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Abstract 

 

NICHE AND DISPERSAL EFFECTS ON BIODIVERSITY, COMMUNITY COMPOSITION, 

AND SPECIES CO-OCCURRENCE IN STREAM ECOSYSTEMS 

 

Joseph L. Mruzek 

The University of Texas at Arlington 

Supervising Professor: Sophia I. Passy, PhD 

 

Niche and dispersal processes are major ecological drivers of freshwater communities but their 

relative roles across latitudinal gradients, scales, and organismal groups are not well understood. 

Thus, we performed three studies with sub-continental datasets of stream algae, insects, and fish. 

In chapter 2 we predicted that: i) niche processes would dominate at high latitudes due to 

increased climatic stress, consistent with the physiological tolerance hypothesis and the 

Dobzhansky-MacArthur hypothesis and ii) dispersal limitation would prevail at low latitudes due 

to narrower niches and smaller range sizes, consistent with the dispersal-ecological specialization 

tradeoff hypothesis, the latitude-niche breadth hypothesis, and Rapoport’s rule. Chapter 3 had 

two goals: i) compare the relative roles of niche and dispersal processes on metacommunity 

composition vs. topology of co-occurrence networks and ii) determine if the taxonomic 

relatedness between co-occurring taxa could be explained by shared niche preference or dispersal 

history. Chapter 4 investigated the role of spatial scale and dispersal ability on the relationship of 

local species richness (LSR) with regional species richness (RSR). A saturated LSR-RSR 

relationship indicates local control of local richness, whereas an unsaturated relationship 

indicates regional control through dispersal limitation. We predicted i) saturation at small scales 

due to habitat filtering, but a lack of saturation at large scales due to dispersal limitation and ii) 
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that the less dispersive fish would shift from a saturated to unsaturated LSR-RSR relationship at 

a smaller scale than diatoms or insects. In summary, our findings contribute to community 

ecology by advancing our knowledge of the relative roles of niche and dispersal processes in 

controlling biodiversity, community composition, and network topology along environmental 

and spatial gradients.  
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Chapter 1 
 

General introduction 

 

 Niche and dispersal processes are the main ecological drivers of biodiversity, community 

composition, and species co-occurrences (Weiher & Keddy, 2004). However, their relative roles 

are not well understood along latitudinal gradients, on co-occurrence networks, and across 

scales. Therefore, we present here three original research chapters: First examining latitudinal 

dependency of these two processes, second, the relative importance of these two processes on co-

occurrence network topology, and third examining scale through the lens of the regional species 

richness – local species richness relationship. In all three chapters we utilize a subcontinental 

dataset of stream algae, insects, and fish, which are ecologically important groups, and present a 

gradient in body size and therefore dispersal ability.  

In the first chapter, we address the question of whether the effect of niche and dispersal 

processes on biodiversity varies with latitude. Climatic stress has a positive latitudinal 

dependence, with harsh winters and high seasonality at the high latitudes posing as a strong 

environmental filter (Hillebrand, 2004). Multiple climate-based ecological theories, including the 

Dobzhansky-MacArthur hypothesis (Brown, 2014), physiological tolerance hypothesis (PTH) 

(Currie et al., 2004), have predicted stronger environmental effects on species composition at 

high latitudes due to climatic stress. Dispersal limitation also has a latitudinal dependency, as 

described in the dispersal-ecological specialization tradeoff hypothesis (Jocque et al., 2010), the 

latitude-niche breadth hypothesis (Vázquez & Stevens, 2004), and Rapoport’s rule (Stevens, 

1989), which predicts not only will filtering be stronger at high latitudes but also that stronger 

dispersal effects at low latitudes will be present due to ecological specialization and smaller 

range sizes. In this chapter we present a test of these hypotheses by assessing the relative 
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importance of niche versus dispersal processes in three stream communities, algae, insects, and 

fish, along a latitudinal gradient, predicting strong habitat filtering in higher latitudes, and strong 

dispersal limitation in lower latitudes. 

In the second chapter we compare the drivers of metacommunity composition to those of 

co-occurrence network topology. Co-occurrence networks are collections of nodes, which 

represent taxa, and edges, which represent the significant pairwise correlations between taxa 

(Karimi et al., 2017). Co-occurrences are driven mainly by niche processes but also dispersal 

limitation, as species with similar environmental preferences likely co-exist in the same habitat, 

or they can co-occur due to shared dispersal history (Bar-Massada et al., 2018). In aquatic 

organisms, dispersal ability is inversely related to body size (De Bie et al., 2012; Padial et al., 

2014), which we predicted would impact metacommunity structure and network topology 

similarly. Thus, we predicted that dispersal limitation would have a stronger impact on both the 

overall metacommunity composition, and network topology of relatively larger taxa (i.e., fish), 

while niche processes would be more impactful for metacommunity composition, and network 

topology, of smaller organisms (i.e., diatoms and insects). As we expect most co-occurrences to 

be explained by either niche or dispersal overlap, we asked if these processes would lead to 

taxonomic similarity due to phylogenetic niche conservatism (Wiens et al., 2010; 

HilleRisLambers et al., 2012; Lentendu & Dunthorn, 2021). We predicted that taxa whose co-

occurrences were found to be explainable through niche or dispersal overlap, would be more 

closely related that those taxa whose co-occurrences we could not explain, consistent with 

phylogenetic niche conservation. This would demonstrate a link between species traits, and the 

mechanism driving co-occurrence.  
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Finally, the spatial scale of a study can affect the relative importance of niche and 

dispersal processes, which we analyzed through the lens of the regional species richness (RSR) - 

local species richness (LSR) relationship. Classic theory posits that a curvilinear RSR-LSR 

relationship represents a saturated local richness, moderated by local processes, while a linear 

relationship, is indicative of stronger regional effects, specifically dispersal limitation (Terborgh 

& Faaborg, 1980; Ricklefs, 1987). The RSR-LSR relationship also depends on spatial scale of 

the region and species dispersal capacity. We varied regional size, predicting a saturated LSR-

RSR relationship at small regional scales and in poor dispersers, while a linear relationship is 

expected at larger regional scales and in good dispersers (Hillebrand & Blenckner, 2002; 

Soininen et al., 2009). However, how scale and species group jointly control the RSR-LSR 

relationship is not well understood. We therefore hypothesized that as regional scale increases, 

the RSR-LSR relationship would shift from saturated (curvilinear) to unsaturated (linear), due to 

an increasing roll of regional richness and a decreasing role of environment in constraining local 

richness. Second, we hypothesized that fish, which are relatively dispersal limited, would shift 

from saturated to unsaturated at a smaller scale than diatoms and insects.  
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Introduction 

 

Latitudinal gradients in biodiversity and community composition have been studied for decades, 

and we continue to improve our understanding of how niche and dispersal processes combine to 

shape biodiversity (Pianka, 1966; Hillebrand, 2004; Benito et al., 2018). Niche and dispersal 

processes have been historically viewed as underlying the nearly universal decline of 

biodiversity toward the poles (Weiher & Keddy, 2004). Latitudinal biodiversity patterns may 

emerge from stronger environmental control at high vs. low latitudes, filtering out intolerant 

species. The physiological tolerance hypothesis (PTH) posits that richness is determined by the 

number of species that can physiologically tolerate the local conditions (Currie et al., 2004). As 

higher latitudes encompass fewer species able to endure the harsh climatic conditions, these 

latitudes are comparatively species poor. According to the Dobzhansky-MacArthur hypothesis 

(DMH) (Brown, 2014), species ranges, and by extension community composition, are driven by 

different forces along the latitudinal gradient—environmental filtering predominates at high 

latitudes, while species interactions, at low latitudes. 

Climatic latitudinal differences also create commensurate differences in species dispersal 

capacities and range sizes with direct impact on the latitudinal biodiversity patterns. According 

to the climate-mediated dispersal-ecological specialization tradeoff hypothesis (Jocque et al., 

2010), climatic harshness and seasonal variability at higher latitudes promote dispersal by 

seasonal migration, colonization of empty patches following die-offs, and formation of resting 

stages. Greater dispersal leads to broad distributional ranges and ecological generalization. In 

contrast, the favorable and climatically stable environments in the tropics select for greater 

ecological specialization which, however, limits dispersal. Since dispersal prevents isolation, 

which is necessary for speciation, regions are more species-poor at higher than lower latitudes 
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(Jocque et al., 2010). Increasing niche breadth with latitude is also the essence of the so-called 

latitude-niche breadth hypothesis (Vázquez & Stevens, 2004). This hypothesis has been tested 

with abiotic and biotic niches and across ecosystems but remains controversial, given that 

positive, negative and no relationships between niche breadth and latitude have been reported 

(Vázquez & Stevens, 2004; Cirtwill et al., 2015; Alahuhta et al., 2017b; Granot & Belmaker, 

2020). A related idea is the Rapoport’s rule, suggesting that at high latitudes, species tend to 

have larger ranges because they have broad tolerances and better exploit temporal windows with 

favorable climatic conditions for dispersal (Janzen, 1967; Stevens, 1989). Conversely, at low 

latitudes, species are less tolerant with narrower ranges and thus more likely to encounter 

unfavorable conditions when dispersed. In general, Rapoport’s rule has received broad support in 

terrestrial plants (Morueta-Holme et al., 2013) and mammals (Arita et al., 2005), mixed support 

in fish (Rohde et al., 1993), and no support in aquatic diving beetles (Heino & Alahuhta, 2019), 

but has not been tested in algal communities (Soininen & Teittinen, 2019). 

Combining ideas from the aforementioned hypotheses, we predicted that the role of niche 

processes in controlling biodiversity would increase with latitude, while dispersal processes 

would show an opposite trend. We examined the patterns of α-diversity, local species richness, 

and β-diversity, compositional dissimilarity among sites, as well as their respective 

environmental and spatial drivers. Species richness has been shown to generally decline with 

latitude, a trend known formally as the latitudinal diversity gradient (LDG) (Willig et al., 2003; 

Hillebrand, 2004), although exceptions have also been reported, e.g. in freshwater diatoms 

(Passy, 2010; Soininen et al., 2016). The latitudinal patterns of β-diversity have been less 

investigated (Soininen et al., 2018), with studies revealing negative (Qian, 2009; Baselga, 2010; 

Soininen et al., 2018) or weak trends (Harrison et al., 1992; Alahuhta et al., 2017a).  
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Whether the latitudinal diversity gradient has a niche or dispersal basis, or some 

combination of both, is an ongoing area of research. Stronger environmental filtering at high 

latitudes was observed in desmid communities (Bestová et al., 2018), new world vascular plants 

(Morueta-Holme et al., 2013), and Japanese forests (Kubota et al., 2018). Conversely, an 

increased influence of dispersal-related processes at low latitudes due to range restriction 

resulting from climatic stability was shown in new world frogs (Gutiérrez-Pesquera et al., 2016) 

and montane insects (Gill et al., 2016). Freshwater systems contain a high level of biodiversity 

relative to their size, and are under greater extinction risk due to global change than other 

ecosystems (Dudgeon et al., 2006; Wiens, 2016; Su et al., 2021). Thus, elucidating the drivers of 

stream biodiversity across latitudes is critical for conservation. 

Using major stream groups, including algae, insects, and fish, along a subcontinental 

latitudinal gradient, we tested the hypothesis that for α- and β-diversity, the importance of niche 

processes increases with latitude due to climatic stress, while the importance of dispersal is 

inversely related to latitude due to greater dispersal limitation. Niche processes were evaluated 

by climatic conditions and local physico-chemistry because air temperature and precipitation 

influence stream water temperature, pH, and nutrient concentrations (Jiang et al., 2014) and may 

have an indirect effect on biodiversity. Dispersal processes were assessed by overland spatial 

distances. These distances have been successfully used to describe dispersal effects in algae and 

insects (Keck et al., 2018; He et al., 2020). Even in fish, where instream distances are better 

predictors of dispersal, overland distances also capture a significant fraction of community 

variation (Landeiro et al., 2011). 
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Methods 

Study area  

Our initial data comprised 731 algal (diatoms and soft algae), 863 insect, and 710 fish samples 

(each sample representing a single stream locality) from the central United States, between the 

longitudes of −87° and −100° (Fig. 1). We selected this longitudinal range to avoid alpine effects 

to the west and maritime effects to the east, which can distort the relationship between latitude 

and climate. In order to assess the latitudinal drivers of biodiversity, we subdivided the study 

region into seven latitudinal zones. This distinction was based on 2.5°C isotherms in annual 

mean temperature, which was derived from the WorldClim database (Hijmans et al., 2005). 

Samples in this dataset generally showed uneven spatial aggregation among latitudinal zones for 

all taxonomic datasets. To alleviate this problem, we selected 50 sites for each metacommunity 

in each latitudinal zone, while controlling for average distance between localities, except for the 

highest latitudinal zone of algae, which had only 49 samples. While the average pairwise 

distances between our sites were significantly different between latitudinal zones, the magnitude 

of difference was small (< 35 km). Overall algal samples were on average 314 km apart, insects 

317 km apart, and fish 315 km apart. In all three datasets, the minimum distance between the 

closest sites was 1 km. 

 

Sample collection and identification 

Data for all species groups were obtained from the US Geological Survey’s National Water-

Quality Assessment (NAWQA) Program and the US Environmental Protection Agency’s 

National Rivers and Streams Assessment (NRSA) using standard protocols (Moulton II et al., 

2002; US Environmental Protection Agency, 2013). Algae and insects were collected from the 

richest-targeted habitats, including hard substrates or macrophytes in faster currents. Samples 
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were limited to those taken during the warm months (May-September) between 1993 and 2014 

for algae and 1993 and 2018 for insects. Fish were sampled using seines and electrofishing from 

stream reaches between April and October from 1993 to 2019. Identifications were made to 

species for algae and fish, but genus for insects. All abundance-based analyses were conducted 

with density data (cells/cm2 for algae and individuals/m2 for insects) or raw counts for fish.  

Physicochemical data consisted of water temperature (°C), nitrate (NO3, µg/L), pH, total 

phosphorous (TP, µg/L), and specific conductance (µS/cm), and were obtained from the 

NAWQA and NRSA datasets, respectively. Elevation (m) was obtained from the WorldClim 

database (Fick & Hijmans, 2017) and used to calculate slope (% grade) with the package ‘raster’ 

(Hijmans et al., 2020). The area of the drainage basin for each site (km2), obtained from the 

NAWQA and NRSA datasets, was derived from the National Hydrology Dataset (Moore & 

Dewald, 2016) and included as a proxy for stream size. Climate data for each site were 

downloaded from the WorldClim database and included annual mean temperature, temperature 

seasonality, maximum temperature of the warmest month, minimum temperature of the coldest 

month, annual precipitation, precipitation of the wettest month, precipitation of the driest month, 

and precipitation seasonality (Hijmans et al., 2005). Climate, elevation, and slope values for each 

site represent the average of a 5 km buffer around the sites. Latitude and longitude data were 

available for all locations. All environmental variables (but pH) were ln-transformed if normality 

was improved, and slope was arcsine square root-transformed. All variables were standardized 

(mean = 0, standard deviation = 1). Pairwise distances between all sites were calculated in km 

using the ‘distm’ function in the R package ‘geosphere’ (Hijmans et al., 2019).  
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Species and diversity metrics 

For a more accurate assessment of taxa niche breadths and range sizes, we used a nationwide 

dataset, consisting of 2687 algal, 3809 insect, and 2753 fish samples (Fig. 1). Niche breadths 

were calculated as distributions along environmental gradients with outlying mean index (OMI) 

analysis (Dolédec et al., 2000). We carried out PCA of the environmental variables and retained 

only axes with eigenvalues ≥1. We Hellinger-transformed taxa abundances (Legendre & De 

Cáceres, 2013) and calculated niche breadth only for taxa with at least five occurrences. 

Calculation was done with the ‘niche’ function in the R package ‘adespatial’ (Dray et al., 2021). 

Taxa range sizes were calculated with convex hull areas (km2) surrounding the sites where each 

taxon occurred. Site coordinates were in decimal degrees (Projection: EPSG: 4326) and the 

convex hull was measured with the ‘area’ function in the R package ‘raster’ (Hijmans et al., 

2020). Species that occurred in fewer than three sites were not included in range calculations, as 

at least three sites are needed to create a convex hull. Taxa were said to occur in a latitudinal 

zone if they were found in at least one site within that zone.  

To assess if taxa tended to inhabit more sites at high vs. low latitudes, we measured 

occupancy as the proportion of sites within a latitudinal zone where a taxon occurred. We 

calculated for each site species richness (α-diversity) and for each latitudinal zone: mean species 

richness (mean α-diversity), compositional variability as pairwise Bray-Curtis dissimilarity (-

diversity), total species richness (γ-diversity).  
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Data analyses 

Diversity metrics, occupancy, mean range size and mean niche breadth of the taxa found in each 

of the latitudinal zones (49-50 sites) were regressed against the median latitude of the sites 

within these zones.  

To obtain spatial predictors, we performed a distance-based Moran eigenvector maps 

(dbMEM) using the ‘listw.candidates’ function in the R package ‘adespatial’ (Dray et al., 2021) 

and retained the positively correlated MEMs for further analyses. We measured the relative 

contribution of niche and dispersal processes on α-diversity with multiple regression and 

variance partitioning. We regressed sample α-diversity within each latitudinal zone using 

forward selection against i) environmental variables and their squares and ii) positively 

correlated MEMs, using ‘forward.sel’ in ‘adespatial’ (Dray et al., 2021). Then, we performed 

variance partitioning with ‘varpart’ in ‘vegan’ (Oksanen et al., 2019). We measured the relative 

contribution of niche and dispersal processes on β-diversity with distance-based RDA (dbRDA) 

with variance partitioning. We employed stepwise forward selection of the Bray-Curtis 

dissimilarity matrix against i) environmental predictors and their squares and ii) positively 

correlated MEMs with the arguments ‘ordistep’ and ‘capscale’ in the package ‘vegan’ (Oksanen 

et al., 2019). We applied Lingoes correction to our dbRDA to prevent calculation of negative 

eigenvalues owing to the non-Euclidean properties of Bray-Curtis dissimilarity (Legendre & 

Anderson, 1999). Adjusted R2 values (from the pure environmental and pure spatial fractions) 

for α- and β-diversity in each latitudinal zone were regressed against the median latitude of the 

sites within this zone. The adjusted R2 values for the environmental and spatial components were 

compared with a paired t-test, as both components were derived from the same sites with each 

latitudinal zone. To test the effects of water physicochemistry, climate, and their covariance, we 
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performed the above analyses of α- and β-diversity with environmental data split into water 

physicochemistry and climate and positively correlated MEMs. 

 

 

Results 

Latitudinal trends  

There were 466 algal species, 171 insect genera, and 266 fish species in our datasets. Only in 

fish, mean α-diversity, and regional richness (γ-diversity) declined marginally non-significantly 

or significantly at higher latitudes, respectively (p ≤ 0.05), consistent with the latitudinal 

diversity gradient (Table 2.1). β-diversity was high across groups (0.7-0.8) and did not vary with 

latitude (p > 0.05, Table 2.1), indicating high dissimilarity between communities, regardless of 

latitude. Only in fish niche breadth and range size exhibited a marginally non-significant and 

significant positive linear relationships with latitude, respectively (p ≤ 0.05, Table 2.1). These 

results indicated a tendency in fish toward wider niche breadths at higher latitudes, consistent 

with the latitude-niche breadth hypothesis, and broader geographic distributions, as predicted by 

Rapoport’s rule. Occupancy was generally low, ranging from 10% to 11% for algae, 11% to 15% 

for insects and 13% to 18% for fish, and did not display significant latitudinal trends (Table 2.1). 

Considering α-diversity of all sites, irrespective of zone, we found significant quadratic 

relationships with latitude in all three datasets. Algae had the highest α-diversity at low and high 

latitudes, insects, at high latitudes, while fish, at low to mid latitudes (Fig. 2.2). However, the 

relationship in insects was very weak.  

 

Tests of hypotheses 

Opposing latitudinal trends in niche (positive) and dispersal (negative), as predicted by our 

hypothesis, were found only for α-diversity of algae and fish (Fig. 2.3a-c). In the case of insects, 
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niche processes had a significant positive relationship with latitude, while dispersal had no 

relationship, thus only partially supporting our hypothesis. The covariance of niche and dispersal 

processes did not respond to latitude. In all three species groups, niche processes and the 

covariance between niche and dispersal processes explained overall more variance in species 

richness than dispersal processes (ANOVA and Tukey’s post-hoc test) (Fig. 2.3a-c). 

With respect to metacommunity β-diversity, niche processes in insects had a significantly 

negative latitudinal trend, and dispersal processes in algae had a significantly positive trend (Fig. 

2.4a-c), contrary to what we predicted. The covariance of niche and dispersal processes increased 

with latitude but only in algae, while in the other two species groups, it showed no latitudinal 

dependence. In all three species groups, niche processes explained more variance in β-diversity 

than dispersal processes but had a comparable effect to this of the covariance of niche and 

dispersal processes (Fig. 2.4a-c).  

To assess the origins of the niche effects, we compared the explained variance of α- and 

β-diversity by climate, physicochemistry, and their covariance together with space. Pure 

physicochemistry tended to explain best both α-diversity and β-diversity, followed by the 

covariance of physicochemistry and climate and pure climate, which were generally comparable 

(Fig. 2.5).  
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Discussion 

 

In this comprehensive investigation of stream algae, insects, and fish, we tested whether niche 

effects increased with latitude, while dispersal decreased with latitude. Our results supported our 

hypothesis only for α-diversity but not β-diversity. Regardless of latitude, niche processes 

emerged as stronger predictors of biodiversity. 

 

Latitudinal trends  

Species richness represented here as raw and average α-diversity, and γ-diversity, had a negative 

relationship with latitude only in fish, consistent with the classical latitudinal pattern. In algae 

and insects, the latitudinal responses of these metrics were nonlinear, weak, or non-significant. 

Our results thus align with previous work, showing the classical latitudinal diversity gradient in 

North American fish (Griffiths, 2015; Hanly et al., 2017; Miller & Román-Palacios, 2021) but 

not in diatoms (Passy, 2010; Soininen et al., 2016) or insects (Vinson & Hawkins, 2003). 

However, as we examine here both soft algae and diatoms, our results on the latitudinal diversity 

patterns are more general.  

Notably, in all three species groups, we found little support for latitudinal gradients in β-

diversity in agreement with other freshwater studies reporting weak trends in macrophytes 

(Alahuhta et al., 2017a) and ephemeral pond macroinvertebrates (Kneitel, 2016). These findings 

contrast a global meta-analysis, showing generally lower β-diversity at high latitudes across a 

wide range of species, including bacteria, birds, and marine and freshwater fish (Soininen et al., 

2018). Declines in β-diversity at high latitudes have been related to increased range sizes, 

consistent with Rapoport’s rule (Qian et al., 2009). Here we confirmed Rapoport’s rule only in 

stream fish, in agreement with past research (Stevens, 1989). Additionally, we demonstrated that 
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this rule applies not only to freshwater fish above 40 degrees latitude, as previously documented 

(Rohde et al., 1993), but also to stream fish between 30 and 40 degrees latitude. Prior to this 

study, Rapoport’s rule had not been tested in algae (Soininen & Teittinen, 2019), and our lack of 

support for this rule suggests that algae may not have the same latitudinal gradients in dispersal 

limitation as larger organisms. In insects, we did not support Rapoport’s rule, similar to results 

for aquatic diving beetles (Heino & Alahuhta 2019), but with a larger and more diverse dataset. 

However, regardless of whether Rapoport’s rule was observed, no species group displayed a 

latitudinal β-diversity gradient. We attribute this finding in part to the low mean occupancy 

across latitudinal zones (average 10-15% of samples), given that low occupancy drives high β-

diversity (Xu et al., 2015). Additionally, the fragmented nature of stream systems tends to 

increase β-diversity even in the presence of Rapoport’s rule (Soininen et al., 2007).  

We also tested the latitude-niche breadth hypothesis and found no support in algae and 

insects. Our results thus add to the findings of a recent global meta-analysis, which did not detect 

an overall correlation between latitude and environmental niche breadth in other species groups 

(Granot & Belmaker, 2020). However, the tendency of fish niche breadths to decrease with 

latitude (the trend was only marginally non-significant) opens the question of whether ecological 

specialization in streams may be more likely in less dispersive species.  

 

Importance of niche vs. dispersal processes as drivers of biodiversity 

Local species richness of all three species groups was more strongly controlled by niche 

processes at higher latitudes, in agreement with our hypothesis. These results are consistent with 

research on α-diversity of desmid communities, showing that the effect of habitat filtering 

increased at high latitudes (Bestová et al., 2018). Congruent with our findings for fish, increased 
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habitat filtering with latitude was also observed in French fish (Blanchet et al., 2014). Strong 

environmental filtering effects at high latitudes were also reported for algae, macroinvertebrates, 

and fish from the boreal zone (Heino et al., 2016; de Mendoza et al., 2018; Brittain et al., 2020). 

Our comparative analysis enhances this knowledge by demonstrating that the niche processes 

controlling local richness of three major stream groups are latitudinally constrained at subtropical 

to temperate climates. Unlike α-diversity, the niche effects on β-diversity had a significant 

negative relationship with latitude in insects but no relationship in algae and fish, contrary to our 

first hypothesis. The spatially structured environment, represented by the covariance term, had a 

significant latitudinal dependence only in algal β-diversity, indicating that for the most part, only 

the pure effects varied latitudinally. 

We predicted that the role of niche processes would increase with latitude, assuming 

increased climatic stress to be the dominant factor driving community assembly. We did observe 

latitudinal increase in niche effects on α-diversity, but they were largely contributed by local 

physicochemistry. Previous research observed local physicochemical and climatic dependence of 

algal and fish community composition (Qu et al., 2019; Gálvez et al., 2020) and reported that 

climate alone cannot fully characterize algal biodiversity patterns across latitudes (Passy et al., 

2018). This suggests that community assembly along a latitudinal gradient has more complex 

environmental underpinnings. We predicted that if taxa niche breadths and range sizes increased 

with latitude, the dispersal effect on both biodiversity metrics would decrease. We found some 

evidence for the latitude-niche breadth hypothesis and confirmed Rapoport’s rule only in fish, 

yet we supported our hypothesis for α-diversity not only in fish, but also in algae. These results 

imply that the dispersal-ecological specialization tradeoff hypothesis may operate to some degree 

in fish but not in algae or insects. The algal results further indicated that historic factors other 
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than species range size contributed to greater dispersal effects at lower latitudes. Conversely, the 

effect of space on β-diversity did not follow our predicted latitudinal trend for all three species 

groups, which may be due to the low occupancy across latitudes.  

We observed that niche processes and the spatially structured environment had greater 

contributions to α- and β-diversity than dispersal in all cases. While research on stream 

macroinvertebrates over smaller areas, allowing for greater connectivity between sites, found the 

opposite pattern (Jiang et al., 2021), our results are consistent with studies on stream groups, 

indicating that habitat filtering is often the primary driver of diversity at large scales (Cottenie, 

2005; Heino et al., 2016). Climate and physicochemistry have pronounced impacts on the 

distribution of diatom, insect, and fish taxa (Magnuson et al., 1979; Hasnain et al., 2013; Healy 

et al., 2018; Pound et al., 2021) and global changes in these conditions may alter biodiversity 

(Biswas et al., 2017; Fraker et al., 2020; Pound et al., 2021). While dispersal effects were 

weaker than niche effects in our study, they were still notable. Therefore, we recommend that 

future projections of aquatic biodiversity under global change specifically incorporate dispersal 

effects. 

In conclusion, α- and β-diversity were controlled by both niche and dispersal processes, 

but niche processes were generally stronger. The weaker dispersal effects may be due in part to 

the way dispersal was measured (overland as opposed to instream) or to the scale of our 

latitudinal zones, where dispersal may have not been too limiting. Clear latitudinal trends in 

niche and dispersal effects were observed for α-diversity and rarely for β-diversity. However, the 

niche effects were mostly due to physicochemistry, and the dispersal effects were not always 

associated with variability in species niche breadths and range sizes. Therefore, the Dobzhansky-

MacArthur hypothesis, the physiological tolerance hypothesis, and the dispersal-ecological 
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specialization tradeoff hypothesis, predicting stronger environmental filtering at higher latitudes 

but more pronounced dispersal effects at lower latitudes as a result of climatic variability, do not 

have support in our streams. The reasons for the deviation of our results from these hypotheses 

may lie in physicochemistry potentially offsetting the effect of climate and the overall lack of 

latitudinal variability in specialization and range size.   
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Table 2.1. Metacommunity statistics with corresponding slopes and p-values from regressions against the median latitude of each 

zone. Variability in median latitude is caused by latitudinal differences among the three species groups. † Indicates marginal non-

significance. 

 

Group Dataset Parameter 
Median latitude Slope of 

regression 

p-

value 31°N 34°N 37°N 40°N 42-43°N 44°N 47°N 

Algae 
Full 

metacommunity 

Mean α 56.18 56.26 43.40 50.96 46.84 55.52 63.61 0.29 0.610 

Mean β 0.81 0.80 0.84 0.77 0.74 0.81 0.78 >0.01 0.367 

γ 585 569 457 487 466 560 584 -0.72 0.881 

Mean 
occupancy 

9.60 9.89 9.50 10.46 10.05 9.91 10.89 0.06 0.069 

Mean range 
size  

7,077,101 7,125,559 7,519,767 7,081,045 7,474,615 7,018,691 7,243,207 0.00 0.802 

Niche breadth 3.0 3.0 2.7 2.6 2.7 2.7 3.0 -0.01 0.429 

Insects 
Full 

metacommunity 

Mean α 23.74 24.50 29.42 23.28 22.38 26.04 32.22 0.30 0.310 

Mean β 0.73 0.75 0.71 0.70 0.74 0.76 0.73 0.00 0.616 

γ 201 207 198 163 171 230 236 1.62 0.476 

Mean 
occupancy 

11.8 11.8 14.9 14.3 13.1 11.3 13.7 0.04 0.700 

Mean range 
size  

7,123,893 7,365,505 7,294,908 7,528,854 7,577,587 7,348,461 7,164,454 0.00 0.658 

Niche breadth 2.3 2.3 2.1 2.2 2.3 2.3 2.3 0.00 0.746 

Fish 
Full 

metacommunity 

Mean α 18.86 20.70 20.86 16.26 18.34 16.90 12.90 -0.37 0.052† 

Mean β 0.76 0.74 0.79 0.75 0.76 0.79 0.75 >0.01 0.789 

γ 132 147 161 101 109 95 83 -4.09 0.033 

Mean 
occupancy 

14.29 14.08 12.96 16.10 16.83 17.79 15.54 0.21 0.085 

Mean range 
size  

2,882,262 3,417,561 2,983,526 3,680,327 3,738,899 3,660,063 3,785,298 0.02 0.020 

Niche breadth 1.5 1.6 1.4 1.7 1.7 1.7 1.8 0.02 0.051† 
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Figure 2.1. Map of sample locations for algae (a), insects (b), and fish (c) in the seven studied 

latitudinal zones, based on 2.5°C isotherms of mean annual temperature. Sites used to assess, 

range size and niche breadth are grey, while sites used to assess the relative importance of 

dispersal and niche processes are black (projection is EPSG: 2163). 
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Figure 2.2. Regressions of α-diversity (Y variable) against latitude (X variable) of algae (a), 

insects (b) and fish (c). All regression parameters significant at p < 0.05. aR2 = adjusted R2. 
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Figure 2.3. Regressions of adjusted R2 from variance partitioning analyses of α-diversity of 

algae (a), insects (b), and fish (c) against the median latitude of each latitudinal zone. Significant 

regressions are indicated with a solid line. One point was identified as an outlier (shown as an 

open symbol) and not included in the regression analysis. Mean adjusted R2 values of niche and 

dispersal processes and their covariance across latitudes are shown to the right of the vertical 

dashed line in each panel. Significant differences determined by a Tukey’s post-hoc test are 

shown with different letters.  
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Figure 2.4. Regressions of adjusted R2 from variance partitioning analyses of β-diversity of 

algae (a), insects (b), and fish (c) against the median latitude of each latitudinal zone. Significant 

regressions are indicated with a solid line. Mean adjusted R2 values of niche and dispersal 

processes and their covariance across latitudes are shown to the right of the vertical dashed line 

in each panel. Significant differences determined by a Tukey’s post-hoc test are shown with 

different letters.  
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Figure 2.5: Effects of climate, physicochemistry, and their covariance following variance 

partitioning of climate, physicochemistry, and space (space is not shown). Adjusted R2 for α-

diversity of the metacommunity (a), and β-diversity of the metacommunity (b). 
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Introduction 

 

A central question in metacommunity ecology is how environmental processes, and 

spatial processes shape community composition (MacArthur, 1972; Leibold et al., 2004; 

Cottenie, 2005; Brown et al., 2011). Both processes have been shown to control metacommunity 

composition, especially at large scales (Gravel et al., 2006; Liu et al., 2015). Large scale studies 

in freshwaters have also demonstrated environmental filtering, working in concert with dispersal 

limitation to determine the species composition of diatoms (Heino et al., 2016), insects (Cañedo-

Argüelles et al., 2015; Brittain et al., 2020), and fish (Blanchet et al., 2014). However, the 

relative importance of environmental and spatial processes may depend on body size. In 

freshwater streams, small and better dispersing organisms, such as microbes, are more strongly 

structured by environmental niche processes (Beisner et al., 2006; De Bie et al., 2012), although 

spatial mechanisms, namely dispersal limitation, are still important, especially at large spatial 

scales (Vilmi et al., 2016). 

Conversely, very little is known about the relative importance of environmental and 

spatial processes on co-occurrence networks (but see Morueta-Holme et al., 2016; Budnick et 

al., 2021). Co-occurrence networks are collections of nodes and edges, representing respectively 

taxa and their significant pairwise correlations. The shape of a network – its topology – can be 

described in terms of number of nodes and edges, the connectivity among nodes, and its 

modularity. These metrics have ecological interpretations and are thought to be driven by both 

niche and dispersal processes. For instance, a more connected network will have more alternate 

pathways for connecting two taxa, thus reducing the impact of a node removal (i.e., a species 

extirpation) on overall network topology (Dunne et al., 2002; Stouffer & Bascompte, 2011). A 

network characterized by a few well connected nodes can dramatically lower the average 
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distance between all networked nodes, and allow disturbances to propagate more quickly (Shi et 

al., 2016; Gilarranz et al., 2017). Modularity characterizes the subdivision of the network into 

groups of more closely connected nodes due to dispersal (Carstensen et al., 2012; Hu et al., 

2017) or niche similarity (Zhao et al., 2016; Jones & Hallin, 2018). Network topology is 

sensitive to the environment, as shown in stream insect networks, which became more connected 

with water quality deterioration (Simons et al., 2019) or as a result of seasonal variation in 

dissolved nutrients causing eutrophication-tolerant taxa to group together (Zhao et al., 2016). 

Dispersal limitation can constrain network topology by reducing potential co-occurrences 

(Lentendu & Dunthorn, 2021), as was the case in stream biofilms (Widder et al., 2014) and 

alpine plants (D’Amen et al., 2018). Alternately, highly dispersive species can serve to link 

together disparate parts of a network (Borthagaray et al., 2014), as was observed with highly 

abundant and dispersive microbes in the networks of a Chinese lake (Zhang et al., 2020). 

However, niche and dispersal processes are rarely assessed simultaneously in networks, though 

in forest metacommunities and stream algae, these ecological processes had a strong impact on 

all aspects of network topology (Morueta-Holme et al., 2016; Budnick et al., 2021).   

Notably, metacommunity composition and network topology may have distinct responses 

to the environment vs. dispersal limitation, as recently shown for algae inhabiting streams of 

different nutrient concentrations and stoichiometry (Budnick et al., 2021). Specifically, niche 

effects and dispersal limitation on network topology were comparable, while the effect of 

dispersal limitation on metacommunity composition were stronger than niche effects. However, 

these results might have been influenced by the fact that nutrient content, which is a major driver 

of metacommunity composition, was already accounted for in the construction of the 

metacommunities. Therefore, it is still unclear whether the drivers of metacommunities vs. 
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networks are discrepant across stream organisms and dependent on body size. To ameliorate this 

gap, we performed a comprehensive comparison of environmental vs. spatial effects on 

metacommunity composition vs. co-occurrence networks of three major stream groups – 

diatoms, insects, and fish, differing greatly in body size and consequently, dispersal capacity. We 

predicted stronger spatial effects, in the form of dispersal limitation, than environmental effects 

on the metacommunities and networks of the more dispersal limited fish but relatively stronger 

environmental effects on the metacommunities and networks of the more dispersive diatoms and 

insects. We do not have any reason to predict differences in the strength of niche and dispersal 

effects between metacommunities vs. networks. 

At large scales, co-occurrences are expected to be structured primarily by environmental 

filtering, which will group taxa based on niche overlap, and by dispersal limitation, grouping 

taxa spatially. The role of interspecific interactions is thought to be minimal, as these are 

generally local level processes (Zobel, 1997; Belmaker et al., 2015), whereas environmental 

filtering and dispersal limitation will characterize large scale patterns of co-occurrence along 

environmental or biogeographic gradients. Strong habitat filtering at large scales may lead to 

increased phylogenetic similarity between co-occurring taxa (Webb et al., 2002; 

HilleRisLambers et al., 2012; Lentendu & Dunthorn, 2021) because phylogenetically related 

species may exhibit trait similarity due to phylogenetic niche conservatism (Wiens et al., 2010; 

Fig. 3.1). Thus, we expected that if we controlled for environmental effects on network topology 

and eliminated co-occurrences that were explained by shared environmental preference, the co-

occurrence networks composed of the remaining, unexplained edges, would show lower level of 

phylogenetic similarity. Much less is known about how dispersal limitation may affect the 

patterns of phylogenetic similarity. If the ability to disperse is conserved among closely related 
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species as environmental preferences, then we would expect controlling for space vs. the 

environment to generate similar outcomes with respect to taxonomic similarity.  

We used US stream data on diatoms, insects, and fish to address the following three 

objectives: 1) characterize the relative influence of environmental and spatial processes on 

metacommunity composition vs. network topology; 2) to test for evidence of phylogenetic niche 

conservation among those taxa that are connected within the networks and 3) evaluate whether 

the drivers in objectives 1) and 2) depend on body size. We hypothesize that metacommunity 

composition and network topology would share drivers, with environmental processes being 

relatively more important than dispersal processes for the highly dispersive diatom and insects 

groups. We further predicted that closely related taxa would be connected by links explained by 

environmental or spatial processes, following phylogenetic niche conservation.  

 

Methods 

 

Datasets: 

 We assembled three metacommunity datasets: stream diatoms, insects, and fish, each 

with 1400 sites across the conterminous United States (Fig. 3.2). Sites were compiled from both 

the National Water-Quality Assessment Program of the US Geologic Survey and the National 

Rivers and Streams Assessment of the US Environmental Protection Agency, which used similar 

collection methods. Samples were collected between 1993 and 2019, but the majority of the 

samples were collected between 2007 and 2010. Diatoms and insects were collected from a 

predetermined area of substrate in the warm months, May-September. Fish were sampled 

throughout the year using backpack electrofishing and seining. Diatoms and fish data consisted 

of species counts, and insect data, of genus counts. 
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 In selecting our 1400 sites from datasets of 2175 diatom, 1760 insect, and 1617 fish 

samples, we controlled for spatial aggregation by ensuring that the minimum pairwise distance 

between any two sites was 1 km. We included the physicochemical parameters of nitrate (NO3, 

µg/L), pH, total phosphorous (TP, µg/L), specific conductance (µS/cm), water temperature (C°), 

which were available from USGS or USEPA datasets. Elevation (m) was obtained from the 

WorldClim database (Fick & Hijmans, 2017) and used to calculate slope (% grade) with the 

package ‘raster’ (Hijmans et al., 2020), and averaged across a 5 km buffer around all sites. 

Climate variables included mean temperature and precipitation minima, maxima, averages, 

ranges, and seasonality across a 5 km buffer extending from each site (WorldClim V1.4; 19 

bioclimatic variables) (Hijmans et al., 2005). Environmental variables were ln-transformed if 

normality was improved, except slope which was arcsine square root-transformed, and pH, 

which was not transformed. All variables were standardized (mean = 0, standard deviation = 1). 

Pairwise distances between all sites were calculated in km using the ‘distm’ function in the R 

package ‘geosphere’ (Hijmans et al., 2019). 

  

Co-occurrence Networks 

We created a weighted network based on the partial Spearman correlation matrix of the 

relative standardized species abundances. To minimize spurious correlations caused by rare taxa, 

only those taxa occurring in 15 or more sites (1% of all sites) were including in network creation. 

We used random matrix thresholding in the R-package ‘RMThreshold’ (Menzel, 2016) with 

modification from Budnick et al. (2021) to objectively determine thresholds between meaningful 

and spurious correlations. The resultant adjacency matrix was used to create a weighted and an 

unweighted network with the R-package ‘igraph’ (Csárdi & Nepusz, 2006). In these networks, 
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nodes represented taxa, while edges represented the co-occurrence between them. In the 

weighted network, the strength of the partial Spearman correlation was used as the edge weight 

(either positive or negative), while in the unweighted network all edges were given either a 

weight of 1 (present) or 0 (absent). We used a fast-greedy clustering algorithm (function: 

‘cluster_fast_greedy’) to identify modules in the network. We then calculated the following 

network topology measures, node and edge count, mean node degree (mean number of edges per 

node), connectance, mean shortest path length, modularity, and number of modules. Mean 

shortest path length was calculated with a harmonic mean and was based on the unweighted 

network. Connectance was calculated as the ratio of observed over all possible edges. We also 

calculated the average number of edges between a certain node and those nodes within its 

module (intramodular degree, Kin), and outside its module (extramodular degree Kout). These 

parameters provide information on how connected or isolated modules are relative to the 

network as a whole (Guimerà & Amaral, 2005).  

 

RDA and Variance Partitioning: 

To analyze the effect of environment vs. space on metacommunity composition in each 

dataset, we performed redundancy analysis with variance partitioning, both using all taxa that 

occurred in at least 1% of sites, and again using only taxa that were included in the respective 

networks. We Hellinger transformed species abundances and utilized the first four axes of a PCA 

of the centered and standardized climatic and physicochemical parameters. For space, we used 

the first four axes of a PCA of the pairwise distance between all sites in km. This utilization of 

PCA axes was done to match the statistical procedures used to assess spatial effects on network 

topology (described in the next paragraph). We selected environmental and spatial variables with 
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a forward selection procedure via ‘forward.sel’ in the R-package ‘adespatial’ (Dray et al., 2021). 

Variance partitioning was conducted with ‘varpart’, and RDA with ‘rda’, both in ‘vegan’ 

(Oksanen et al., 2019) on species abundances vs. significant environmental and spatial PCA 

axes. The RDA was tested for significance using a permutation ANOVA.  

 

Gradient effects on co-occurrence networks: 

To analyze the influence of environment, space, and their combination on co-occurrence 

patterns, we adopted the methodology outlined in Morueta-Holme et al. (2016) and the 

associated functions from the R-package ‘netassoc’ (Blonder & Morueta-Holme, 2017). Briefly, 

the ‘netassoc’ procedure compares the observed partial Spearman correlation values from our 

weighted network to the partial Spearman correlation scores derived from a probabilistic 

metacommunity. The probabilistic metacommunity was created by assigning individuals to sites 

based on their probability of occurrence derived from boosted regression trees (BRTs). These 

trees generated probabilities of occurrence for each species in each site based on environmental 

data, spatial data, or both. If a species was not observed in a site, we set its probability of 

occurrence to zero, to prevent assigning species to sites where they do not occur. This process 

was repeated 1000 times in order to build a standard effect size (SES) and a Benjamani–

Hochberg adjusted p-value between the probabilistic and observed rates of co-occurrence. 

Significant edges were those that significantly differed from those generated by the gradient 

effect, and therefore were not explained, and, thus, were retained in the network, while non-

significant edges were removed because they represented co-occurrences due to a shared 

response to a gradient. 
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We ran BRTs with a Bernoulli link-function, trained with 10-fold cross-validation (Elith 

et al., 2008) independently on each species to calculate probability of occurrence. As BRTs are 

sensitive to the number of predictors, we used the first four PCA axes of each set of predictors – 

environment (climate and physicochemistry) and space. For space we based the PCA on the pair-

wise distance between all sites in km. Our combined model incorporated all eight PCA axes. The 

BRTs were run with a bag fraction of 0.5, a tree complexity of 4, and maximum of 3000 trees. 

Only BRT results for those species with an AUC equal or above 0.7 were retained (between 70-

85% of diatoms and insects taxa, and 95-99% of fish taxa). We converted the probability 

estimate generated by the BRTs to abundance by multiplying each species’ probability by the 

observed abundance of the species. We then transformed this abundance dataset to relative 

abundance, thus creating a probability of occurrence matrix where probabilities were weighted 

by the observed abundance of each species. For species with an AUC ≤ 0.7, indicating the BRT 

failed to converge on a suitable model, we used their observed abundances in the predicted 

matrix. 

We then used the predicted abundance matrices to reconstruct the networks, which now 

contained only edges that could not be explained by environment, space, or environment + space. 

A limitation to this approach, however, is that the null model may identify and subsequently 

eliminate the links between taxa which were not adequately predicted by BRT (taxa with an 

AUC ≤ 0.7). To avoid these issues, which could lead to an overestimation of the effect of 

environment or space, we ensured all edges originating from such taxa were maintained through 

the lottery process. As this process only generates one network per gradient effect, we 

qualitatively compared network parameters of the original observed network with the networks, 

controlled for environmental, spatial, and environmental + spatial effects.  
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Phylogenetic similarity:   

 We assembled higher-order taxa for each metacommunity, consisting of phylum, class, 

order, family, genus, species, variety, and form for diatoms; phylum, class, order, family, and 

genus for insects, and finally, phylum, class, order, family, genus, species, and subspecies for 

fish. We measured taxonomic distance between all species pairs linked in the networks with the 

argument ‘taxa2dist’ in the package ‘Vegan’ in R (Oksanen et al., 2019), and represented 

average taxonomic distance of the species present in the network. Distance was scaled to 100, 

with 100 representing maximal distance (i.e., most distantly related taxa) and 0 representing 

maximal similarity (i.e., most closely related), to improve interpretability, we converted these 

data to phylogenetic similarity by subtracting the average distance from 100. To assess whether 

there was overdispersion, taxonomic similarities less than expected at random, or clustering, 

greater taxonomic similarity than expected at random (Warwick & Clarke, 1998; Clarke & 

Warwick, 2001), we randomly rewired the network 1000 times and measured taxonomic 

similarity. To preserve the network’s structure while rewiring, we maintained the same node 

degree distribution in each pull, following an Erdös-Réyni null model. To prevent connections 

between species that cannot co-occur naturally, we only permitted edges between species that 

were found in the same two-digit hydrological unit (Seaber et al., 1987). We then compared the 

average phylogenetic similarity of the observed network to the 95% confidence interval of the 

average phylogenetic similarity in the 1000 rewired networks. We then calculated average 

phylogenetic similarity in the networks controlled for environment, space, and both and 

compared them with the average taxonomic similarity of the observed networks with ANOVA 

followed by a Tukey’s post-hoc test.  
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Results 

 

Determining the drivers of metacommunity composition 

To assess the role of environmental and spatial processes on metacommunity composition, we 

conducted RDA and variance partitioning on both the entire metacommunity dataset, and the 

subset of taxa that occurred in the networks. We found these datasets to provide very similar 

results (less than 1% difference), thus only the results of the networked taxa were discussed 

further. RDA showed that both environment and space significantly explained community 

composition in all three datasets. Generally, the combined model, environment + space, 

explained the most variance in community composition, between 11.4% and 16.8% of variance. 

In diatoms and insects, environment outperformed space, whereas space outperformed 

environment in fish (Fig. 3.3a). Variance partitioning provided similar results, though generally 

explained less variance, ranging from a total of 7.8% in insects to 16.8% in fish. Covariance 

between environment and space explained the greatest amount of variance, between 4% and 

8.8%. Pure environment explained more than pure space in diatoms and insects, while in fish 

space outperformed pure environment (Fig. 3.3b). 

 

Assessing the drivers of network topology 

The raw diatom network was large, with 489 nodes and 886 edges, but not well connected, 

having a low average degree, 3.62, and low overall connectivity, 0.007. The diatom network was 

modular, with 15 modules, well connected to each other (Kout = 0.96), and an overall modularity 

of 0.65. Controlling for environment, space and both, greatly reduced network size, i.e., loss of 

both nodes and edges, reduced connectedness but increased the modularity. The three controls 
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had similar effects on network topology, and all resulted in more fragmented networks with 

lower average node degree and higher modularity (Table 1, Fig. 3;4). 

 In insects, the raw network contained 256 nodes and 478 edges and had an average 

degree of 3.73 and a connectance of 0.015. It was modular, with a modularity of 0.62 and 14 

modules which were well connected externally (Kout = 0.87) and internally (Kin = 2.87). The three 

controls produced similar networks, and all effects reduced the size, with the greatest reductions 

being driven by the combined effect model. Network parameters related to connectance: mean 

node degree, connectance, and path length depended on the control, as degree decreased in all 

cases (-48.1 – -56.8% change), generally indicated a more fragmented network, while 

connectance increased with a corresponding decrease in mean path length, under the space and 

combined gradient effects indicating the opposite. The networks controlled for gradient effect 

were also more modular (37.7 – 44.2% change), in all cases, with the greatest increase in the 

combined control network. In all cases, Kout and Kin declined, indicating that the modules were 

less connected, both to each other and internally (Table 1, Fig. 3;4).  

 In fish, the raw network was the smallest of the three datasets, with 160 nodes and 183 

edges. It had low mean node degree (2.29), low connectance (0.014), but high mean path length 

(5.63). Additionally, the raw network was highly modular, with 19 modules and a modularity of 

0.82, with an average Kout of only 0.25. The controls generated similar networks for fish, which 

were smaller in size, more connected, and more modular. Mean node degree decreased in the fish 

networks (-41.5 – -51.1% change) after control for gradient effects, while connectance increased 

(141 – 159% change) indicating the remaining nodes were better connected to each other. 

Modularity increased in all three controls, however there was a reduction in the number modules 

resulting from the overall decrease in network size. There was additionally a decrease in Kin as 
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well as the complete loss of intermodular connections, Kout, indicating these smaller modules 

were isolated from each other (Table 1, Fig 3;4).  

 On average, there was a shift of between 45.2% and 71.4% in network topology 

following control of gradient effects, with the greatest changes in the fish networks, and the 

smallest changes in the insect networks. There were no large differences among the gradient 

effects (Fig. 5) 

 

Measuring the drivers of phylogenetic similarity: 

The mean phylogenetic similarity of connected species in the raw networks was greater than 

what would be expected by random chance in all three organismal groups. Diatoms had the 

lowest level of phylogenetic similarity, 12.4 (rewired = 5.7), followed by insects, 20.1 (rewired = 

11.7), while fish had the greatest level of phylogenetic similarity, 39.0 (rewired = 29.8) (Fig. 6). 

In diatoms, the phylogenetic similarity of the raw vs. the controlled networks were not 

significantly different (ANOVA F = 1.895, p =0.128). Conversely, in insects, the raw network 

had significantly lower phylogenetic similarity than that of any controlled network, which did 

not differ from each other (ANOVA F = 34.97, Tukey p < 0.01). Fish exhibited the opposite 

trend: the phylogenetic similarity of the raw network was significantly greater than that of the 

controlled networks, which also did not differ from one another (ANOVA F = 12.24, Tukey p < 

0.01; Fig. 7).  
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Discussion 

 

Following our first and third objective, we compared the influence of environmental and 

spatial factors on metacommunity composition vs. network topology in organismal groups 

varying in body size and dispersal capacity. With respect to metacommunity composition, the 

combined effect of environment and space explained the greatest amount of variance in all three 

datasets, but much of this effect was due to covariance of environment and space, as indicated by 

variance partitioning. Similar dominance of the shared component has been reported in stream 

diatoms, insects and fish (Cottenie, 2005; Heino et al., 2016). Individually, the environment 

outperformed space in both diatoms and insects, consistent with our expectation for a stronger 

environmental control in these small organisms. Conversely, in fish space was a stronger 

predictor than the environment, indicating that fish were subject to stronger dispersal limitation, 

also in agreement with expectation. Previous research in lakes and ponds found a greater 

influence of habitat filtering on small-bodied aquatic organisms, but of dispersal on large species 

(De Bie et al., 2012; Padial et al., 2014). Here we strengthen these claims by demonstrating 

similar patterns in stream organisms across a large subcontinental range.  

With respect to network topology, the environmental and spatial effects were strong and 

comparable across the three studied groups, although individual topological metrics responded 

differently to the three controls. Similarly, metacommunity composition was driven primarily by 

the interaction of space and environment, with only minor differences in the pure components, as 

discussed. Our results were thus inconsistent with Budnick et al. (2021) who reported 

environmental processes, namely climatic filtering, dominating over spatial processes on both 

network topology and metacommunity composition. This discrepancy was likely due to our 

inclusion of physicochemical data explicitly in our assessment of environment, which is critical 
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for freshwater algae (Passy et al., 2018). We further extended these conclusions to insects and 

fish, providing further knowledge of the roles of niche and dispersal mechanisms along a broad 

gradient of dispersal capacity. 

Networks controlled for environment, space, or both were substantially smaller and more 

modular, but their connectance and path length differed among the three groups. The reduction in 

size was most notable in the fish networks, which suggests that co-occurrences in fish were more 

strongly driven by both environmental and spatial processes. Smaller network size in fish was 

further associated with increased connectance and shorter path lengths. Thus, while the majority 

of the fish nodes were lost, those that remained were more connected. Connectance did not 

change appreciably in diatoms and insects following environmental and/or spatial control, and 

path length showed a divergent response—it increased in diatoms but decreased in insects. This 

could be due partially to the low initial connectance in our networks (0.01-0.03), likely a result 

of our large spatial scale, as other network studies conducted over smaller areas report higher 

connectance values of 0.05 to 0.3 (Thompson et al., 2012). The increased connectance in the 

controlled fish networks may be evidence that the remaining taxa had strong ecological 

relationships with each other, such as facilitation through nest construction, as previously 

documented in stream fish networks (Peoples et al., 2015). We additionally measured mean 

shortest path length, which is related to connectance as high connectance increases the number of 

alternate paths in a network, thus lowering path length. We confirmed this trend across our 

controls, except in the combined control of diatoms, which had a small increase in both 

connectance and path length.  

All networks were modular, indicating high fragmentation (Newman & Girvan, 2004), 

however, modularity increased after the application of controls. Modules can indicate species 
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that are grouped together due to shared niche or shared dispersal history (Jones & Hallin, 2018), 

and our results indicated that both processes were at play, as modules were broken up when we 

removed edges explainable by niche or spatial overlap. Our results further revealed a trend of 

decreasing intramodular degree, Kin, confirming that the modules in the controlled networks 

contained taxa with fewer connections to each other. We also observed a decrease in 

intermodular degree, Kout, allowing us to attribute intermodular connections, which are critical 

for network cohesion (Yang et al., 2021), to spatial or environmental processes. These 

intermodular links could be due to cosmopolitan species occurring broadly. These taxa would 

have multiple co-occurrences with range restricted taxa represented in multiple different modules 

(McGarvey & Veech, 2018). Overall, we concluded that species groupings were mediated by 

both niche and dispersal processes, regardless of dataset.   

In all cases networks were substantially reduced by the environment, space, and 

environment + space controls, i.e., between 68% and 90% of all edges were removed after 

control, suggesting that most co-occurrences were driven by abiotic processes. Co-occurrence 

networks have been used to assess species interactions, including competition (Berry & Widder, 

2014) and facilitation (Blonder et al., 2018), but at large scales evidence shows that edges are 

due to filtering or dispersal (Blanchet et al., 2020). Here we provide the first empirical support of 

this notion in fish and insect networks, and confirm a previous finding in diatoms that network 

topology is strongly driven by environmental and spatial processes (Budnick et al., 2021). While 

it is possible that some of our unexplained edges could be due to interactions as our methods do 

not account for biotic factors (Morueta-Holme et al., 2016), it is more likely they were due to 

processes poorly accounted for in our controls, such as unmeasured niche dimensions (e.g., 

substrate quality). 
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To address our third objective, we assessed the relatedness of co-occurring taxa in our 

networks. We compared the phylogenetic similarity in raw vs. randomly assembled networks and 

found a pattern of phylogenetic clustering in all three datasets. These results revealed that co-

occurring taxa were more phylogenetic similar than expected by chance, but the reasons for this 

pattern may differ across the three groups, as evident from our comparisons of taxonomic 

similarity in raw vs. controlled networks (discussed below). Previous work has shown that 

microbes were more likely to connect with closely related taxa (Hu et al., 2017; Zhang et al., 

2020; Lentendu & Dunthorn, 2021), but here we detect this trend across eukaryotic organisms, 

ranging from diatoms to fish.  

We next tested whether the controlled networks had higher taxonomic similarity relative 

to the observed network, which would occur if environmental niches and dispersal history were 

phylogenetically conserved. The three groups showed divergent patterns. In diatoms, 

phylogenetic distances in raw vs. controlled networks were not significantly different from each 

other, suggesting that neither environmental niches nor dispersal history were phylogenetically 

conserved. Previous research has shown that diatoms exhibit a weak niche conservatism due to 

their high level of local adaptation, particularly to climate (Soininen et al., 2019). Here we 

broaden our knowledge by demonstrating the lack of phylogenetic signal in niche or dispersal 

mediated co-occurrences. This can be explained in part with the high dispersal ability of diatoms, 

which allows them to broadly occur where the environment permits them, irrespective of their 

phylogenetic relations (Soininen et al., 2019). The raw insect network was had lower taxonomic 

similarity relative to the controlled networks, suggesting that closely related insects had 

divergent environmental preferences and spatial patterns. This was consistent with niche 

partitioning, which drives an inverse relationship between phylogenetic relatedness and 
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environmental preference by selecting for species with similar traits (Cavender-Bares et al., 

2004; Starko et al., 2020). Fish conformed to our prediction of phylogenetic niche conservatism, 

as taxonomic similarity decreased after controls, indicating that phylogenetic clustering was 

driven by shared niches and dispersal history. This conclusion was supported by past research 

documenting niche conservatism in freshwater fish, particularly among range restricted taxa 

(McNyset, 2009). 

In this first comparative continental analysis of metacommunity composition vs. co-

occurrence networks across stream organisms, we demonstrated that both metacommunity 

composition and co-occurrence networks share the same macroecological drivers of habitat 

filtering and dispersal limitation. We additionally confirmed that metacommunity drivers were 

weakly dependent on the dispersal ability, as diatoms and insects showed a greater contribution 

of pure environment relative to pure space, while fish demonstrated greater pure space, though 

covariance between environment and space was greatest in all cases. We did not, however, 

extend this conclusion to network topology drivers, as parity between environment and space 

was found across all three datasets. This allowed us to conclude that a majority of freshwater co-

occurrence network topology was a result of environmental or spatial processes. Finally, we 

showed that, at large scales, these freshwater groups were more likely to co-occur with closely 

related taxa than expected by chance. We then provided novel insight into this pattern by 

demonstrating that taxa which co-occur due to shared environmental preference were closely 

related, consistent with phylogenetic niche conservation, only in fish, whereas the opposite, 

phylogenetic niche dispersion, was true in insects, and diatoms, due to their broad dispersal 

capacity demonstrated neither niche conservation nor dispersion.  
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Table 3.1. Parameters of observed network and networks controlled for the environment, space, 

and environment + space (combined).  

 

Group Control 
No. 

nodes 

No. 

edges 
Degree Connectance 

Mean 

shortest 

path 

Modularity 
No. 

modules 
Kout Kin 

Diatoms 

None 489 886 3.62 0.007 4.71 0.65 15 0.96 2.67 

Environment 292 281 1.92 0.007 7.39 0.88 37 0.14 1.79 

Space 288 281 1.95 0.007 6.36 0.87 36 0.15 1.81 

Combined 230 198 1.72 0.008 5.29 0.92 40 0.05 1.67 

Insects 

None 256 478 3.73 0.015 4.28 0.62 14 0.87 2.87 

Environment 131 119 1.82 0.014 4.56 0.85 27 0.15 1.66 

Space 130 126 1.94 0.015 3.54 0.85 22 0.14 1.80 

Combined 98 79 1.61 0.017 2.22 0.89 25 0.06 1.55 

Fish 

None 160 183 2.29 0.014 5.63 0.82 19 0.25 2.04 

Environment 32 18 1.13 0.038 1.10 0.91 14 0 1.13 

Space 34 19 1.12 0.035 1.12 0.91 15 0 1.12 

Combined 35 21 1.20 0.036 1.32 0.87 14 0 1.20 
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Fig. 3.1. Conceptual diagram of phylogenetic niche conservatism or dispersion. In scenario a), 

species (colored lines) co-occur in sites A, B or C based on color due to habitat filtering along 

and environmental gradient. Following phylogenetic niche conservatism, taxa that are closely 

related have similar traits, and therefore co-occurring taxa have taxonomic similarity, 

represented by the short distances between co-occurring taxa in the phylogenetic tree. In scenario 

b) species again co-occur in sites A, B or C based on color due to habitat filtering along an 

environmental gradient. However, due to phylogenetic niche dispersion, taxonomically similar 

species have divergent traits, represented by the longer distances between co-occurring taxa in 

the phylogenetic tree. Figure modified from Starko et al., (2020).  

 



58 
 

 

Fig. 3.2. Map of sampled diatom sites (a), insects sites (b) and fish sites (c). (Projection: EPSG: 

2163). 
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Fig. 3.3. (a) Adjusted R2 from redundancy analysis of metacommunity composition against 

environmental, spatial, and environmental + spatial predictors. (b) Adjusted R2 of variance 

partitioning, decomposing explained variance of metacommunity composition into pure 

environment, pure space, and their covariance.  
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Fig 3.4. Visualizations of observed networks and the networks controlled for environment, 

space, and environment + space.   
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Fig 3.5. Percent change in each topologic parameter between the observed networks and the 

networks controlled for environment, space, and environment + space. 
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Fig. 3.6. Average percent change (absolute values) in network parameters between the observed 

networks and the networks controlled for environment, space, and environment + space. 
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Fig. 3.7. Taxonomic similarities in the observed and rewired networks.  
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Fig. 3.8. Taxonomic similarity of the observed networks (R) vs. networks controlled for 

environment(E) space(S) and environment + space (ES). Error bars represent a 95% confidence 

interval of the mean taxonomic distance. Means were compared with ANOVA followed by a 

Tukey post-hoc test.  
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Introduction 

 

What mechanisms drive species richness is a central research topic in ecology. Local species 

richness, defined as the number of species in a single locality, is constrained by local processes, 

e.g., habitat filtering and species interactions, and regional processes, namely dispersal from the 

species pool (Leibold et al., 2004). A common tool used by macroecologists to assess whether 

local or regional processes are dominant is the local species richness (LSR) - regional species 

richness (RSR) relationship. A curvilinear, saturating relationship is thought to be indicative of 

dominance of local processes, while a linear relationship, indicative of dominance of regional 

processes (Terborgh & Faaborg, 1980; Ricklefs, 1987). A saturated trend has been interpreted as 

indicative that all available niches are occupied and intense competition (Ricklefs, 1987; Cornell 

& Lawton, 1992), habitat filtering (Brown et al., 2001), or disturbances (Harrison & Cornell, 

2008; DeVantier et al., 2020) prevents immigrating taxa from establishing. Conversely, a linear 

increase of local with regional richness indicated niche availability, and a community open to 

immigration (Cornell, 1993; Mateo et al., 2017) but limited by the regional species pool (Caley 

& Schluter, 1997; Shurin et al., 2000). Research has demonstrated that both saturated and 

unsaturated patterns are common across communities types (Szava-Kovats et al., 2013; Cornell 

& Harrison, 2014). Linear trends were found in systems with strong regional environmental 

gradients, such as stream diatoms (Passy, 2009; Soininen et al., 2009), macroinvertebrates 

(Grönroos & Heino, 2012), or weak local interactions, as observed in fish (Oberdorff et al., 

1998). Saturated patterns, on the other hand, were observed in communities structured by 

competition, e.g. in global fern communities (Weigand et al., 2020), and are more likely in 

habitats with strong local environmental filters, e.g. in grasses (Michalet et al., 2015).  
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Spatial scale affects the LSR-RSR relationship because the mechanisms driving this 

relationship operate on different scales--habitat filtering and species interactions at small scales 

and dispersal limitation at large scales (Hillebrand & Blenckner, 2002) This has been shown in  

diatoms, where the LSR-RSR relationship transitioned from curvilinear at small regional scales 

(a single stream) to linear at a large local and regional scales (multiple streams across a drainage 

basin) (Soininen et al., 2009). Scale dependence of the LSR-RSR relationship was similarly 

demonstrated in rocky tidal invertebrates, though local scale rather than regional scale was 

varied, with small local scale driving saturation and large local scale resulting in linearity 

(Rivadeneira et al., 2002). However, research with coral communities showed a linear trend 

regardless of the local scale considered, possibly owing to the high levels of local heterogeneity 

present in coral reefs (Cornell et al., 2008). 

In addition to spatial scale, the LSR-RSR relationship may be related to body size and 

dispersal ability of the organisms, which are inversely correlated in freshwater streams (De Bie 

et al., 2012; Padial et al., 2014). Larger species with poor dispersal capacity may possess non-

saturated LSR-RSR relationships due to dispersal limitation, while small species with good 

dispersal abilities may be more strongly controlled by the environment and have saturated LSR-

RSR relationships (Hillebrand & Blenckner 2002). Evidence for this pattern is conflicting, given 

that both microscopic diatoms (Passy 2009) and large bodied fish (Oberdorff et al., 1998) 

exhibited linear LSR-RSR relationships. However, this discrepancy could be a result of 

differences in scale, given that the study of Passy (2009) was sub-continental, where dispersal 

limitation is strong and may have resulted in linear LSR-RSR. To disentangle the effects of scale 

and body size on the LSR-RSR relationship, we examined this relationship while maintaining 

constant local scale (single stream reach), while varying the regional scale, generating twelve 
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distinct regional sizes ranging from 160,000 km2 to 6,760,000 km2. We analyze three major 

stream species groups, diatoms, insects, and fish, which differ greatly in body size and dispersal 

ability, allowing us to further elucidate the drivers of local richness.  

Here we combined a recently developed landscape window approach (Leboucher et al., 

2019) with multiple regression and variance partitioning to test not only the scale dependence of 

the LSR-RSR relationships, but also the scale dependence of the drivers of local richness of 

stream organisms. Landscape windows (windows henceforth) were squares, representing 

differing scales. We first hypothesized that as regional scale increased, the LSR-RSR 

relationship would shift from curvilinear to linear as a result of reduced relative importance of 

environmental filtering but increased relative importance of dispersal limitation. Environmental 

filtering was assessed by measuring the pure influence of local physicochemistry and climate, 

while dispersal limitation was measured by the pure effect of regional richness on median local 

richness in each landscape window. We secondly hypothesized that the shift from curvilinear to 

linear LSR-RSR relationship would occur at smaller scales for less dispersive species, such as 

fish. 

 

Methods 

 

Datasets 

Stream diatoms, insects, and fish were collected from 2278, 2270 and 2296 distinct localities, 

respectively, by the National Water-Quality Assessment (NAWQA) Program of the US 

Geological Survey and the National Rivers and Streams Assessment (NRSA) of the US 

Environmental Protection Agency (Fig. 4.1). Samples were taken between 1993 and 2019, 

though the majority of sampling occurred in 2008 and 2009 for diatoms and insects, and in 2008, 
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2009, 2013, and 2014 for fish. Diatoms and insects were sampled from a predefined area of 

stream substrate, while fish were collected with electrofishing and seines. Diatoms and fish were 

identified to species, and insects to genus. As local richness depends on the number of counted 

individuals and regional richness depends on the number of counted samples, we subsampled 

down each sample to 400 individuals for diatoms and 100 individuals for insects and fish and 

pulled at random 60 sites from each window (Fig. 2a, b). Climate data were retrieved from the 

WorldClim V1.4 database (Hijmans et al., 2005) using a five-kilometer buffer for each site. They 

included temperature and precipitation averages, minima, maxima, ranges, seasonality, and 

extremes (19 variables). For each site, watershed and physicochemistry data were available, 

including slope (percent grade) and elevation (m), each based on a five-kilometer buffer, 

drainage area (km2), as well as pH, water temperature (°C), specific conductance (μS/cm), total 

phosphorus (μg/L) and nitrates (μg/L). 

 

Spatial design 

We defined the local scale as a single stream reach, but varied regional scale by utilizing twelve 

differently sized landscape windows, following Leboucher et al., (2019). We defined the 

windows as squares ranging from 16,000 km2 (400 km edges) to 6,760,000 km2 (2600 km edges) 

by increasing edge size by 200 km. To improve readability, we refer to windows by their edge 

size rather than area. To ensure that each window was adequately sampled, we further 

subdivided it into 9 sub-windows (3 × 3 grid) and only considered a window valid if 7/9 of the 

sub-windows contained samples. Invalid windows were resampled until the 7/9 rule was 

satisfied. Each window contained unique sites because they overlapped by at most two thirds. 

Some overlap was necessary to cover the whole US, particularly for the largest windows, as two 
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adjacent 2600 km windows do not fit within the US, and would fail to meet the 7/9 requirement. 

To control for pseudoreplication due to windows overlapping and sharing samples, we 

implemented a randomization approach, whereby windows were subsampled at random without 

replacement in proportion to the number of sites it contained. We pulled 1000 times 60 sites at 

each scale, generating 1000 windows for each scale or a total of 12,000 windows per species 

group.  

 

Statistical analysis 

 We calculated median local richness and regional richness (γ-diversity) from the 60 

selected sites in each window. We compared the relationship between local richness (LSR) and 

regional richness (RSR) with quadratic regression. 

(1) 𝑌 = 𝑏0 + 𝑏1𝑋 + 𝑏2𝑋2 + 𝜀 

Where Y was median local richness, X was centered and standardized regional richness, b0 was 

the intercept, b1 was slope, and b2 determined the curvature of the relationship. Median local 

richness was chosen over mean local richness in order to reduce the effect of extremes in local 

richness. To assess if saturation of the LSR-RSR relationship was scale dependent, we regressed 

parameter b2, which describes the shape of the quadratic fit, against scale. When parameter b2 is 

significantly negative, the fit is concave and indicative of saturation. When parameter b2 is 

significantly positive or non-significant, the fit is, respectively, convex, or linear and indicative 

of non-saturation. 

We also calculated the median of all physicochemical and climatic parameters in each 

window, as well as the heterogeneity of climate and physicochemistry as median Euclidean 

distance. To assess the drivers of median local richness across scales, we performed multiple 



71 
 

regression with variance partitioning at each scale. The median local richness was the dependent 

variable, while the centered and standardized regional richness and its square, the centered and 

standardized environmental medians and their squares, and the centered and standardized 

environmental heterogeneity and its square were the predictors. We selected regional richness 

and environmental variables through forward selection using AIC. Then, we performed variance 

partitioning and determined the pure effect of regional richness, the pure effect of the 

environment, and their covariance effect as adjusted R2. To assess the scale dependency of the 

drivers of median local richness, we regressed the adjusted R2 of all terms against the log-

transformed scale and its square. To assess the drivers of saturation, we regressed parameter b2 

against the adjusted R2 of all variance partitioning terms.  

 

Results 

 

LSR-RSR relationship 

The form of the LSR-RSR relationship, as assessed by parameter b2, was dependent on scale in 

all groups, but a transition from generally curvilinear to linear pattern was observed only in 

diatoms and insects. In fish, the relationship remained curvilinear across scales. Specifically, 

diatoms were unsaturated at the smallest regional scale (400 km), saturated from the 600 km to 

2000 km scale, and unsaturated concave from 2200 km to 2600 km scale. Similarly, insects also 

were unsaturated at the 400 km and 600 km scale, and saturated from 800 km to 1400 km. 

However, the b2 parameter was non-significant from 1600 km to 2400 km, and positive in the 

2600 km window, indicating linearity. Fish were significantly saturated from the smallest to the 

largest window, with the exception of the 2000 km window. However, the b2 parameter in fish, 

while significant, was small and trended towards zero and lacked a clear asymptote from the 



72 
 

1800 km and larger windows, suggesting that local diversity was not in fact limited (Fig. 4.3 – 

4.5). Regressing parameter b2 against log-scale revealed a parabolic relationship in all three 

datasets with maximal saturation occurring in the middle extents (Fig. 4.6).  

Drivers of local richness 

We examined the contribution of regional richness, environment, and their covariance to median 

local richness with multiple regression and variance partitioning. In diatoms, we observed 

significant quadratic relationships with scale for pure regional richness, pure environment, and 

the covariance term (Fig. 4.7a). The regional richness effect increased with scale, the 

environmental effect peaked at smaller scales, and the covariance effects decreased with scale. A 

comparison of the pure effects showed that the environment was more important at all but the 

largest scales. In insects, the pure environmental effect and the covariance effect showed 

significant correlations with scale, similar to diatoms, while the regional richness was not 

significantly related to scale (Fig. 4.7b). The environmental effect peaked at the 1000 km 

window and remained dominant in all large windows. The covariance effect decreased with scale 

and peaked at 400 km window. In fish, the environmental effect had a U-shaped relationship 

with scale (Fig. 4.7c). The role of regional richness marginally increased with scale and 

explained the smallest portion of variance at all scales. The covariance effect was hump-shaped 

and dominant in all but the smallest scale. Pure regional richness had an upward parabolic 

relationship with insect b2, and a downward relationship with fish b2, and pure environment had 

a negative relationship with b2 in both diatoms and insects, while covariance had significant 

upward parabolic relationships in diatoms and insects, but none in fish (Fig. 4.8).   
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Discussion 

 

Our first hypothesis predicted a shift from saturated to non-saturated LSR-RSR relationship with 

spatial scale due to reduced environmental filtering and increased dispersal limitation. We 

partially confirmed this hypothesis in diatoms, and insects, but rejected it in fish. In diatoms, the 

LSR-RSR relationship generally transitioned with scale as expected, with the exception of the 

smallest scale, where the relationship was linear. These results are consistent with Soininen et al. 

(2009), who observed that LSR-RSR was saturated when regional richness was assessed at small 

scales, a single stream reach, but linear when large scales, a drainage basin with multiple 

streams, were considered. However, we further related the changes in the shape of the LSR-RSR 

relationship to driving mechanisms. In our study, these changes were indeed associated with a 

decrease in the role of pure environment with scale and an increasing role of regional richness in 

determining median local richness. When the LSR-RSR relationship was saturated, environment 

filtering was generally the strongest. Previous studies have reported strong filtering from water 

chemistry and climate on local diatom richness (Passy, 2009; Soininen et al., 2016; Passy et al., 

2018), but here we show that the strength of this process is scale-dependent. The linearity of the 

LSR-RSR at large scales, as well as the increase in the importance of regional richness, indicated 

that dispersal limitation was influential for local richness, adding to a growing body of research 

demonstrating that communities of good dispersers, such as microorganisms, are not structured 

solely by environmental filtering but also by dispersal limitation (Vilmi et al., 2016; Bestová et 

al., 2018).  

In insects, the LSR-RSR relationship was unsaturated at smallest scales, 400 km, and 600 

km, saturated at mid-scales, but flat or non-saturated at scales of 1600 km or larger. At the scales 

where the LSR-RSR relationship was saturated, the environmental effect was the strongest, 
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suggesting that local control of median species richness may have resulted in curvilinearity of the 

LSR-RSR relationship. However, the pure regional richness effect on median species richness 

was generally low, and the environment always had a stronger effect, implying that dispersal 

limitation may have had little influence. Previous research in stream macroinvertebrates at the 

guild level similarly found a minor contribution of regional richness to local richness variability 

relative to the environment, however, the LSR-RSR relationship was linear (Grönroos & Heino, 

2012). In contrast, an investigation of head water streams (Heino et al., 2003) and an Australian 

study over a relatively small regional size (Marchant et al., 2006) found linear RSR-LSR and 

evidence that regional richness more than the environment constrained local richness. 

Nevertheless, none of these three studies considered the effect of scale, which we show is 

inherently linked with the shape of the LSR-RSR relationship and its drivers.  

In diatoms and insects, the LSR-RSR relationship was linear at the smallest scales before 

transitioning to a saturated pattern in the middle scales, which we attribute to mass effects. Mass 

effects offset the influence of local processes, such as environmental filtering, by allowing 

species to persist in unfavorable habitats through immigration (Shmida & Wilson, 1985) and 

may thus prevent local richness from saturating. Previous studies have demonstrated mass effects 

in diatoms (Jamoneau et al., 2018; Leboucher et al., 2020) and aquatic insects (Heino & 

Tolonen, 2017). However, to our knowledge, this process has not been implicated as a driver of 

the LSR-RSR relationship. 

In diatoms and insects, the presence and level of saturation, measured by parameter b2, 

was determined by environmental effects. Positive parameter b2 values and values approaching 

zero, indicative, respectively of lack of saturation or weak saturation, were generally associated 

with weaker environmental filtering. This is consistent with the original ideas of Terborgh & 
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Faaborg (1980), and Ricklefs (1987), who both posited that environmental conditions can limit 

the number of species that can persist at a site. This follows as past stream observations have 

revealed that local environmental conditions, such as climate and water chemistry (Passy et al., 

2018; Brittain et al., 2020), limit local richness (Poff, 1997; Heino, 2011). 

In fish, the LSR-RSR relationship also trended towards linearity with increasing spatial 

scales, which was associated with a significant increase in the effect of pure regional richness, 

confirming our prediction. However, unlike diatoms and insects, where parameter b2 decreased 

under stronger filtering, there was no clear connection between the shape of the fish LSR-RSR 

relationship and the strength of the environmental processes. Notably, most of the variance in 

median local richness in fish was explained by the covariance of environment and regional 

richness, indicating that environment influenced local richness primarily indirectly through 

regional richness. These results contrasted past research on the LSR-RSR relationship in fish 

which found linearity (Caley & Schluter, 1997; Oberdorff et al., 1998), and attributed it to a 

strong influence of regional richness on local richness. We attribute this discrepancy to our 

inclusion of more environmental variables which could explain fish range limits and therefore 

regional richness patterns, namely climate (Griffiths, 2015), and physical dispersal barriers such 

as mountains (represented in our data with elevation and slope), or disconnected drainage basins 

(Carvajal-Quintero et al., 2019). These barriers may also have led to the limited, though 

significant, saturation at large scales, as indicated by negative b2 parameters. Many fish have 

limited ranges which were smaller than our larger windows (Chapter 2), which could have 

caused us to overestimate regional richness.  

Our second hypothesis predicted that a transition from saturated to unsaturated LSR-RSR 

relationships would occur at a smaller scale for dispersal limited species, such as fish. We 
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rejected this hypothesis, as diatoms and insects showed lack of saturation at the smallest scales, 

potentially due to mass effects, and fish remained saturated at all scales even though they became 

only weakly curvilinear at these scales. Saturation, albeit weak, at large scales for fish may have 

been a product of their lower dispersal ability, which drove smaller average range size, which 

precludes most taxa from being able to disperse to all sampled sites, and decoupling the regional 

species pool from local richness (Cornell & Lawton, 1992; Shurin et al., 2000). Local processes 

of habitat filtering and limiting similarity were shown to constrain local richness in French fish 

(Blanchet et al., 2014), but here we demonstrated that the effect of these processes was both 

direct and indirect through regional species richness.  

In conclusion, we identified scale dependent relationships in the drivers of median local 

richness in stream diatoms insects, and fish. In both diatoms and insects, environmental filtering 

decreased with scale and was mostly responsible for the transition from saturated to non-

saturated LSR-RSR relationship. In diatoms, and fish, this transition was further related to 

increased dispersal limitation. In fish, environmental filtering and regional richness operated 

jointly in determining median local richness. While we partially confirmed our second 

hypothesis that dispersal capacity would determine the scale at which dispersal limitation would 

occur, insects appeared to be less dispersal limited than diatoms, counter to expectations. Finally, 

our results indicate that the LSR-RSR relationship may be driven by mass effects at small scales 

in good dispersers, such as diatoms and insects.  
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Fig. 4.1. Location of diatom (a), insect (b) and fish (c) stream samples. (Projection: EPSG: 2163) 

  



82 
 

Fig. 4.2. Cartoon describing our methods. Stream samples are first sampled down from their 

original abundance, represented by point size in (a), to a constant abundance (b). Windows were 

then drawn, in this case with 800 km sides, and subdivided into 9 sub-windows. Sixty sites were 

randomly sampled from each window without replacement, and windows were only considered 

valid if a minimum of 7/9 sub-windows contained samples (c). The number of times a window 

was randomly resampled is proportional to the number of sites within, in this case the blue 

window has more sites than the red window, and was sampled proportionately more. (d) Origins 

of the windows sized 800 x 800 km with blue and red origins corresponding to the windows in c.   
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Fig. 4.3. Regressions of local and regional richness of diatoms across our 12 scales. Significant 

regression parameters areincluded in the equations, and significant trends shown with the red 

lines.  
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Fig. 4.4. Regressions of local and regional richness of insects across our 12 scales.  

Significant regression parameters areincluded in the equations, and significant trends shown with 

the red lines.  
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Fig. 4.5. Regressions of local and regional richness of fish across our 12 scales. Significant 

regression parameters are shown.  
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Fig. 4.6. Parameter b2 from quadratic regression of local richness against regional richness 

regressed against the log10-transformed scale for diatoms (a), insects (b) and fish (c). Non-

significant b2 parameters are shown with open symbols but were still considered in this 

regression as they indicate an unsaturated trend.  
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Fig 4.7. Explained variance in local richness (adjusted R2) by environment, regional richness, 

and their covariance along the log10-transformed scale for diatoms (a), insects (b) and fish (c). 

Significant relationships with scale are shown with trendlines and their respective adjusted R2 

provided. 
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Fig. 4.8. Regressions of the b2 parameter against the variance explained regional richness, 

environment, and their covariance for diatoms (a, d, g), insects (b, e, h) and fish (c, f, i). 

Significant relationships are shown with trendlines and their respective is adjusted R2 provided 
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Chapter 5 

General Conclusion 

  

 The overarching goal my dissertation was to explore how niche and dispersal processes 

control biodiversity, co-occurrence, and taxonomic relatedness of stream metacommunities in the 

US. I analyzed the effect of gradients in environmental stress, spatial scale, and species traits 

finding that the relative importance of niche versus dispersal processes was highly context 

dependent on latitude, scale, and species group.  

 In chapter 2, we analyzed latitudinal trends in the relative importance of niche and 

dispersal processes structuring α- and β-diversity of stream algae, insects, and fish. Latitude 

represents a gradient of climatic stress, with harsher and more seasonal climates at high latitudes, 

but more benign and stable climates at low latitudes, which lead to specialization and reduced 

range size. Therefore, we predicted that the role of niche processes would increase with latitude, 

while the role of dispersal limitation would decrease. We analyzed α-diversity with multiple 

regression and variance partitioning, and β-diversity with distance-based RDA and variance 

partitioning to assess the proportion of variance explained by the environment, space, and their 

covariance. We found that the importance of niche and dispersal processes varied predictably 

along the latitudinal gradient only for α-diversity but not β-diversity. However, the niche effects 

were driven mostly by physicochemistry, not climate, and dispersal effects were not always 

linked with range size. However, niche effects were generally stronger than dispersal effects on 

both α- and β-diversity. This suggests that climate-based biodiversity theories have limited 

relevance for the streams in our study, as non-climatic environmental gradients exerted strong 

filtering on both local diversity and species turnover.  
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 In chapter 3, we investigated the drivers of co-occurrence network topology vs. 

metacommunity composition, predicting that niche processes would have a stronger effect on 

small and more dispersive taxa, while dispersal processes would more strongly constrain large 

and less dispersive organisms. To address this question, we examined how environmental and 

spatial variables, and their combination, affected network size, connectance and modularity. 

Controlling for each type of variables generated networks that were smaller (i.e., fewer nodes 

and edges), more sparsely connected (i.e., lower connectance and lower average degree), and 

more modular. We found that while metacommunity composition was primarily structured by 

the covariance of environment and space, the pure effects were dependent on dispersal ability, as 

diatoms and insects had a greater contribution of pure environment, while fish had greater pure 

space. Network topology, however, showed parity between environment, space, and environment 

+ space controls. Finally, we tested for evidence of phylogenetic niche conservatism in networks, 

predicting that habitat filtering and dispersal limitation would cause co-occurring taxa to be more 

closely related than would be expected by chance, due to phylogenetic niche conservation. Only 

fish showed evidence of niche conservatism, while insects showed evidence of phylogenetic 

niche dispersion, and diatoms displayed no difference in taxonomic similarity resulting from 

network controls, owing to their high dispersal capability, allowing diatoms to co-occur broadly, 

irrespective of trait similarity.  

 In chapter 4, we investigated the drivers of local richness across spatial scale and species 

group by analyzing the RSR-LSR relationship. We predicted that dominance of local 

environmental filtering at small scales would result in a saturating RSR-LSR relationship, while 

dominance of dispersal limitation from the regional species pool would result in a linear 

relationship at large scales. We found a positive relationship between the effect of pure regional 
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richness and scale in diatoms and fish, and a negative relationship between pure environment and 

scale in diatoms and insects, aligning with our predictions. However, we found pure regional 

richness to explain the least amount of variation in local richness in nearly all cases, indicating 

that the environment, either directly or by influencing regional richness patterns, was dominant 

in these stream datasets. We confirmed our prediction concerning the shape of the RSR-LSR 

relationship as all three groups were linear, or trended towards linearity in the case of fish, at 

large scales. Our final hypothesis, which predicted that the relatively dispersal limited fish would 

transition from saturated to unsaturated at smaller scales than diatoms or insects was rejected as 

the smallest windows of diatoms and insects, were in fact linear. This was explained in part by 

strong mass effects operating these highly dispersive groups.  

 We presented three chapters of original research describing the relative importance of 

niche and dispersal processes on metacommunity composition along a latitudinal gradient, on co-

occurrence network topology, and across spatial scales through the RSR-LSR relationship. These 

works deepen our knowledge of how these classic macroecological processes interact to 

constrain freshwater stream biodiversity, which is critical to making informed conservation 

decisions. 

 

 


