. 2 and 3) as coming from an underlying
206 probability vector (), and the total number of interactions observed in both sites (7, the

207  denominator of Eq. 1-3).

208 (rwyj, styj, sim;j)~Multinomial(ny;, 6;;) 4
209 0 = (Orwij» Ost.ijir Osim.ij) 5
210  The above probability vector represent the expected proportion of interactions contributing to
211 turnover or rewiring (Gw, 6s.i7), which is mathematically equivalent to their respective

212  contribution the Serensen dissimilarities (( G = E(Dmwij), i = E(Dsij); Eq. 2 and 3).

213  Therefore, to estimate &; as a function of environmental covariates (), we defined our linear

214  predictor as:

m

215 Mrw,ij = Qrw,ij Z.Bl,iijl,ij + | Zrwi — Zrwj| 6
=1
m

216 Nst)ij = Astij T Z.Bl,iijl,ij + |zse; — Zorj 7
=1

10
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217  Here ais a global intercept, and S is the modelled coefficient for each covariate included in the
218 model and Ax represents the quadrat-specific pairwise environmental distance as the absolute
219  difference in predictors (proximity to freshwater, elevation, and the previous month’s mean flow
220  and temperature (|xi — xj|; Mokany et al., 2022; White et al., 2024). For seasonal distances, we
221  calculated the absolute minimum difference in days between quadrat sampling dates, where

222  distances ranged between 0 and 180 days to capture seasonal circularity. For example, two

223  observations recorded 350 days apart should be more similar in seasonal conditions (despite their
224  distant in time). Additionally, inter-quadrat spatial distance was included as a model-predictor to
225  account for spatial autocorrelation and the role of spatial processes, like dispersal. Lastly, we
226  addressed non-independence of pairwise observation by incorporating a latent variable z

227  denoting sample-level (here, quadrat-level) errors into the model structure, and included the
228  absolute pairwise differences in the linear predictor (|z: - z;|; White et al., 2024).

229 We mapped our linear predictors (77) for each mechanism to the probability vector (&)

230  using the softmax function:

exp(nrw,ij)
231 Frws = 8
1+ exp(npw,ig) + exp(seij)
exp(nst,ij)
1+ exp(wy) + exp (i)
1
033 esim,ij = N

1+ exp(rw,ij) + exp(Mseij)
234  Interaction similarity (Osim,;) Wwas designated as our reference category in the multinomial
235  distribution because our hypotheses are focused on the comparative relationship between species
236 turnover and rewiring. Before model fitting, we centred and scaled covariate distance and used

237  the Nelder-Mead optimiser to estimate initial parameter values, which improved chain

11


https://doi.org/10.64898/2026.06.10.731491
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.06.10.731491; this version posted June 27, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

238  convergence (Schielzeth, 2010; White et al., 2024). Using the greta package in R (Golding,
239  2019), we then fit the model with a Bayesian Monte Carlo Markov chain sampler (MCMC),
240  consisting of 4 chains and leapfrog step size set to 25 (min) and 30 (max) to help with efficient
241  sampling. We selected to use uninformative priors for the intercepts and environmental

242  coefficients, such that o~ N(0, 0.5) and f~ N(0, 0.5). We used regularising priors to alleviate
243  computational pressures associated with hyper-prior distributions, such as z ~ N(0, /) x ocand &
244 ~ half-N(0, 0.1). Each chain was warmed up with 8000 iterations and sampled for 5000

245  iterations. We visually inspected posterior distributions and calculated the Gelman and Rubin
246  potential scale reduction factor to ensure model chains converged (R < 1.1; Brooks & Gelman,
247  1998; Gelman & Rubin, 1992; Vehtari et al., 2021).

248

249  Results

250  Patterns in community composition and network interactions

251  We sampled a total of 646 quadrats which included 28 living epibiota taxa (i.e., seaweeds,

252  seagrasses, and macroinvertebrates) and 2 types of non-living substrates (dead shells and mud).
253  Visual inspection of the NMDS plot, suggested that both proximity to freshwater and vertical
254  elevation influenced community composition (Fig. 3a). However, temporal and site-level

255  wvariability contributed to substantial overlaps in the 95% confidence ellipses on the NMDS plot
256 (Fig. 3b).

257 Across the year of sampling, we observed a total of 127 unique interactions involving the
258 30 habitat-formers and habitat-users. We found a significant interaction between the variance
259  explained by site and tidal position on interaction count and interaction richness (count — p =

260  0.5¢!, y2=69.6; richness — p = 0.007, x> = 20.8). Broadly, we observed an increase in

12


https://doi.org/10.64898/2026.06.10.731491
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.06.10.731491; this version posted June 27, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

261 interaction counts and richness towards the middle of the gradient and at lower tidal positions
262  (see sites S2-5; Fig. 4a, c). Furthermore, we found a significant amount of variation in interaction
263  count and richness explained by month (count — p = 0.1¢"'7, x> = 108.5; richness — p = 0.2¢"'4, %2
264  =91.7), where both measures were highest during winter (Jun-Aug) and early- to mid-spring
265  (Sep, Oct) at lower tidal elevations (Fig. 4b, d). The most important habitat-formers included
266  dead shells, mud, and Z. muelleri (but this habitat-former had a limited distribution along the
267  eastern coastline only; Fig. 5). Moreover, Diloma subrostrata, M. huttoni and Ulva spp. were
268  observed many times as both habitat-formers and habitat-users, interacting with multiple

269  partners. Finally, M. huttoni, and Notoacmea helmsi were amongst the most numerous habitat-
270  users. Examining our networks revealed that closer proximity to freshwater led to networks

271  dominated by a greater incidence of interactions between A. stutchburyi, D. subrostrata., Ulva
272 spp., and mud. Network and interaction composition became more diverse with increasing

273  distance to the nearest freshwater source, partly because N. helmsii., M. huttonii, and Z. muelleri
274  became more abundant. Dead shell became a more important habitat former further away from
275  freshwater sources where the number of interactions with A. stutchburyi decreased (Fig. 5).

276

277 Interaction turnover, GDMMs

278  We found that with increasing difference in distance to nearest freshwater source, interaction
279  similarity and species turnover decreased, while the contribution of rewiring to overall

280 interaction turnover increased (Fig. 6a). Furthermore, species turnover increased with increasing
281  elevation and temperature distances, while rewiring and interaction similarity decreased (Fig. 6b
282  and ¢). By contrast, increasing distances in temperature, seasonality (days) and freshwater flow

283  showed small increases in species turnover, and decreases in rewiring and similarity (Fig. 6¢-¢).
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284  Finally, we found that increasing spatial distance resulted in the greatest changes in network

285  structure, where species turnover contributed more to the overall interaction change (Fig. 6f).
286  Conversely, when networks were in close proximity differences between rewiring, species

287  turnover and similarity were marginal (Fig. 6f). When diagnosing our models, we found that our
288  model successfully converged as all R point estimate remained below 1.1.

289

290 Discussion

291  Our results demonstrated that the processes underpinning network assembly in a dynamic estuary
292  differed depending on several factors, including which species were filtered from habitats by co-
293  occurring environmental stressors. Specifically, as networks became more dissimilar in their

294  proximity to freshwater, the probability of interaction rewiring increased, driven, in part, by

295  reciprocal occurrences of specific habitat-forming species (supporting Hia). Conversely, species
296 turnover increased with increasing distance in tidal elevation, likely driven by strong

297  environmental filtering of desiccation-sensitive species, limiting them to lower elevations

298  (supporting H2a). Furthermore, networks that were closer together were more likely to have

299  similar interactions compared to distant networks, where the overall interaction change was

300 driven by species turnover (supporting H3). This latter result suggests that dispersal is limited
301  between locations in the estuary. Finally, using a relatively novel joint modelling method with a
302  multinomial distribution enabled us to identify the relative contributions of the different turnover
303  mechanisms that underpin network assembly in dynamic ecosystems, and how these mechanisms
304  vary in strength with co-occurring environmental stress factors.

305

14


https://doi.org/10.64898/2026.06.10.731491
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.64898/2026.06.10.731491; this version posted June 27, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

306  Freshwater input, interaction richness and rewiring

307  Proximity to freshwater source, which alters salinity, nutrients and sedimentation stressors,

308 impacted network structure through increased rewiring, driven, in part, by the reciprocal

309 dominance of key habitat-forming species. For example, 4. stutchburyi, an important filter-
310 feeding habitat-former, was relatively more common at sites closer to the two rivers, potentially
311  facilitated by high levels of suspended organic matter and lower salinities, compared to the most
312  marine sites (Marsden, 2004; Sandwell et al., 2009). In contrast, dead shells and

313  photosynthesising habitat-formers such as Ulva spp. and Z. muelleri were observed more

314  frequently at sites farther from the rivers, where suspended sediments was likely lowest and
315  water clarity highest (Clemente & Thomsen, 2025a; Siciliano et al., 2019). In response to these
316  shifting habitat-formers, relatively stress tolerant habitat-users, such as D. subrostrata or N.
317  helmsi, likely selectively associated with the locally dominant habitat-formers. However,

318  stenohaline habitat-users, such as M. huttoni, also contributed to the increase in rewiring, as they
319  were observed more frequently in networks closer to the marine inlet and interacted with a

320  greater diversity of habitat-formers.

321 As a result of these reciprocal species responses and sustained by the positive habitat
322  feed-back mechanisms (Bulleri et al., 2016), the sites in between rivers and the ocean had the
323  greatest overlaps in interacting species distributions and therefore supported a high number of
324  total and unique species interactions (Roshni et al., 2022; Sharpe & Baldwin, 2009). This mid-
325  domain spatial overlap in species niches and increased rewiring mirrors patterns observed in
326  subalpine plant-pollinator networks during mid-season, when a higher phenological overlaps
327  occur in flowering plant species and pollinators that diversify their interaction partners

328 (CaraDonna et al., 2017).
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329

330 Tidal position and elevation as a strong community filter

331  In contrast to the reciprocal species responses to differences in freshwater proximity, vertical
332 tidal position limited several species from higher elevation thereby resulting in high species

333 turnover among tidal positions. Mirroring the stressful conditions associated with systems along
334  altitudinal gradients, where extreme temperature and humidity are typically limiting factors

335 (Kraftetal., 2011; Leahy et al., 2024; Simanonok & Burkle, 2014; Sponsler et al., 2022), high
336 elevational tidal flats comprised low interaction counts and interaction richness. More

337  specifically, we found that many sessile species, including barnacles, bristle worms, and

338  hydrozoans, which cannot mitigate heat and desiccation stresses by moving to damp

339  microclimates, were largely absent from networks on the tidal flats (Fig. S1). These results were
340  unsurprising as desiccation and warming are archetypal stressors known to affect several marine
341  species, limiting their distributions to lower tidal positions (Boese et al., 2005; Harley, 2011) and
342  thus altering community structure between tidal elevations (Amstutz et al., 2021; Hillebrand et
343 al., 2010).

344

345  Spatial distance and dispersal limitations guide metacommunity organisation

346  Our analysis also demonstrated that interaction similarity was largest when networks were closer
347  together in space. Gastropods, such as 4. crenulata, D. subrostrata and M. huttoni, which move
348 relatively short distances to connect close-proximity habitats (Darcy & Eggleston, 2005;

349  Gillanders et al., 2003), likely played a key role in maintaining interactions in nearby

350 communities. Additionally, elevated freshwater input, during floods or cyclical tidal inundation

351 likely promoted interaction similarities via momentary passive dispersal events (Jiajun et al.,
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352  2024). However, these forms of habitat-connectivity were relatively limited (~ 700 m, see Fig.
353  6f), as species turnover increasingly contributed to overall interaction turnover at greater spatial
354  distances, suggesting that dispersal limitation likely influenced the formation of these networks
355  (Forbes et al., 2025; Novotny, 2009; Padial et al., 2014).

356

357  Temporal and seasonal variability

358  Temporal changes and seasonality only had minor effects on structuring networks in the Avon-
359  Heathcote estuary, as reflected by the negligible responses of different turnover mechanisms to
360  seasonal distance. The lack of seasonal turnover may have been driven by the high abundance of
361 relatively long-lived macroinvertebrates and clonal seagrasses that buffer seasonal fluctuations,
362 (Clemente et al., 2023; Curtis et al., 2000), compared to a fewer number of ephemeral or

363  seasonal algae species in the communities (Clemente & Thomsen, 2024, 2025a; Gauna et al.,
364  2017). Indeed, the monthly variability in interaction counts may have been driven more by short-
365 term fluctuations in species-specific abundances, such as following local storms or anomalous
366 river flows, which do not translate to seasonal changes in network structure. Similarly,

367 community composition did not exhibit clear or consistent temporal changes either within or
368  across sites, and monthly variability was minor (except for site E4). Perhaps the lack of seasonal
369  changes in these estuarine networks could be expected, as New Zealand more broadly is

370 considered to have relatively muted seasonality in many environmental conditions (such as

371  rainfall and temperature), due to its maritime-influenced climate (Hernandez-Carrasco et al.,

372  2025; Tonkin et al., 2017, 2018).
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373

374  Future research directions

375  Here we highlighted the importance of sessile life history traits in modulating habitat-use

376 interactions in estuaries results from their strong dependence on lower elevation habitats. Clearly,
377  other functional and morphological traits affect species distribution in estuaries, and thus the
378  pool of potential interaction partners, and, even if species can physically interact (i.e., trait

379  matching; Dehling et al., 2014; Peralta et al., 2020; Tylianakis & Morris, 2017). For example, the
380 size of intertidal species, such as gastropods and bivalves, has been tied to thermal tolerance,
381  energy expenditure, and survival, which can limit their distributions among microhabitats (Peck
382 etal., 2009). We generally observed more mobile species in similar proportions across tidal
383 elevations (Fig. S1), but smaller individuals of mobile molluscs, such as 4. crenulata, may have
384 indirectly contributed to species turnover due to their limited capacity to provide attachment
385  space on their shells. Future studies of seaweed-macroinvertebrate networks could benefit from
386  measuring and analysing traits known to modify species interactions, including their sizes,

387  feeding modes, life-histories, dispersal capabilities and chemical deterrents (Bostrom et al.,

388  2010; Pereira & Da Gama, 2008; Verissimo et al., 2024).

389 The increasing probability of rewiring across freshwater input gradients suggests a

390 potential role of widespread interaction generalism (high diversity of interaction partners)

391  throughout the estuary. Typically, aquatic macrophyte-animal networks have a relatively high
392  proportion of interaction generalism, which can contribute to the persistence of these networks
393 (Bates & DeWreede, 2007; Manca et al., 2022; Taylor & Cole, 1994). However, several studies
394  have shown that aquatic macrophyte-epifauna networks are often structured by specialist

395 interactions between specific sets of partners (Manca et al., 2025; Montie et al., 2024; Thomsen
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& South, 2019). Indeed, our observation of high species turnover suggests that the networks in
the Avon-Heathcote may also contain more specialist interactions. Still, there is a limited number
of analyses on coastal habitat-based interactions (Montie et al., 2024; Montie & Thomsen, 2023;
Thomsen & South, 2019), and more studies should therefore quantify how interaction generalist
and specialist taxa contribute to the turnover and persistence of networks in dynamic coastal
ecosystems.

Finally, we note that this analysis is a first joint modelling approach for quantifying
species turnover, rewiring and interaction similarity using a multinomial distribution with
GDMMs. In using a multinomial distribution, we could quantify the magnitude, direction of
change, and uncertainty of each category's response to environmental variability while
accounting for the response of the other categories. This analytical approach allowed us to more
accurately model and better assess each category's contribution to real-world interaction
similarities and turnover along key environmental gradients (CaraDonna et al., 2017; Woolley et
al., 2017). Still, by using interaction dissimilarities derived from binary presence/absence
metrics, we may have underestimated the contributions of turnover mechanisms compared to
dissimilarity components derived from interaction counts (e.g., using link weights). The use of
interaction count-derived dissimilarities could potentially have revealed a greater contribution of
rewiring along the proximity to freshwater gradients or demonstrated seasonal trends (cf. Fig. 5).
Further development of GDMMs could incorporate and test network turnover using more
quantitative approaches, such as combing weighted interaction counts with the total abundances
of both habitat-formers and -users (CaraDonna et al., 2017; Friind, 2021; Simanonok & Burkle,

2014).
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419  Conclusion

420  Our study revealed that co-occurring environmental factors can have varied effects on interacting
421  estuarine species, shaping their distributions and ultimately affecting the processes that modulate
422  network assembly. Differences in proximity to rivers led to reciprocal abundance responses in
423  key habitat-forming species, often resulting in interaction changes among habitat users and

424  dominant habitat forming species. By contrast, tidal position and elevation contributed more to
425  species turnover often due sessile species being limited to lower, damper tidal channels.

426  Dispersal limitation also likely influenced the assembly of these estuarine networks, with a clear
427  influence on species turnover with increasing distance. Ultimately, our study showed that, in the
428  Avon-Heathcote estuary with many co-occurring environmental stressors, the estuarine networks
429  were structured by a few habitat-forming species that facilitated local biodiversity (Clemente &
430 Thomsen, 2025b).

431 Our findings were supported by applying novel multinomial GDMMSs, which jointly

432  modelled the relative contribution of interaction turnover mechanisms and enabled us to more
433  accurately analyse and disentangle the combined contributions of rewiring and species turnover
434  to network assembly (CaraDonna et al., 2017). New research that embeds species traits and

435  disentangles the prevalence of interaction generalist or specialist species will help move the field
436  forward, particularly when coupled with advanced modelling frameworks like those used here.
437  Analysis of turnover in these habitat-use networks provides valuable information on the

438  processes that underpin network assembly and support coastal biodiversity, and how intensifying
439  environmental variability, including from climate change, may alter these processes (Schleuning
440  etal., 2016; van Dijk et al., 2015; Wernberg et al., 2024; Woodward, 2010).

441
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767  Figure captions

768  Figure 1. Simplified interaction networks showing habitat-users attached to habitat-formers
769  (arrow direction) as they change along environmental gradients, through time or across spatial
770  location (green gradient). Arrow colour represents how interactions remain the same (black), or
771  change due to interaction rewiring (blue), or species turnover (red) compared to the previous
772  network along the gradient.

773  Figure 2. (a) Location of Thutai/Avon-Heathcote estuary, near Otautahi/Christchurch, New

774  Zealand, and (b) quadrat sampling sites (S1-5 & E1-4) where interactions were recorded (red),
775  with two river locations that feed the estuary depicted in light blue.

776  Figure 3. (a) Non-metric multidimensional scaling ordination (NMDS, n = 464, stress = 0.24, 1°
777  =0.79) representing community composition in the Thutai/Avon-Heathcote estuary, where point-
778  size and point-colour reflects vertical elevation and freshwater proximity, respectively. (b) Site-
779  level NMDS plots depicting monthly changes in community centroids between November 2019
780  (square) to October 2020 (triangle). The total number of quadrats (n) sampled at each site were:
781 S1=77,E1=76,S2=65,S3=77,S4="74,S5="73,E2="73,E4=53 and E3 =78.

782  Figure 4. (a, b) The total number of interactions counted and (c, d) interaction richness (the

783  number of unique interactions) observed in each network (quadrat size = 0.0625 cm?) across sites
784  (ordered by distance to nearest freshwater source), month (beginning in 2019 and ending in

785  2020) and tidal position. Black points represent the GLM estimated marginal means, and the
786  black lines the 95% confidence intervals.

787  Figure 5. Attachment interaction networks across nine sites in the Avon-Heathcote estuary,

788  ordered according to distance from the nearest freshwater source. The directional arrows depict

789  habitat users interacting with habitat formers. Link colours were classified by the habitat-user to
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790  separate different species. Link width was determined by the number of observations (n) between
791  habitat-users and habitat-formers at each site (S1 =77, E1 =76, S2 =65, S3=77,S4="74, S5 =
792  73,E2 =73, E4 =53 and E3 = 78). The inset photo (credit: Anthony J Gillis) represent a visual
793  example of an attachment network between macroinvertebrates (10, 24) and seaweeds (27, 29).
794  Figure 6. The mean probability and 95% credibility thresholds (shaded areas) of observing the
795  different interaction turnover mechanism (blue — rewiring, Brw, and red — species turnover, Bst) or
796  similar interactions (similarity — 2a) across (a) proximity to freshwater, (b) elevation, (c)

797  seasonal, (d) spatial, () temperature and (f) flow distance gradient in the Thutai/Avon-Heathcoat

798  estuary.
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Figure S1. The proportion of sessile (red) or mobile (blue) species observed in seaweed-
macroinvertebrate interaction networks on tidal flats and in tidal channels in the Avon-Heathcote
estuary. The black bars estimated marginal means from a GLMM (with a binomial distribution)
assessing the effect of tidal position (p = 0.051), and the coloured bars represent the 95%

confidence intervals.
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