Geomorphological habitat type drives variation in temporal species turnover but not temporal nestedness in Amazonian fish assemblages
Abstract
[bookmark: _Hlk114937338][bookmark: _Hlk114936699][bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: _Hlk46065445][bookmark: _Hlk114937435][bookmark: _Hlk114937495]Explaining the mechanisms underlying spatial and temporal variation in community composition is a major challenge. Nevertheless, the processes controlling temporal variation at a site (i.e., temporal β-diversity, including its turnover and nestedness components) are less understood than those affecting variation among sites (i.e., spatial β-diversity). Short-term temporal turnover (e.g., throughout an annual cycle) is expected to correlate positively with seasonal environmental variability and landscape connectivity, but also species pool size (γ-diversity). We use the megadiverse Amazonian freshwater ichthyofauna as a model to ask whether seasonality and landscape connectivity drive variation in temporal species turnover among geomorphological habitat types, while taking into account between-habitat variation in γ-diversity. 11,397 fish representing 260 species were collected during a year-long sampling program in an area containing the lowland Amazon’s four major geomorphological habitat types: rivers, floodplains, terra firme streams, and shield streams. River-floodplain systems exhibit strong but predictable seasonality (via a high-amplitude annual flood pulse), high connectivity, and high species richness with many rare species. Terra firme and shield streams exhibit low seasonality, low connectivity, and low species richness with proportionally fewer rare species. Based on these parameters we predicted that river-floodplain systems should have higher temporal turnover than stream systems. Using a null model approach combined with β-deviation calculations, we confirmed that rivers and floodplains do exhibit higher turnover (but not nestedness) than terra firme and shield streams, even when controlling for the potentially confounding effect of higher species richness in river-floodplain systems. All habitats exhibit low temporal nestedness, indicating that short-term changes in community composition result primarily from temporal species turnover. Our results provide a timely reminder that efforts to conserve the Amazon’s threatened aquatic biodiversity should account for the distinct temporal dynamics of habitat types and variation in hydrological seasonality.
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Introduction
Understanding spatial and temporal variation in community composition is fundamental to a general understanding of the mechanisms that generate and regulate species diversity (White et al. 2010). The focus of community ecologists has gradually expanded from analyses of variation among sites, i.e. spatial β-diversity sensu Whittaker (1972), to equivalent analyses of temporal variation: termed temporal β-diversity (Magurran 2007, Shimadzu et al. 2015). Metrics of temporal β-diversity quantify changes in species composition within sites throughout time (Legendre 2019, Magurran et al. 2019). As with spatial β-diversity metrics, temporal β-diversity can be partitioned in two components: temporal species turnover, the replacement of species by others; and temporal nestedness, a pattern in which sampling events with low species richness represent subsets of events with high richness (Baselga 2010).
Several natural mechanisms have been proposed to explain temporal species turnover. In the short term (< ca. 102 years), turnover may be driven by dispersal events and local extinction in response to seasonal or stochastic events (Shurin 2007, Tonkin et al. 2017). At longer time scales (especially > ca. 103 years), turnover may also be driven by speciation and extinction (Weir and Schluter 2007, Dobrovolski et al. 2012). Rates of temporal turnover are also influenced by structural habitat connectivity, i.e. the extent to which the physical landscape impedes dispersal between local communities in a metacommunity (Tischendorf and Fahrig 2000), and by habitat heterogeneity (Leibold and Chase 2018). Rates of turnover are also expected to increase as an intrinsic function of regional species richness (γ-diversity), especially in communities with high proportions of rare species, which are common in the tropics (Hercos et al. 2013). Less is known about the mechanisms regulating patterns of temporal nestedness than is known about spatial nestedness. Studies of fish and terrestrial plant and gastropod communities have suggested that nested patterns arise as a post-disturbance phenomenon in ecosystems subject to stochastic perturbations (Taylor and Warren 2001, Bloch et al. 2007, Elmendorf and Harrison 2009), but not in response to ‘predictable’ seasonal environmental variation (Tonkin et al. 2017). 
[bookmark: _Hlk114939728]Despite advances in our conceptual understanding of temporal β-diversity (Shimadzu et al. 2015, Legendre 2019, Magurran et al. 2019), empirical studies of the factors determining temporal β-diversity have lagged behind studies of spatial β-diversity (Elmendorf & Harrison, 2009). Most studies of temporal β-diversity have focused on long-term responses to anthropogenic pressures (e.g., Dornelas et al. 2014) or paleoclimatic change, (e.g., Baselga 2010, Dobrovolski et al. 2012). In contrast, natural seasonal variation, habitat structural connectivity, or an interaction of these factors have received less attention as drivers of short-term temporal β-diversity (Hatosy et al. 2013, Tonkin et al. 2017). Moreover, the effects of between-habitat variation in environmental variables on temporal β-diversity, have yet to be disentangled from the potentially confounding effects of between-habitat variation in species richness.
[bookmark: _Hlk38482816]Here we use the megadiverse freshwater ichthyofauna of the Amazon as a model system to explore rates of temporal turnover and nestedness, while specifically controlling for between-habitat variation in species richness. Amazonian fishes represent an ideal system for exploring the ecological factors shaping circannual changes in community β-diversity. With 2,716 species (Dagosta and de Pinna 2019), they constitute the most diverse continental aquatic vertebrate fauna on Earth, and ca. 8% of global fish diversity. This high diversity is distributed across four geomorphological habitat categories: major rivers; floodplains; lowland terra firme streams located above the reach of river-floodplain inundation; and upland shield streams (Fig. 1a-b, Crampton 2011, Sioli 1984). These habitats exhibit fundamental differences in structural connectivity and complexity, flood regimen, and species richness, even where they are geographically adjacent (Bogotá-Gregory et al. 2020). 
Amazonian rivers and adjacent floodplains are subject to an annual flood pulse of up to 16 m vertical amplitude (Crampton 2011). The flood pulse allows seasonal lateral movements of aquatic animals across the river-floodplain interface and between patches in the same habitat in response to the availability of food and dissolved oxygen (Fernandes 1997, Crampton 1998). High hydrological connectivity also facilitates relatively unrestricted longitudinal and lateral fish movements along river-floodplain corridors via reproductive migrations and passive downstream dispersal (Goulding 1980, Araujo-Lima and Oliveira 1998, Schiesari et al. 2003). Terra firme and shield streams, which are orders of magnitude smaller than river-floodplain systems, exhibit relatively low variation in habitat volume in response to seasonal rains and contain mostly small-bodied non-migratory species (Mendonça et al. 2005; Crampton 2011). Compared to river-floodplain complexes, which enable multi-directional dispersal pathways for fishes, streams generally allow only upstream or downstream dispersal along their narrow, linear courses (Fig. 1b). Terra firme streams drain the Tertiary-Late Mesozoic lowland peneplain above the extent of seasonal river-floodplain inundation and exhibit structural connectivity intermediate between rivers-floodplain systems and shield streams (Fig. 1b). Shield streams draining upland Paleozoic-Precambrian formations have very low levels of structural connectivity because they are divided into sections by rapids and waterfalls, and because they are isolated from their lowland terra firme courses by major waterfalls at the shield escarpment (Fig. 1b, Lehmberg et al. 2018). 
[bookmark: _Hlk39960764][bookmark: _Hlk40056684]We evaluated the effects of structural connectivity and seasonality on rates of temporal species turnover and nestedness in Amazonian fishes by comparing, within a single geographical region, the fish communities of these four Amazonian geomorphological habitat types. To do so, we compared metrics of temporal β-diversity calculated from bimonthly samples taken over a complete annual hydrological cycle. We hypothesized a priori that the more pronounced hydrological seasonality and structural connectivity of rivers and floodplains (Henderson et al. 1998), should drive higher rates of temporal species turnover in fish communities than in terra firme streams, which in turn should have greater turnover than shield streams (Fig. 1c). In contrast, because the annual flood regime determined by the flood-pulse affects river-floodplain systems, and the annual distribution of rainfall affecting stream systems are largely predictable events, sensu Tonkin et al. (2017), we hypothesized that temporal nestedness would constitute a small contribution of the temporal β-diversity in all four habitats over an annual hydrological cycle. 
[bookmark: _Hlk41156504][bookmark: _Hlk40065132][bookmark: _Hlk105698188][bookmark: _Hlk105697502][bookmark: _Hlk105697584][bookmark: _Hlk107968418][bookmark: _Hlk46016024][bookmark: _Hlk105719607]To test these hypotheses, we implemented a null-model approach that evaluated the effects of geomorphology (i.e., habitat types) on temporal β-diversity disparities. In this model we assumed a temporal γ-diversity (i.e., an annual species pool per habitat), where individuals were assumed to be able to occur at any of the sample events over the annual cycle and within the same habitat. Next, we evaluated deviations between this null model estimate of turnover or nestedness from actual sample data from the different habitats/sites, thereby correcting for dependence on temporal γ-diversity. This simulation procedure and correction allowed us to demonstrate that differences in temporal β-diversity among major Amazonian habitats are neither due to chance nor are they an artefact of between-habitat variation in species richness.

Material and Methods
Study area and sampling design
[bookmark: _Hlk40743343]We studied one of the few Amazonian regions where all four geomorphological habitats occur in close proximity (near Santarém, Brazil, Fig. 1d). This lower Amazon region also includes river-floodplain systems belonging to the three distinct biogeochemical water types of the Amazon basin: nutrient-poor, humic-stained ‘blackwaters’  (BW); nutrient-poor ‘clearwaters’ (CW); and nutrient rich, sediment-laden ‘whitewaters’  (WW) (Sioli 1984). We estimated temporal β-diversity for rivers-floodplain systems in all three water types, allowing us to evaluate whether water type, as well as geomorphological habitat type, influences rates of temporal turnover and nestedness.
[bookmark: _Hlk119892848]We sampled 16 sites (Fig. 1d) every two months through a complete annual hydrological cycle, beginning October 2014: Rivers: two river-margin sites in the BW Rio (R.) Arapiuns (BR1, BR2), two in the CW R. Tapajós (CR1, CR2), and two in the WW R. Amazonas (WR1, WR2); Floodplains: two floodplain lake sites in the BW R. Arapiuns (BF1, BF2), two in the CW R. Tapajós (CF1, CF2), and two in the WW R. Amazonas (WF1, WF2); Terra firme streams: two sites in the lowland terra firme peneplain (Cretaceous Alter do Chão formation) (TS1, TS2); Shield streams: two sites in the upland Paleozoic shield (Devonian Ererê formation) (SS1, SS2). Hence our sampling design comprised eight geomorphological habitat/water type combinations, each replicated at two sites, and sampled six times through the year for a planned total of 96 sampling events. TS1 and TS2 were sampled only five times due to logistical challenges during the first sampling event, and BF2 and WR2 were sampled only five times due to severe weather at the first event for BF2 and fifth for WR2. Thus, the actual number of sampling events was 92. 
The river-floodplain habitats exhibited a flood cycle of ca. 5 m amplitude, with an April-July high-water period and October-December low-water period. Year-long variation in water levels in the shield and terra firme streams is < 0.5 m (except briefly after heavy rain) in response to local rainfall – with a December-June wet season followed by a dry season. We selected permanent floodplain lakes of similar size (BF1, 0.17 km2; BF2, 0.25 km2; CF1, 0.18 km2; CF2, 0.21 km2; WF1, 0.18 km2, WF2, 0.26 km2; Fig. 1d) and permanent terra firme and shield streams of similar sizes (3-6 m wide, to 1 m deep). All 16 sites were surrounded by relatively well-protected natural forest.
[bookmark: _Hlk40998557]Due to habitat heterogeneity, it was impossible to use the same gear and sample technique in all habitat types. Therefore, for each habitat we used the gear considered to obtain a representative sampling and then standardized for effort within a given habitat type across all sampling events in the annual cycle. To maximize sampled species diversity in river and floodplain sites, we sampled with gill nets deployed ca. 30 m from the shoreline in batteries of four (25 x 3 m, 15, 30, 45, 60 mm mesh) from 6 am to 9 am and from 6 pm to 9 pm. In the much smaller habitat volumes of terra firme and shield streams, we used three gear types, each with a timed effort of 2 hours/sampling event during daylight hours: a 1.5 x 6 m seine net (5 mm mesh) in deeper pools; a 2.0 x 1.1 m bag-seine (2 mm mesh) in riffles and margins; a dipnet (Expedition Hex-Trapnet, Duraframe Dipnet, Viola WI, with 3 mm mesh and 30 cm bag depth), used with the aid of an electric fish finder (Haag et al. 2019), in leaf litter and marginal root mats; the dipnet-electric fish finder combination sampled gymnotiform electric fish and other nocturnally active fish hiding in the substrate. For each stream, all gear types were used along a 100 m stretch in a downstream-upstream direction with the ends of the section blocked with net panels to minimize escape. Fish were euthanized with 600 mg L-1 eugenol, preserved, and deposited at the biodiversity collections listed in Supporting Information Appendix S1. We identified specimens using species descriptions and keys from the taxonomic literature. 

Data analyses and sampling efficiency
[bookmark: _Hlk42958392]All statistical analyses were conducted in R (R Core Team 2021). For each of the eight habitat/water type combinations, we evaluated the efficiency of our sampling effort using rarefaction (i.e., extrapolation from species accumulation curves) and the Chao1 species estimator (Chao 1984). The Chao 1 value increases towards 100% as an asymptote in the species accumulation curve is reached (i.e., where all species are recovered) (Magurran 2004, Chao et al. 2009). For each sampling event in the rivers and floodplains we pooled the day and night gill net samples. For each stream sampling event we pooled the three methods. The rarefaction curves and Chao 1 estimates were calculated using packages iNEXT (Hsieh et al. 2016) and vegan (Oksanen et al. 2020), respectively.

Temporal turnover and nestedness: quantification and analyses
[bookmark: _Hlk40798603]The large disparities in habitat volume and fish body size between river-floodplain and stream systems necessitated different procedures to maximize sampled diversity (e.g., Mota Soares et al. 2014, Silva-Oliveira et al. 2016, Bogotá-Gregory et al. 2020), following Montes et al. (2021), but sampling effort was constant within sites/habitat throughout the annual hydrological cycle; thus, measures of observed temporal β-diversity per site/habitat were calculated based on between events with the same sampling effort. For each of the sixteen sampling sites we calculated the temporal turnover and nestedness components of β-diversity sensu Baselga (2010) by comparing adjacent bimonthly sampling times in chronological sequence (i.e., time 1 to 2, 2 to 3, 3 to 4, 4 to 5, and 5 to 6). For each of these comparisons we calculated temporal turnover and nestedness as the fraction (from 0 to 1) of Jaccard presence/absence pair-wise dissimilarity, using the beta.temp function from the Betapart package (Baselga and Orme 2018). We used the Jaccard based β-diversity, because it is relatively robust to sampling error (Schroeder and Jenkins 2018) and because it does not retain the mean-variance properties of the original abundances, thereby emphasizing compositional changes among comparisons (Anderson et al. 2006, Anderson and Walsh 2013). Nonetheless, we acknowledge that there is no single perfect measure of β-diversity, and that comparisons among sites has its challenges, e.g., disparities in abundance of individuals in a sample unit, species abundance distributions, and species aggregations in space (Bennett and Gilbert 2015).
[bookmark: _Hlk119892874]The number of measures of observed turnover or nestedness for each habitat were: Rivers: n = 28 (2 sites for each of 3 water types x 5 measures, minus 2 samples because we obtained only 3 of 5 measures for sites WR2 – recalling that sampling event 5 was missing, therefore, consecutive calculations for temporal β-diversity were done for time 1 to 2, 2 to 3, and 3 to 4). Floodplains: n = 29 (2 sites for each of 3 water types x 5 measures, minus 1 sample because we obtained only 4 of 5 measures for site BF2 – recalling that sampling event 1 was missing). Terra firme streams: n = 8 (2 sites x 4 measures, recalling that sampling event 1 was missing for TS1 and TS2); Shield streams: n = 10 (2 sites x 5 measures). Thus, we obtained 75 estimates of turnover/nestedness.
To compare β-diversity metrics among the four habitat categories we used generalized linear models (GLMs) of the form turnover or nestedness ~ habitat. We repeated the models with sample events that had outlying values (for a given habitat type) both included and excluded (we defined outlying samples as those exceeding the 3rd quartile + [1.5 * interquartile range] or below the 1st quartile – [1.5 * interquartile range]). Using the glmmTMB package (Magnusson et al. 2020) we implemented beta distribution regression models, which are appropriate for modelling continuous variables in the open standard unit interval (0,1) of the Jaccard presence/absence pair-wise dissimilarity (Ferrari and Cribari-Neto 2004).
We implemented residual versus fitted values plots to evaluate model performance and assess whether normal or beta distribution models best fit the data. Corrected Akaike’s Information Criterion (AICc) was implemented using the bbmle package (Bolker et al. 2022) to select the most efficient model after discounting for model complexity (Burnham and Anderson 2002). We calculated least square means and 95% confidence intervals for each habitat type and tested for differences by Tukey’s HSD, using the lsmeans package (Lenth et al. 2022).

Null models and analyses with simulated data
A null modelling approach helps to discern if differences in β-diversity deviate from expectation under random chance  (Kraft et al. 2011). Commonly, null models are built to generate “pseudo communities”, which are compared with the observed community patterns (Pianka 1986, Gotelli and Graves 1996). Thus, a null model is not a real scenario, but instead a hypothetical scenario by which patterns generated in the absence of an ecological mechanism can be explored. Additionally, null models with too many background details are difficult to build and interpret (Gotelli and Graves 1996). Nevertheless, when building a null model some assembly rules must be considered – such as avoiding forbidden combinations of species in nature, as well as making reasonable assumptions about differences in habitat sizes, or suitability for colonization (Harvey et al. 1983, Gotelli and Graves 1996). Given these limitations, a single source pool for each habitat type (i.e., shield streams, terra firme streams, floodplains, river margins) was considered sufficient to control for differences among habitats.
We partitioned data into 16 matrices; one per each of our 16 sites (Fig. 1d), where each matrix included all sampling events. Each matrix comprised species (columns) and bimonthly sampling event (rows) filled with numerical abundance values. Using the permatfull function from the vegan package (Oksanen et al. 2020), each matrix was randomized separately while retaining the original species abundances (column totals). For each randomized matrix, we calculated the temporal turnover and nestedness between adjacent sampling events in chronological sequence (see ‘Temporal turnover and nestedness: quantification and analyses’, above). This simulation procedure was repeated 999 times to generate a null model probability distribution for each temporal β-diversity calculation (Supporting Information, Appendix S2, for a schematic of the null model procedure).
[bookmark: _Hlk40065147]We then calculated β-deviations as the differences between the null estimate (above) and observed estimate of turnover or nestedness, divided by the standard deviation of the null distribution (Chase et al. 2011, Kraft et al. 2011). These β deviations represent a standard effect size, such that variation in temporal turnover or nestedness between habitats correct for between-habitat variation in pooled species richness (temporal γ-diversity). Deviations with positive values indicate more β-diversity than expected under the null, and negative values indicating less β-diversity than expected (Kraft et al. 2011). Because β-deviations are finite negative and positive values, we then used linear models to compare β-deviations among the four habitat categories (i.e., deviation turnover/deviation nestedness ~ habitat). We calculated least square means and 95% confidence intervals for each habitat type and tested for differences by Tukey’s HSD.

Results
Diversity measurements
We sampled 11,397 individual fish representing 260 species from 43 families and 13 orders (Supporting Information Table S1 for list, Table S2 for summary of diversity components and indices). Floodplains had the highest diversity (177 species), followed by rivers (145 species), terra firme streams (39 species), and shield streams (24 species) (Supporting Information, Table S2). Extrapolated rarefaction curves (Fig. 2a-c) showed that species richness in river-floodplain systems was highest in WW, followed by CW and then BW. Although rarefaction curves only approached asymptote in the stream habitats (Fig. 2c), species richness was at least 70% of the Chao1 richness estimate for all eight habitat/water type combinations except for BW floodplain Site 2 (66%), CW river Site 2 (56%) and WW river Site 1 (64%, Supporting Information, Table S2). We concluded that our sampling effort was sufficient to provide meaningful comparisons of β-diversity between most habitats. Species abundance distributions for each habitat (Fig. 2d-f) approximated the truncated log-normal distributions typical of tropical communities (Hercos et al. 2013), but river and floodplain sites exhibited a larger proportion of species represented by < 4 individuals (50% and 62%, respectively) than terra firme streams (33%) and shield streams (21%) (Table S2).

Comparisons of temporal turnover among habitats
Observed temporal species turnover was significantly higher in rivers and floodplains than in terra firme streams and shield streams, but there was no difference in observed temporal turnover between rivers and floodplains, nor between terra firme streams and shield streams (Fig. 3a-b, Supporting Information Table S3 for GLM model parameters, Table S4 for model selection and Appendix S3 for residual distributions). 
In our null model, the temporal turnover β-deviations separated the four aquatic habitats into the same two groups as for observed temporal turnover (Fig. 4a-b). Shield stream and terra firme streams exhibiting β-deviations that were not significantly different from the null, but that were significantly smaller than the β-deviations of rivers and floodplains.
For both river and floodplain habitats we observed no differences between biogeochemical water types (i.e., BW, CW, WW) in observed temporal turnover (Fig. 3a) as well as β-deviations of temporal turnover for the spatial null model (Fig. 4a). Furthermore, ΔAIC values indicated that models excluding water type substantially outperformed models that included water type as a random effect variable (Supporting Information, Table S4). These results together show that water type did not measurably influence temporal species turnover and suggest that the relative under-sampling of CW and WW relative to BW rivers (see ‘Diversity measurements’, above) did not bias our analyses.

Comparisons of temporal nestedness among habitats 
Observed temporal nestedness was low in all four habitat types and all three water types (Fig. 3c), as supported by least square means comparisons (Fig. 3d). Likewise, no significant differences in the temporal nestedness β-deviations were detected between habitat types (Fig. 4c-d).
Our analyses for both temporal turnover and nestedness were unaffected by whether a small number of sites defined as outliers (which could potentially leverage our results) were excluded or included (Supporting Information, Table S3). Overall, based on the observed outcomes, we concluded that most temporal β-diversity in the sampled systems was due to turnover rather than nestedness.

Discussion
[bookmark: _Hlk46060344]River-floodplain systems of the lower Amazon study region had more fish species and a higher proportion of rare fish species than terra firme and shield streams, mirroring faunal inventories from other regions of the Amazon (Dagosta and Pinna 2019). As we hypothesized (Fig. 1c), river-floodplain systems had greater temporal (seasonal) species turnover than shield and terra firme stream systems. In the river-floodplain systems the amount of turnover was uninfluenced by biogeochemical water type. Terra firme streams and most shield streams resemble blackwater rivers in their chemical composition (Crampton 2011). Therefore, low temporal turnover of shield and terra firme streams is unlikely to be a consequence of physico-chemical conditions unique to these habitats. Because temporal nestedness was low in all habitats (and did not differ between habitats) we infer that temporal changes in Amazonian fish community composition result primarily from temporal species turnover, i.e., the replacement of species by others through seasons, rather than as an effect of nested subsets of fishes among sampling events (Baselga 2010). 
[bookmark: _Hlk41072523]Between habitat variation in turnover is known to arise from differences in connectivity and/or greater seasonal disturbance (Tonkin et al. 2017). However, higher turnover might also be expected in the river-floodplain systems simply because they have higher species richness. Our null model approach specifically accounted for the confounding effect of variation in species richness (temporal γ-diversity) when demonstrating that turnover in river-floodplain systems is greater than expected under the null assumption. Hence, greater seasonal turnover in river-floodplain systems than in stream systems must involve differences in how fish communities respond to seasonal changes by moving within or between habitats. These differences in movements must, in turn, be a consequence of the profound differences in structural complexity and flooding regimes between the major geomorphological water types. It has long been assumed or implied, that Amazonian river-floodplain systems have greater levels of seasonal turnover than streams  (Henderson et al. 1998, Buhrnheim and Fernandes 2001, 2003, Hercos et al. 2013), but our data and analyses provide the first quantitative evidence for this pattern. Below we summarize likely reasons for major differences in seasonal turnover between Amazon river-floodplain systems versus stream systems. 
The high-amplitude (to 16 m) annual Amazon flood pulse causes profound cyclical rearrangements of heterogeneous habitat structure in river-floodplain systems (Hurd et al. 2016). River-floodplain systems also exhibit greater seasonal variation of physico-chemical conditions than stream systems (Supporting Information, Table S5, Melack and Fosberg 2001, Crampton 2011, Waddell and Crampton 2020, 2022). Compared to river-floodplain systems, Amazonian stream systems exhibit much less structural complexity and far less pronounced seasonal flood regimes – characterized by rainy-season flooding of shallow (< 0.4 m) swamps adjacent to stream courses (Espírito-Santo and Zuanon 2016, Waddell and Crampton 2020, 2022). In both our terra firme and shield sites, water level fluctuation was minimal, and even fine-scale microhabitat features, such as root clumps and patches of leaf litter were occupied year-round by the same fish species (and likely by some individual fish). 
[bookmark: _Hlk41251854]Amazonian river-floodplain systems are highly interconnected. The annual flood pulse leads to fish movements from rivers into floodplains, as well as multi-directional dispersal between patches and microhabitats within rivers or floodplains (Junk et al. 1997). These movements are associated with the exploitation of allochthonous food resources in lakes, channels and inundation forests (Fernandes 1997, Henderson and Crampton 1997) or the availability of dissolved oxygen (Crampton 2011). Many floodplain fishes become concentrated into shallow lakes from which they disperse laterally as water levels rise (Henderson and Crampton 1997, Röpke et al. 2016). The annual flood pulse also triggers upstream high-water longitudinal reproductive migrations of large-bodied river-floodplain species, which serve to colonize new feeding grounds and compensate for passive downstream drift of larvae as they recruit into floodplains (Goulding 1980, Araujo-Lima and Oliveira 1998). Small-bodied fishes inhabiting floodplain floating meadows are also subject to accidental long-distance dispersal when fragments of meadows are flushed into adjacent rivers (Schiesari et al. 2003). Consistent with high structural connectivity, genetic differentiation is also low along Amazonian river-floodplain corridors, except across the confluences of rivers with different water types (Hrbek et al. 2005, Santos et al. 2007).
[bookmark: _Hlk40400684]In contrast to river-floodplain systems, shield streams and terra firme systems exhibit less habitat heterogeneity and low connectivity, thus restricting opportunities for temporal turnover. Most shield and terra firme stream fish species are small-bodied and non-migratory (Crampton 2011). Both traits contribute to reduced long-distance upstream or downstream dispersal along the linear and narrow courses of streams. Terra firme streams are also relatively disconnected from the river-floodplain systems into which they flow by discontinuities in habitat volume and physico-chemical water properties (Crampton 2011). Hubert and Renno (2006) suggested major river-floodplain corridors act on small stream species as ‘riverine barriers’ sensu Wallace (1852), in much the same way that they influence primate dispersal. This hypothesis is supported by comparative population genetics of small-bodied fishes from the lower courses of terra firme streams (Cooke et al. 2009). The even lower connectivity of shield streams from lowland courses, via falls at the shield escarpment, is likewise known to promote genetic isolation in shield populations of fish (Lehmberg et al. 2018).
[bookmark: _Hlk43035395][bookmark: _Hlk40045573]Few studies have employed measures of temporal β-diversity, sensu Baselga (2010), to explore seasonal changes in community composition. Most of these concluded (as we did here) that strong seasonality is associated with elevated temporal turnover (e.g., Langer et al. 2016, de Deus et al. 2020, Maicher et al. 2018). Even fewer studies have compared seasonal patterns of temporal β-diversity between distinct habitat types. dos Santos et al. (2017) found more seasonal turnover of butterfly communities in subtropical rainforest canopy than in the understory and attributed the difference to greater seasonal temperature fluctuations in the understory. Tonkin et al. (2017) compared levels of temporal turnover and nestedness in freshwater stream invertebrate communities between strongly seasonal and aseasonal habitats (from multiple continents). This study, like ours, reported higher temporal turnover rates in habitats with high seasonality than in aseasonal habitats, but uniformly low levels of nestedness. In summary, our results are congruent with those of previous studies in suggesting that circannual temporal β-diversity is driven primarily by seasonality and not circannual changes in nestedness. 
Higher temporal turnover is usually observed over extended time periods, rather than over short time periods (Hatosy et al. 2013, Langer et al. 2016), but our study spanned only one annual hydrological cycle and did not include extreme episodic events that may change results beyond seasonality (Hatosy et al. 2013);  rainfall and flood amplitude were within typical ranges for the region (McGrath et al. 2008).  Occasional extreme flood and drought events are, nonetheless, known to exert profound and lasting effects on Amazonian fish community structure (Röpke et al. 2017) and may become increasingly important as the effects of climate change, deforestation and hydrological dams intensify in the region (Duffy et al. 2015, Arias et al. 2020). The data we present here represents an important baseline for comparison with future extreme hydrological events in the lower Amazon.
In conclusion, our results provide robust support for the hypothesis that intense seasonality and high habitat connectivity of Amazonian river-floodplain systems promote higher rates of species turnover than the low seasonality and low connectivity of Amazonian terra firme and shield streams. Importantly, our approach controlled for the large disparity in species richness between high-diversity river-floodplain systems and lower-diversity stream systems. In combination with the corpus of information on Amazonian fish ecology, our results suggest that temporal species turnover (but not temporal nestedness) is driven by geomorphological features of fish habitats. Sampling regimes and analytical approaches similar to those here should enable comparisons to other communities and help evaluate effects of natural seasonality relative to disturbance events, including those of anthropogenic origin. Few fish diversity monitoring projects in the Amazon have been attempted to date, and the influence of climate change, deforestation, overfishing, and hydroelectric impoundment on fish and other elements of the Amazonian aquatic biota, remain poorly understood, despite increasing environmental degradation (Hurd et al. 2016). We recommend that future aquatic biodiversity monitoring efforts and conservation planning should routinely incorporate quantitative estimates of temporal β-diversity. 
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Figure legends
Fig. 1. Conceptual model of environmental predictors driving temporal species turnover in the four major aquatic habitats of the Amazon basin (a-c), and study area (d). a-b) Schematic profile and aerial view of habitat types; arrows in (b) represent flow direction and velocity (high-water only for floodplain). c) Hypothesized relationship between seasonality and structural connectivity (on an arbitrary scale intended for heuristic purposes) and species turnover before accounting for species richness effects. Locations of 16 sampling sites (colors for habitat/water types match Figs. 2-4).
Fig. 2. Rarefaction curves and ranked abundance curves for quantitative fish samples from river margins (a, d), floodplain lakes (b, e), terra firme streams, and shield streams (c, f).
[bookmark: _Hlk40661689]Fig. 3. Comparisons of observed temporal β-diversity among the four Amazonian aquatic habitats. Measures of species turnover (a) and nestedness (c), with rivers and floodplains divided by biogeochemical water type. Generalized linear models for the effects of habitat type on turnover (b) and nestedness (d) report least square means (lsmeans) and 95% confidence intervals (< = significantly less than at  = 0.05, ~ = no difference). For turnover, family = Beta, link = logit. For nestedness, family = Gaussian. Here outlier sample events were excluded.
Fig. 4. Comparisons of β-deviations of observed temporal species turnover (a) and nestedness (c) from the null expectations, with river and floodplain sites colored according to biogeochemical water type (Fig. 1). Values above and below zero (dashed line) indicate lower and higher turnover/nestedness, respectively, than the null expectation. Generalized linear models for the effects of habitat type on β-deviations for turnover (b) and nestedness (d) report least square means (lsmeans) and 95% confidence intervals (</> = significantly less/greater than at  = 0.05, ~ = no difference). For all models, family = Gaussian. Here outlier sample events were excluded.
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