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Abstract 22 

This is the first inter-continental comparative assessment of diatom richness and species abundance 23 

distribution (SAD) along spatial, climatic, and water chemistry gradients using stream data from the US 24 

and Finland. We tested a number of hypotheses about the causes of variability in richness and by 25 

extension, the SAD, including the metabolic theory, the species-energy, the more individuals, the climatic 26 

variability, and the climatic tolerance hypotheses. We found no support for any of these concepts, given 27 

that the relationships of richness with explanatory variables were non-existent, weak or unexpected. 28 

Diatom richness and the SAD responded more strongly to climatic variability, climatic extremes, and 29 

water chemistry, especially nutrient levels, than to mean temperature. A consequence of the weak energy 30 

dependence was a non-linear latitudinal gradient of richness in both countries, and a non-linear latitudinal 31 

gradient of the SAD in the US. The SAD was not entirely driven by richness but displayed distinct 32 

responses to spatial, climatic, and water chemistry factors, indicating that the environment had 33 

complementary effects on richness and the SAD. This emphasizes the utility of the SAD for ecological 34 

research—a notion that has been previously debated. Thus, we found sufficient support for the operation 35 

of multiple climate and water chemistry mechanisms in structuring diatom communities, which 36 

underscores their complex response to the environment and the necessity for novel predictive 37 

frameworks.  38 
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Introduction   39 

The spatial variability in species richness along latitudinal, longitudinal, and elevational gradients has 40 

drawn a continued interest among ecologists for centuries, beginning with the works of Alexander von 41 

Humboldt and Carolus Linnaeus (Pianka 1966; Gaston 2000; Willig et al. 2003; Rahbek 2005; Mittelbach 42 

et al. 2007). There are numerous hypotheses about the nearly universal poleward decline in species 43 

richness with ecological and evolutionary rates, energy, and climatic favorability and stability emerging 44 

as important underlying factors. The elevation-richness relationship is more variable, most frequently 45 

conforming to a monotonically declining or a hump-shaped form, but there are some commonalities in the 46 

driving forces of the latitudinal and elevational gradients (Rahbek 2005). Thus, warmer temperatures in 47 

tropical and low elevation regions shorten the generation times and accelerate the metabolic and mutation 48 

rates, leading to greater speciation (Rohde 1992; Currie et al. 2004; Allen et al. 2006). These ideas were 49 

conceptualized within the framework of the Metabolic Theory of Ecology (MTE), which predicted 50 

species richness (S) as a function of temperature (T in Kelvin), according to the equation ln(S) = − EA/kT 51 

+ I, where EA = activation energy with an expected value of about −0.65, k = Boltzmann constant (8.62 × 52 

10−5 eV K−1), and I = intercept (Allen et al. 2002; Brown et al. 2004).  53 

The species-energy theory proposed that areas with greater total available energy, such as the 54 

tropics, have more diverse communities because they can support larger species populations with lower 55 

likelihood of extinction (Wright 1983). This theory is also known as the more individuals hypothesis 56 

(MIH), because larger species populations result in a greater total number of individuals (Srivastava and 57 

Lawton 1998). The MIH predicts that richness scales positively with energy because richness is a function 58 

of the number of individuals, which is proportional to the available energy, i.e. communities are energy-59 

limited. Further elaboration of the species-energy theory recognized that temporal variability in energy 60 

may directly impact the richness of an area, given that periods of low energy are marked by higher 61 

extinction rates, and consequently, by a lower number of individuals. Thus, models that included total 62 

energy and energy variability explained the variability in bird and mammal species richness better than 63 

either energy variable alone (Carrara and Vazquez 2010).  64 
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Finally, according to the climatic tolerance hypothesis, the tropics harbor greater richness because 65 

their more benign warm and humid conditions fall within the physiological tolerance of many more 66 

species compared to the cold and dry extra-tropical regions (Currie et al. 2004). However, the latitudinal 67 

species patterns can be complicated by longitudinal effects, such as an east-west heterogeneity in rainfall, 68 

which is particularly distinct at mid-latitudes (Terborgh 1973). 69 

While the spatial variability of species richness has been extensively studied, we know 70 

substantially less about the spatial and environmental dependence of the species abundance distribution 71 

(SAD), defined here as the number of individuals across species in a community. In fact, due to a more 72 

theoretical and statistical emphasis in the study of the SAD over the past seventy years (May 1975; 73 

McGill et al. 2007; Ulrich et al. 2010), the empirical latitudinal, longitudinal, and elevational patterns of 74 

the SAD and their underlying mechanisms, including environmental variability, have remained largely 75 

unknown.  76 

It is possible that the latitudinal gradient of richness is paralleled by a corresponding gradient of 77 

the SAD. Brown (2014) suggested that as richness increases toward lower latitudes, the SAD may 78 

transition from a less even log linear (a few very abundant and some very rare species) to a more even 79 

curvilinear pattern (greater numbers of both intermediate and low abundance species) as a result of 80 

intensified enemy effects. There is evidence that the SADs of real forest communities do become less 81 

even at high latitudes when compared to neutrally assembled communities due to strong environmental 82 

filtering that favors only a few well-adapted species (Qiao et al. 2015). However, there is no broad 83 

empirical support for a tendency in the SAD toward greater evenness and lognormality at low latitudes. 84 

On the contrary, a recent study of forest trees showed the opposite trend—preponderance of less even log-85 

series SADs at low latitudes but more even lognormal SADs at high latitudes, possibly as a result of 86 

overall greater dispersal in the tropics, and subsequent accumulation of rare species (Ulrich et al. 2016a). 87 

A global study of dryland plant communities reported an overall prevalence of lognormal compared to 88 

log-series SADs, which was linked to environmental variability and stress but not to latitude (Ulrich et al. 89 

2016b). There are even fewer and generally terrestrial studies of the SAD along elevational gradients, 90 
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which either have not reported any distinct patterns (Ulrich et al. 2016a; 2016b) or shown a transition 91 

from log-series to lognormal SADs with altitude (Arellano et al. 2017). Therefore, there is clearly a need 92 

for further research on the large-scale spatial patterns of the SAD, especially in aquatic ecosystems, which 93 

have been largely neglected in this context.  94 

Our overall goal was to explore the large scale spatial patterns in diatom species richness and 95 

abundance distribution and determine if they are driven by the same environmental factors and whether 96 

these factors are climatic, including average temperature, seasonal and diurnal temperature fluctuation, 97 

and extreme temperatures, or water chemistry, i.e. nutrient levels, pH, and specific conductance. 98 

Anthropogenic eutrophication is changing aquatic ecosystems globally by altering physico-chemistry, 99 

increasing primary production, and affecting species richness, composition and abundance with 100 

potentially strong ecological and evolutionary consequences (Smith and Schindler 2009; Alexander et al. 101 

2017). A comprehensive review of the freshwater literature concluded that water chemistry variables were 102 

stronger predictors of diatom community structure than temperature (Soininen 2007). However, climatic 103 

factors outperformed water chemistry in predicting the distributions of individual diatom species across 104 

northern latitudes, e.g. Finland (Pajunen et al. 2016). Therefore, the roles of climate vs. water chemistry 105 

and their interaction with spatial factors in defining diatom community properties are still unresolved and 106 

merit further research. 107 

Here, we examined the shape of the SAD in freshwater diatom communities by calculating the 108 

standard deviation (parameter σ) of a Poisson lognormal distribution model and skewness. Parameter σ 109 

indicates how equitably abundances are distributed across abundance classes with lower values 110 

suggesting higher equitability. Skewness measures the symmetry of the SAD compared to a lognormal 111 

distribution. Negative values (left skew) indicate prevalence of rare species, while positive values (right 112 

skew), greater frequency of abundant species.  113 

We tested the following theories, hypotheses, and predictions. First, we tested whether ln(S) ~ 114 

−EA/kT with −EA between −0.6 and −0.7, as postulated by the MTE (Brown et al. 2004). We predicted 115 

that if this relationship holds, then parameter σ of the SAD would scale positively with EA/kT (σ  ~ 116 
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EA/kT), given that σ ~ −ln(S), as empirically shown for freshwater diatoms (Passy 2016). Second, we 117 

tested the predictions of the MIH that richness (S) increases with energy (here temperature, T) because S 118 

is a positive function of the number of individuals (N), which in turn, is proportional to the amount of 119 

energy (Srivastava and Lawton 1998). However, since the effect of T on S is indirect through N, the 120 

expectation is that the correlations between T and N and N and S, would be equal to or greater than the 121 

correlation between T and S (Currie et al. 2004; Carrara and Vazquez 2010). Given the above 122 

consideration about the parameter σ-ln(S) relationship, we also predicted that if the MIH operates, 123 

parameter σ would scale negatively with T and N, i.e. communities would become more even (lower σ) at 124 

higher levels of available energy and higher numbers of individuals. Third, we extended our reasoning to 125 

the energy variability and climatic tolerance hypotheses and tested if seasonal (and diurnal) energy 126 

fluctuation and climatic harshness, respectively, decrease S, but increase parameter σ. Fourth, considering 127 

the strong impact of water chemistry on freshwater ecosystems, we predicted that climatic variables alone 128 

would be insufficient to describe the species richness and SAD patterns, but a combination of climatic 129 

and water chemistry factors would be required. For our objectives 1-4, we assumed that if the shape of the 130 

SAD is purely defined by richness, then parameter σ would respond to the same environmental predictors 131 

as richness and in a complementary way, e.g. parameter σ would show positive responses to predictors 132 

eliciting a negative response in richness and vice versa. However, if the SAD has unique environmental 133 

underpinning, parameter σ may display distinct environmental responses. Finally, we examined the spatial 134 

effects on richness and the SAD and how they constrained the community responses to climate and water 135 

chemistry to gain a deeper understanding of the causes of large scale community variability. 136 

 137 

Materials and Methods   138 

Datasets 139 

US. Data on stream water chemistry and diatom composition were collected from 669 distinct steam 140 

localities in the US (fig. A1) by the National Water-Quality Assessment (NAWQA) Program 141 

(http://water.usgs.gov/nawqa). Diatoms were sampled from a defined area of hard substrate or 142 
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macrophytes. Water chemistry, including total phosphorus, nitrate + nitrite, ammonia, pH, and specific 143 

conductance, was measured for the month of algal collection (Table A1). Samples were taken in July and 144 

August from 1993 to 2009 along a latitudinal range of 36 degrees, longitudinal range of 83 degrees, and 145 

elevational range of 2676 m. Climatic variables, including mean annual temperature (Tmean), temperature 146 

seasonality (standard deviation, TSD), mean diurnal temperature range (mean difference between monthly 147 

maximum and minimum temperatures, Tdiur), minimum temperature of the coldest month (Tmin), and 148 

maximum temperature of the warmest month (Tmax), were obtained from the WorldClim database 149 

(Hijmans et al. 2005). Diatoms were identified in 590-700 cell counts and the total count was converted to 150 

total density (cells·cm−2). 151 

 152 

Finland. Data on climate (the same variables as in the US) and water chemistry, including total 153 

phosphorus, pH, and specific conductance, were available for 100 streams in Finland (fig. A1). Diatoms 154 

were sampled in July and August from 2001 to 2004 along a latitudinal range of 10 degrees, longitudinal 155 

range of 7 degrees, and elevational range of 302 m. Diatoms were identified in counts of about 500 cells. 156 

 157 

Analysis of the species abundance distribution 158 

Using count data, community SADs were fit with a Poisson lognormal distribution model, which is 159 

comparatively insensitive to sampling effort and performs equally well to other commonly used models 160 

(Sӕther et al. 2013; Baldridge et al. 2016). We estimated the standard deviation, parameter σ, with the 161 

poilog R-package (Grøtan and Engen 2008). A comparison of the rank of the observed log likelihood with 162 

the log likelihood derived from 1000 bootstraps provided a goodness of fit (gof) metric. Values of gof 163 

between 0.05 and 0.95 indicate good fit. We also calculated the proportion of the species pool revealed by 164 

the sample, which represents the proportion of the total area of the fitted Poisson lognormal distribution. 165 

We calculated the skewness () of the log2-transformed counts of individuals and the standard 166 

error of skewness (SES) as (6/n)0.5. Skewness is considered significant if the absolute value of the ratio 167 

/SES is greater than 2 (SYSTAT Software, Inc. 2009). 168 
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Theory testing 169 

We performed a series of regression analyses to test the outlined theories and hypotheses. The metabolic 170 

theory was tested with model 1 (Tables 1, 2) using ln(S) as a dependent variable. However, since the 171 

richness response to 1/kT can be curvilinear (Algar et al. 2007), in a second model (model 2, Tables 1, 2), 172 

we added a quadratic term. We further explored whether the predictions of the MTE can be extended to 173 

the SAD parameter σ, given its dependence on ln(S), and calculated models 1 and 2 for parameter σ as 174 

well (Tables 1, 2). 175 

Testing the more individuals hypothesis required several equations, including models 3 and 4 176 

from Table 1 (the dependent variable was richness), and equation (1) below, which contained a quadratic 177 

term to account for potential nonlinearity in the density (N) response to mean temperature (Tmean). 178 

ln(N) = ln(Tmean) + ln(Tmean)2  (1) 179 

Our hypothesis that if the MIH operates, parameter σ would scale negatively with T and N, was tested 180 

with models 3 and 4 from Table 1. These ideas were tested only with the US dataset because it contained 181 

density data. 182 

The climatic variability hypothesis, suggesting that variability in temperature would constrain 183 

richness, and consequently the SAD, was tested with model 5 from Tables 1 and 2. The climatic tolerance 184 

hypothesis, implicating extreme temperatures as driving factors of community properties, was tested with 185 

model 6 from Tables 1 and 2 for both richness and the SAD. 186 

Additional models from Tables 1 and 2 were calculated in order to test the responses of richness 187 

and the SAD to climatic factors (model 7), nutrient (nitrogen and/or phosphorus) enrichment (model 8), 188 

overall water chemistry (model 9), climate and nutrient enrichment (model 10), and climate and overall 189 

water chemistry (model 11). The remaining models from Tables 1 and 2 determined the latitudinal (model 190 

12), longitudinal (model 13), and elevational trends (model 14). Model 15 tested the overall spatial effect. 191 

For the SAD, model 16 estimated the effect of richness on parameter σ. For each multiple regression 192 

model in Tables 1 and 2, we performed backward selection of significant terms only to reduce 193 

redundancy and collinearity (Table A2). All models were compared using the Akaike Information 194 
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Criterion (AIC). Models with lower AIC provided better fits. Variance partitioning assessed to what 195 

extent the community responses to environmental factors were due to covariance of the environment with 196 

latitudinal, longitudinal, and elevational gradients. Specifically, we estimated how much of the variance 197 

explained by models 1-11 from Tables 1 and 2 was contributed by covariance of the respective predictors 198 

in these models with the predictors in model 15. For the SAD, variance partitioning using models 1-15 199 

also determined whether the response of parameter σ to the predictors (environmental and spatial) in these 200 

models was in fact driven by their covariance with richness (model 16). The response of skewness to 201 

climatic and water chemistry predictors was examined with multiple regressions using the backward 202 

stepping procedure. Variance partitioning and multiple regressions were performed with SYSTAT 13 203 

(SYSTAT Software, Inc. 2009).  204 

 205 

Results   206 

In both the US and Finnish datasets, the Poisson lognormal model fit the abundance data well (0.36 ≤ gof 207 

≤ 0.53). Parameter σ was a comparatively strong and negative function of ln-transformed richness (slope 208 

of −0.67 in the US, n = 669 and −0.83 in Finland, n = 100, P < 0.00001, Tables 1, 2), i.e. rich 209 

communities had lower parameter σ and were thus more equitable. The relationship of ln-species richness 210 

with the Boltzmann temperature factor (1/kT) was not significant in the US and convex in Finland, 211 

inconsistent with the prediction of the MTE (Tables 1, 2, models 1 and 2). Parameter σ exhibited a 212 

quadratic relationship with the Boltzmann temperature factor (more or less concave in both countries). 213 

Thus, our expectation for opposing responses of ln-richness and parameter σ to 1/kT was not well 214 

supported.  215 

In testing the species-energy and the MIH, we examined the relationships among richness, mean 216 

temperature, and density in the US dataset (Table 1, models 3 and 4). In contrast with the expectations of 217 

these hypotheses, richness displayed a U-shaped response to mean temperature (Table 1, fig. 1) and a 218 

marginally non-significant decline with density (slope = –0.64, R2 = 0.01, p = 0.06, n = 669), while the 219 

density-mean temperature relationship was hump-shaped (lnN = 12.98 + 0.04Tmean – 0.01Tmean
2, R2 = 220 
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0.04, P < 0.02, n = 667). Thus, richness was related weakly to mean temperature but not to density, 221 

indicating that the effect of temperature on richness was not due to a temperature dependence of density. 222 

Parameter σ was weakly related to mean temperature (Table 1, fig. 2) and density (parameter σ = 1.86 + 223 

0.03ln(N)2, R2 = 0.03, P < 0.00005, n = 669), exhibiting a U-shaped response to both. In Finland, the 224 

greatest richness was observed at intermediate temperature and the lowest parameter σ, at the highest 225 

temperature (Table 2, figs 3, 4).   226 

 To test the role of climatic variability in defining community patterns, we examined the response 227 

of richness and parameter σ to seasonal and diurnal temperature fluctuation (Tables 1, 2, model 5, figs 1-228 

4). In the US and Finland, temperature variability provided a better fit for both variables than mean 229 

temperature, as indicated by their lower AIC. With the exception of parameter σ in Finland, diatom 230 

richness and abundance equitability exhibited non-linear responses to diurnal and/or seasonal temperature 231 

variability (Table A2). 232 

The climatic tolerance hypothesis was tested using minimum (Tmin) and maximum temperatures 233 

(Tmax) as predictors of richness and parameter σ (Tables 1, 2, model 6, figs 1-4). Contrary to the 234 

expectation of diminished richness at the low temperature extreme, richness was the highest at both ends 235 

of the Tmin gradient in the US and at lower Tmin in Finland. Maximum temperature had a notable effect 236 

(quadratic) on richness only in Finland. In the US, parameter σ exhibited low values (high equitability) at 237 

low Tmin and high Tmax levels. In Finland, parameter σ declined with both Tmin and Tmax. From all sets of 238 

climatic variables, extreme temperatures provided the best fit in Finland, while temperature variability 239 

outperformed the other variables in the US, as revealed by a comparison of their respective AIC (Tables 240 

1, 2, models 4-6). However, the model including all significant climatic variables (Table 1, model 7) 241 

explained substantially greater amount of the variance in both richness and parameter σ, indicating that 242 

these community properties were products of multiple climatic influences. 243 

 In the US, all of the variance in richness and most of the variance in parameter σ explained by 244 

water chemistry was contributed by nutrient levels, which generally had a positive effect on richness and 245 

a negative effect on parameter σ (Table 1, models 8 and 9, figs 1, 2). Adding specific conductance to the 246 
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parameter σ model increased R2 by only 3% (Tables 1, A2, model 9). In Finland, richness showed a 247 

unimodal response to total phosphorus, while parameter σ exhibited a marginally non-significant U-248 

shaped response (R2 = 0.06, p = 0.053). Predictability of richness improved by 5% after including pH in 249 

the model (Table 2, model 9). Notably, the effect of total phosphorus on parameter σ became significant 250 

and contributed 8% to the explained variance when the influence of specific conductance was accounted 251 

for in the full water chemistry model (Tables 2, A2, model 9). The overall best environmental model 252 

included climatic and nutrient variables only in the US but climatic, nutrient, and water chemistry 253 

variables in Finland and explained 21-40% and 25-30% of the variance in richness and parameter σ, 254 

respectively (Tables 1, 2, A2, model 11). However, a model with climatic and nutrient variables only 255 

provided comparable fits in Finland (Tables 2, A2, model 10). 256 

 The individual responses of richness and parameter σ to latitude, longitude, and elevation (Table 257 

1, models 12-14) were weaker in the US (2-19% explained variance) but stronger in Finland (5-22% 258 

explained variance). Although the spatial relationships were nonlinear, the richest communities in the US 259 

were found at lower latitudes and elevations, and at westernmost and intermediate longitudes. The most 260 

equitable communities (lowest parameter σ) in the US were observed at intermediate latitudes, longitudes, 261 

and elevations. In Finland, richness was the greatest at intermediate latitudes, extreme longitudes, and 262 

higher elevations, while parameter increased with latitude and responded unimodally to longitude and 263 

elevation. Nevertheless, the model including all spatial factors provided the best fit for both richness and 264 

parameter σ, capturing respectively 16-26% of the variance in the US and 18-24% in Finland (Tables 1, 2, 265 

model 15). 266 

 We asked next if the behavior of richness and the SAD along climatic and water chemistry 267 

gradients (Tables 1, 2, models 1-11) was driven by spatial variability of these gradients. To answer this 268 

question, we calculated the covariance of environmental variables (Tables 1, 2, models 1-11) with spatial 269 

predictors (Tables 1, 2, model 15) using variance partitioning. The amount of variance in richness and 270 

parameter σ explained by individual predictor sets, e.g. mean temperature, temperature fluctuation, 271 

extreme temperature, nutrients, and water chemistry, was generally due to covariance of the environment 272 
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with space (i.e., spatially structured environment). In more complex models, including a combination of 273 

predictor sets, e.g. models 7, 10, and 11 (Tables 1, 2), spatially structured environment explained only a 274 

portion of the variance. For parameter σ, which had a comparatively strong negative correlation with 275 

richness, we also assessed whether environment and space contributed to the explained variance 276 

independently of richness. Variance partitioning showed that in general, a substantial portion of the 277 

explained variance in parameter σ was captured by the environment and space after the richness effect 278 

was controlled for.  279 

 Skewness was positive in all communities in both the US and in Finland indicating a prevalence 280 

of common species. Of the skewness values, 50% were significant (/SES > 2) in the US and 71% in 281 

Finland. Skewness was either negatively (Pearson r = −0.21, P < 0.0001, the US) or non-significantly 282 

(Finland) related to richness. In both countries, skewness was positively correlated with parameter σ 283 

(Pearson r = 0.42-0.46, P < 0.0001), i.e. equitable communities were more symmetric with lower 284 

skewness and these communities tended to be rich in the US. Skewness increased at intermediate TSD and 285 

low pH in the US and at intermediate specific conductance and Tdiur but low total phosphorus in Finland 286 

(Table 3). 287 

 288 

Discussion 289 

We examined the behavior of both diatom richness and abundance distribution along environmental and 290 

spatial gradients in streams from two continents, testing a number of specific hypotheses. The response of 291 

richness to the Boltzmann temperature factor and mean temperature contradicted the MTE and the 292 

species-energy hypotheses, respectively, predicting a positive relationship (both hypotheses) with a 293 

specific rate of increase (MTE). Deviations from the predictions of the MTE were previously reported for 294 

both aquatic and terrestrial macroorganisms, where the richness-temperature relationship was found to be 295 

curvilinear, linear with a slope significantly different from predictions, or not significantly different from 296 

zero (Algar et al. 2007; Hawkins et al. 2007; Pinel-Alloul et al. 2013). In microbes, including lake 297 

phytoplankton and soil bacteria, the richness response to temperature was also variable, following 298 
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respectively, a segmented (Segura et al. 2015) or linear pattern, flatter than observed in macrobes (Zhou 299 

et al. 2016). A systematic analysis of multiple datasets across a broad range of terrestrial macroorganisms, 300 

testing the predictions of the MTE, found that the richness-temperature relationship was positive in 301 

datasets that included areas with colder winters but non-existent or negative in datasets from tropical, 302 

subtropical, and warm temperate regions (Hawkins et al. 2007). A review of the species-energy 303 

relationship noted that it is scale-dependent and transitions from unimodal at small scales to 304 

monotonically increasing at large scales (Evans et al. 2005). Here, the relationship of richness with the 305 

Boltzmann temperature factor and mean temperature was non-significant or weak in the US, but 306 

comparatively stronger and unimodal in Finland, even though both datasets covered regional to 307 

continental scales and included cold climate streams. The SAD response to the Boltzmann temperature 308 

factor and mean temperature was weak and U-shaped in the US, but stronger and monotonic in Finland, 309 

where inequality (parameter σ) decreased with temperature.  310 

The present results were also inconsistent with the more individuals hypothesis, which so far, has 311 

received mixed support (Srivastava and Lawton 1998; Kaspari et al. 2000; Mönkkönen et al. 2006; 312 

Šímová et al. 2011). The hump-shaped behavior of density along the temperature gradient in the US 313 

dataset indicated that higher temperatures actually decrease the number of individuals, which is in stark 314 

contrast with the MIH prediction for a positive relationship. This pattern could be a consequence of 315 

intensified grazing at higher temperatures due to accelerated herbivore metabolic and consumption rates 316 

(O'Connor and Bruno 2009; West and Post 2016). Finally, the richness-density relationship was non-317 

significant, indicating that the temperature effect on richness was not indirect through density. These 318 

findings suggest that i) the effect of temperature on both richness and the SAD is weak and may depend 319 

on latitude; ii) richness and the SAD may exhibit different and not necessarily complementary behavior 320 

along the temperature gradient; and iii) an overriding influence of factors other than temperature, given 321 

the non-linear density response to temperature. 322 

 Temperature variability and temperature extremes were better descriptors of both richness and 323 

parameter σ than mean temperature, but did not cause the responses predicted by the energy variability 324 
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and the climatic tolerance hypotheses, respectively. High richness was observed at both low and high 325 

seasonality in the US and high seasonality Finland in contrast with the energy variability hypothesis, 326 

which proposes that energy reduction during the cold seasons will lead to lower richness. This result can 327 

be partially explained from the perspective of coexistence theory, which postulates that temporal 328 

heterogeneity in resource supply increases biodiversity because it allows coexistence of species that 329 

alternate between dominance and persistence at different times (Sommer 1985; Tilman and Pacala 1993). 330 

In both the US and Finland, richness was high at the lowest minimum temperature, contrary to the 331 

expectation of the climatic tolerance hypothesis. It is possible that diatoms deviate from the expectation of 332 

this hypothesis because they inhabit the comparatively milder aquatic environment, less prone to extreme 333 

fluctuations. Conversely, in terrestrial habitats, where temperatures reach much greater extremes, the 334 

climatic tolerance hypothesis was supported (Šímová et al. 2011). Furthermore, low temperatures may 335 

favor diatoms over cyanobacteria (Peterson and Grimm 1992; Van der Grinten et al. 2005) or green algae 336 

(Roberts et al. 2003); therefore, lower temperature minima and stronger temperature seasonality may 337 

prevent diatom exclusion and promote higher biodiversity of this algal group. High seasonality, low 338 

temperature minima, and low temperature maxima were also associated with the highest abundance 339 

equality (lowest parameter σ) in the US, which suggests more equitable resource partitioning. These 340 

results indicate that a decrease in the temporal variability of temperature and an increase in the 341 

temperature minima due to global warming (Xu et al. 2013), can lead to lower biodiversity and abundance 342 

equitability in some stream diatoms.   343 

 Although climate had a stronger influence on both richness and parameter σ in the US and 344 

Finland, water chemistry captured a notable amount of variance. Nutrients explained 8-14% of the 345 

variance of richness and parameter σ, while specific conductance or pH added ≤5%, indicating that 346 

nutrient availability was a more important source of community variability, especially in the US dataset, 347 

which comprised primarily non-acidic steams. Richness was generally higher at intermediate or high 348 

nutrient values, while equality in the SAD increased with nutrients. An increase of diatom richness with 349 

nutrient supply has been previously documented and explained with the ability of more functional groups 350 
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(e.g., tolerant and sensitive to nutrient limitation) to coexist at high nutrients (Passy 2008; Soininen et al. 351 

2016). Here, we further report that the SAD was also constrained by nutrient supply and in the US, it was 352 

even more responsive than richness. A recent study on the SAD of stream diatom communities, sampled 353 

across a land use gradient, revealed that their equitability increased (parameter σ decreased) with the 354 

transition from forest to agriculture and suggested that nutrient enrichment was responsible for this 355 

pattern (Passy 2016). In the present investigation we found support for this hypothesis and show that 356 

communities indeed became more even at higher nutrient supply across a broad range of latitudes. 357 

Nevertheless, the best model for richness and parameter σ included both climatic and water chemistry 358 

variables. These variables explained substantial proportion of the variance in richness and parameter σ 359 

independently of space, indicating that the environment was an important determinant of community 360 

organization. While a combined effect of nutrients and temperature on microbial biodiversity has been 361 

reported before (Soininen et al. 2016; Wang et al. 2016), this study is the first to demonstrate that 362 

nutrients and climate co-controlled the variability in the diatom SAD at a continental scale. 363 

Skewness was positive in both datasets in contrast with a large body of literature, documenting 364 

negative skew as the dominant pattern (Gregory and Gaston 2000; Hubbell 2001; Magurran and 365 

Henderson 2003). This discrepancy may be due to both sampling intensity and environmental influences. 366 

Thus, when too few individuals are sampled, the left side of the SAD remains veiled and the right side 367 

exhibits a positive skew (McGill 2003). Although in both datasets a comparatively large number of 368 

individuals was sampled following standard protocols, the proportion of species revealed by the sample 369 

had a median of 44-76%, indicating that some species remained veiled. However, skewness had 370 

detectable correlations with environmental factors (R2 = 0.09-0.20), pointing to ecological constraints on 371 

the SAD symmetry as well. Skewness responded most strongly to temperature variability and pH in the 372 

US, while water chemistry and to a lesser extent temperature variability were the underlying factors in 373 

Finland. Thus, temperature variability proved to be a key driver of richness and the SAD, including its 374 

evenness and symmetry. Determining the mechanisms controlling the distribution of common species, i.e. 375 
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the SAD symmetry, has important practical implications, given that these species are primarily 376 

responsible for delivering ecosystem services (Winfree et al. 2015). 377 

 In both the US and Finland, diatom richness did not conform to the classical pattern of monotonic 378 

latitudinal decrease, consistent with prior diatom studies (Passy 2010; Soininen et al. 2016). These studies 379 

attributed the deviation from the classical pattern to the overriding effect of wetlands and their impact on 380 

micronutrient availability. Here the non-linear response of richness to latitude was associated with a non-381 

linear response of seasonality, which was one of the major predictors of richness. This suggests that 382 

temperature variability, in addition to micronutrient availability, may underlie the latitudinal richness 383 

distributions. The expectation for increased evenness in the SAD at low latitudes (Brown 2014) was 384 

confirmed only in Finland, while in the US, the most equitable communities were observed at mid 385 

latitudes. The elevational response of richness—bimodal in the US but peaking at high elevations in 386 

Finland—did not follow the common monotonic decline or hump-shaped patterns. Admittedly, the 387 

elevational gradient in Finland was short and not sufficient to reveal the full variability in richness. The 388 

SAD was most even at intermediate elevations in the US and at lower elevations in Finland, but this 389 

response was weak. Thus, the latitudinal effects on diatom richness and the SAD became more prominent 390 

at high latitudes (Finland) compared to lower latitudes (the US). At high latitudes, elevation constrained 391 

richness as well, while the SAD remained weakly controlled by elevation across latitudes. These results 392 

can be explained with the generally weak correlation of richness and the SAD with mean temperature, 393 

which is a major covariate of both latitude and elevation. Notably, longitude had the strongest effect on 394 

the SAD in the US, explaining 19% of its variance. This finding may be due in part to the longitudinal 395 

dependence of total phosphorus with a peak at mid longitudes, where the SAD was most even (lowest 396 

parameter σ). Total phosphorus had virtually no relationships with either latitude or elevation. These 397 

finding reveal that richness and the SAD had unique responses to spatial variability, e.g. locations with 398 

low richness did not necessarily have low equality (high values of parameter σ). This means that richness 399 

and the SAD may have distinct environmental underpinning.   400 
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Diatom richness and parameter σ were positively correlated, but this correlation did not underlie 401 

the responses of parameter σ to environmental and spatial variables, as indicated by variance partitioning. 402 

In fact, the covariance of richness with these variables explained generally less than half of the SAD 403 

variance, implying that much of the SAD response was independent of richness. Furthermore, in the US, 404 

climate, water chemistry, and spatial models explained better the variance of parameter σ, while in 405 

Finland, the pattern was reversed and richness was explained better than parameter σ by the respective 406 

models. There were also differences in the environmental and spatial predictors that entered the 407 

regression models of richness and parameter σ (Table A2) as well as in the shape of the richness and 408 

parameter σ responses to common predictors (figs 1-4). For example, parameter σ displayed a monotonic 409 

decline with nutrients, while the richness response was non-linear, indicating that eutrophication has a 410 

differential effect on richness vs. abundance equality. The form of the SAD is strongly dependent on 411 

richness and total abundance (Locey and White 2013) and the usefulness of the SAD for ecological 412 

research has been questioned (Yen et al. 2013), in part because of its dependence on richness. The results 413 

presented here demonstrate that the abiotic environment has distinct impacts on richness and the SAD, 414 

and that the shape of the SAD can be predicted by climatic and water chemistry variables, emphasizing 415 

the utility of the SAD in unravelling ecological mechanisms. Although we did not detect scaling 416 

relationships between temperature and the SAD, we encourage future research on organisms that are more 417 

temperature dependent than diatoms, to explore whether such relationships exist and thus add to the body 418 

of knowledge on the temperature effects on community organization.  419 

 420 
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Table 1.  US diatoms. Regression models (Eqn) testing the responses of ln-transformed species richness, 570 

ln(S) (models 1, 2, and 15), species richness (models 3-15) and parameter σ (models 1-15) to 571 

environmental and spatial variables. Covariance of the selected predictors (X) in the respective model 572 

with i) the selected spatial variables in model 15 is given by X∩Spa and with ii) ln(S), by X∩ln(S). 573 

Covariance was calculated only for significant X. n = 669. AIC = Akaike Information Criterion. The AIC 574 

of the best environmental model is boldfaced. Tmean = mean annual temperature, TSD = temperature 575 

seasonality (standard deviation), Tdiur = mean diurnal temperature range, Tmin = minimum temperature of 576 

the coldest month, Tmax = maximum temperature of the warmest month, TP = total phosphorus, Cond = 577 

specific conductance, Lat = latitude, Long = longitude, Elev = elevation, and NS = non-significant.   578 
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Eqn Predictor set Richness  SAD parameter σ 

  AIC R2 X∩Spa AIC R2 X∩Spa X∩ln(S) 

1 1/kT  NS   NS   

2 1/kT + (1/kT)2  NS  1245 0.02 0.02 -0.01 

3 ln(N) + ln(N)2  NS  1237 0.03 0.06 0.00 

4 Tmean + Tmean
2 5387 0.01 0.01 1245 0.02 0.02 -0.01 

5 TSD + TSD
2 + Tdiur + Tdiur

2 5331 0.09 0.08 1165 0.14 0.11 0.07 

6 Tmin + Tmin
2 + Tmax + Tmax

2 5351 0.07 0.05 1194 0.09 0.09 0.04 

7 

Tmean + Tmean
2 + TSD + TSD

2 + Tdiur + 

Tdiur
2 + Tmin + Tmin

2 + Tmax + Tmax
2  

5299 0.15 0.07 1104 0.22 0.15 0.10 

8 

TP + TP2 + NOx + NOx
2 + NH4 + 

NH4
2 

5323 0.11 0.07 1172 0.12 0.12 0.07 

9 

TP + TP2 + NOx + NOx
2 + NH4 + 

NH4
2 + pH + pH2 + Cond + Cond2 

5323 0.11 0.07 1150 0.15 0.12 0.08 

10 

Tmean + Tmean
2 + TSD + TSD

2 + Tdiur + 

Tdiur
2 + Tmin + Tmin

2 + Tmax + Tmax
2 + 

TP + TP2 + NOx + NOx
2 + NH4 + 

NH4
2 

5259 0.21 0.10 1080 0.25 0.18 0.12 

11 

Tmean + Tmean
2 + TSD + TSD

2 + Tdiur + 

Tdiur
2 + Tmin + Tmin

2 + Tmax + Tmax
2 + 

TP + TP2 + NOx + NOx
2 + NH4 + 

NH4
2 + pH + pH2 + Cond + Cond2 

5259 0.21 0.10 1080 0.25 0.18 0.12 

Author-produced version of the article published in American Naturalit, 192(5), 605-617 
The original publication is available at https://www.journals.uchicago.edu/doi/full/10.1086/699830 

doi : 10.1086/699830 



26 
 

  579 

12 Lat + Lat2 + Lat3 5384 0.02 − 1241 0.02 − -0.01 

13 Long + Long2 + Long3 5352 0.06 − 1114 0.19 − 0.10 

14 Elev + Elev2 + Elev3 5375 0.03 − 1241 0.02 − 0.00 

15 

Lat + Lat2 + Lat3 + Long + Long2 + 

Long3 + Elev + Elev2 + Elev3 

5287 0.16 − 1061 0.26 − 0.13 

16 ln(S) − − − 1024 0.29 0.13 − 
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Table 2.  Finnish diatoms. Regression models (Eqn) testing the responses of ln-transformed species 580 

richness, ln(S) (models 1, 2, and 15), species richness (models 3-15) and parameter σ (models 1-15) to 581 

environmental and spatial variables. Covariance of the selected predictors (X) in the respective model 582 

with i) the selected spatial variables in model 15 is given by X∩Spa and with ii) ln(S), by X∩ln(S). n = 583 

100. The AIC of the best environmental model is boldfaced. Abbreviations as in Table 1. 584 
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Eqn Predictor set Richness  SAD parameter σ 

  AIC R2 X∩Spa AIC R2 X∩Spa X∩ln(S) 

1 1/kT  NS  144 0.07 0.07 -0.03 

2 1/kT + (1/kT)2 68 0.07 0.05 144 0.07 0.07 -0.03 

3 ln(N) + ln(N)2 − − − − − − − 

4 Tmean + Tmean
2 827 0.07 0.06 144 0.07 0.07 -0.03 

5 TSD + TSD
2 + Tdiur + Tdiur

2 814 0.21 0.18 136 0.16 0.13 0.06 

6 Tmin + Tmin
2 + Tmax + Tmax

2 812 0.23 0.12 133 0.18 0.17 0.07 

7 

Tmean + Tmean
2 + TSD + TSD

2 + Tdiur + 

Tdiur
2 + Tmin + Tmin

2 + Tmax + Tmax
2  

801 0.34 0.23 128 0.25 0.17 0.11 

8 TP + TP2 819 0.14 0.13  NS   

9 

TP + TP2 + pH + pH2 + Cond + 

Cond2 

815 0.19 0.13 140 0.13 0.09 0.03 

10 

Tmean + Tmean
2 + TSD + TSD

2 + Tdiur + 

Tdiur
2 + Tmin + Tmin

2 + Tmax + Tmax
2 + 

TP + TP2 

797 0.36 0.22 126 0.30 0.18 0.14 

11 

Tmean + Tmean
2 + TSD + TSD

2 + Tdiur + 

Tdiur
2 + Tmin + Tmin

2 + Tmax + Tmax
2 + 

TP + TP2 + pH + pH2 + Cond + 

Cond2 

792 0.40 0.22 125 0.29 0.16 0.09 

12 Lat + Lat2 + Lat3 813 0.20 − 134 0.18 − 0.06 
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  585 

13 Long + Long2 + Long3 812 0.22 − 145 0.06 − 0.05 

14 Elev + Elev2 + Elev3 813 0.20 − 146 0.05 − 0.00 

15 

Lat + Lat2 + Lat3 + Long + Long2 + 

Long3 + Elev + Elev2 + Elev3 

809 0.24 − 134 0.18 − 0.06 

16 ln(S) − − − 128 0.21 0.06 − 
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Table 3.  Regression models of skewness in the US and Finland. Std. = standardized. Abbreviations as in 586 

Table 1. 587 

  588 

Effect Std. coefficient Standard error                   t-value                  p-value 

US, R2 = 0.09, n = 669 

Constant 0.00 0.02 43.57 0.000000 

TSD -0.11 0.01 -2.34 0.02 

TSD
2 -0.21 0.00 -4.92 0.000001 

Tdiur -0.13 0.01 -2.93 0.003 

Tdiur
2 0.13 0.00 3.07 0.002 

NOx -0.10 0.01 -2.65 0.01 

pH -0.15 0.03 -3.71 0.0002 

Finland, R2 = 0.20, n = 100 

Constant 0.00 0.05 20.88 0.000000 

Tdiur
2 -0.31 0.08 -2.54 0.013 

TP2 0.31 0.04 2.71 0.008 

Cond2 -0.33 0.07 -2.85 0.005 

 589 

  590 
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Figure legend 591 

Figure 1. Relationships between richness and climatic (A-E), water chemistry (F-J), and spatial variables 592 

(K-M) in the US dataset. The fits were generated by LOWESS with tension of 0.5. All predictors were 593 

centered on the mean. n = 669. Tmean = mean annual temperature, TSD = temperature seasonality (standard 594 

deviation), Tdiur = mean diurnal temperature range, Tmin = minimum temperature of the coldest month, 595 

Tmax = maximum temperature of the warmest month, TP = total phosphorus. 596 

 597 

Figure 2. Relationships between parameter σ and climatic (A-E), water chemistry (F-J), and spatial 598 

variables (K-M) in the US dataset. The fits are generated by LOWESS with tension of 0.5. All predictors 599 

were centered on the mean. n = 669. Abbreviations as in fig. 1. 600 

 601 

Figure 3. Relationships between richness and climatic (A-E), water chemistry (F-H), and spatial variables 602 

(I-K) in the Finnish dataset. The fits are generated by LOWESS with tension of 0.5. All predictors were 603 

centered on the mean. n = 100. Abbreviations as in fig. 1. 604 

 605 

Figure 4. Relationships between parameter σ and climatic (A-E), water chemistry (F-H), and spatial 606 

variables (I-K) in the Finnish dataset. The fits are generated by LOWESS with tension of 0.5. All 607 

predictors were centered on the mean. n = 100. Abbreviations as in fig. 1.  608 
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Appendix 609 

Table A1. Basic statistics of climatic, water chemistry and spatial variables included in the regression 610 

analyses (Tables 1, 2). Tmean = mean annual temperature, TSD = temperature seasonality (standard 611 

deviation), Tdiur = mean diurnal temperature range, Tmin = minimum temperature of the coldest month, and 612 

Tmax = maximum temperature of the warmest month. 613 

 614 

Variable Minimum Maximum Median Mean SD 

US      

Latitude (degrees) 25.40 61.77 41.64 41.58 4.58 

Longitude (degrees) -154.17 -70.74 -92.08 -95.63 16.48 

Elevation (m) 57.00 2733.00 303.00 483.85 507.35 

Total phosphorus (mg·L−1) 0.002 3.40 0.07 0.16 0.31 

Nitrite + nitrate (mg·L−1) 0.01 13.95 0.46 1.36 2.22 

Ammonia (mg·L−1) 0.002 5.80 0.03 0.06 0.25 

pH 2.95 9.60 7.90 7.83 0.56 

Specific conductance (μS·cm−1) 11.00 23595.65 476.00 539.10 966.64 

Tmean (°C)   -0.80 23.70 9.60 9.86 3.59 

Tsd 3.19 12.58 9.05 8.93 1.70 

Tdiur (°C)   7.80 19.60 12.10 12.54 1.86 

Tmin (°C)   -22.20 13.40 -9.40 -8.70 5.70 

Tmax (°C)   15.20 36.30 29.20 29.35 2.87 

Finland      

Latitude (degrees) 60.27 70.06 66.26 65.91 2.81 

Longitude (degrees) 23.28 30.44 27.02 27.04 2.09 

Elevation (m) 18.00 320.00 180.00 177.49 81.91 
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Total phosphorus (mg·L−1) 0.00 0.19 0.02 0.03 0.04 

pH 4.50 8.20 7.00 6.80 0.81 

Specific conductance (μS·cm−1) 9.40 277.00 44.75 65.37 59.24 

Tmean (°C)   -2.70 5.00 -0.50 0.28 2.03 

Tsd 6.93 10.19 9.52 9.29 0.80 

Tdiur (°C)   6.50 9.20 8.30 8.21 0.67 

Tmin (°C)   -21.30 -9.10 -17.15 -16.60 3.29 

Tmax (°C)   14.80 21.00 18.75 18.78 1.66 

  615 
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Table A2.  Significant variables (P < 0.05) included in models 1-15 from Tables 1 (US) and 2 (Finland). 616 

Abbreviations as in Table 1. 617 

 618 

Eqn US Finland 

 Richness Parameter σ Richness Parameter σ 

1 NS 1/kT NS 1/kT 

2 NS 1/kT + (1/kT)2 1/kT + (1/kT)2 (1/kT)2 

3 NS ln(N)2 − − 

4 Tmean
2 Tmean + Tmean

2 Tmean
2 Tmean 

5 TSD + TSD
2 

TSD + TSD
2 + Tdiur + 

Tdiur
2 

TSD + Tdiur + Tdiur
2 TSD + Tdiur 

6 

Tmin + Tmin
2 + Tmax 

+ Tmax
2 

Tmin + Tmin
2 + Tmax + 

Tmax
2 

Tmin + Tmax + Tmax
2 Tmin + Tmax

2 

7 

Tmean + Tmean
2 + TSD 

+ TSD
2 + Tdiur + 

Tdiur
2 + Tmin + Tmax 

TSD + TSD
2 + Tdiur + 

Tmin + Tmin
2 + Tmax 

TSD + Tdiur
2 + Tmin + 

Tmax + Tmax
2 

Tmean
2 + Tdiur + Tmin

2 + 

Tmax
2 

8 TP + TP2 + NOx TP + TP2 + NOx TP2 NS 

9 TP + TP2 + NOx TP + Cond TP2 + pH2 TP2 + Cond2 

10 

Tmean + TSD + TSD
2 

+ Tdiur + Tmin + Tmax 

+ Tmax
2 + TP + NOx 

+ NH4 

TSD + TSD
2 + Tdiur + 

Tmin + Tmin
2 + Tmax + 

TP 

Tmean + Tdiur + Tmin + 

Tmax
2 + TP2 

Tmean + TSD + Tdiur + Tmin 

+ Tmax
2 + TP2 

11 

Tmean + TSD + TSD
2 

+ Tdiur + Tmin + Tmax 

TSD + TSD
2 + Tdiur + 

Tmin + Tmin
2 + Tmax + 

TP 

Tmean + Tdiur + Tmin + 

Tmax
2 + TP2 + pH2 

TSD + Tdiur
2 + Tmax

2 + TP 

+ Cond 
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+ Tmax
2 + TP + NOx 

+ NH4 

12 Lat + Lat2 + Lat3 Lat2 Lat2 + Lat3 Lat2 + Lat3 

13 Long2 + Long3 Long2 + Long3 Long + Long2 Long2 

14 Elev + Elev3 Elev2 Elev + Elev2 Elev2 

15 

Lat + Long2 + 

Long3 + Elev2 + 

Elev3 

Lat3 + Long + Long2 

+ Long3 + Elev + 

Elev2 

Lat2 + Long2 Lat2 + Lat3 

  619 
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Figure A1. Map of the study streams in the US and Finland.  620 

 621 

 622 
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