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Niche conservatism (NC) describes the scenario in which species retain similar 
characteristics or traits over time and space, and thus has potentially important 
implications for understanding their biogeographic distributions. Evidence consis-
tent with NC includes similar niche properties across geographically distant regions.  
We investigated whether NC was evident in stream diatom morphospecies by 
modeling species responses to environmental and climatic variables in a set of calibra-
tion sites (from the US) and then evaluated the models with test sets (from France, 
Finland, New Zealand, Antilles and La Réunion). We also examined whether diatom 
species showed congruency in environmental niche optima and niche breadths between 
the study regions, and whether species occupancy and functional traits influenced the 
observed patterns. We used boosted regression tree models with local environmental 
variables and climatic variables as predictors. We detected low NC in both environ-
mental and climate models and a lack of consistent differences in NC between widely 
distributed and regionally rare species and among functional groups. For all species, 
diatom environmental and climatic optima varied clearly between the regions but 
showed some positive relationships especially for pH and total phosphorus. Diatom 
niche breadths were only weakly correlated between the US and the other regions. We 
demonstrated that diatoms showed overall relatively little NC globally, and NC was 
especially low for climatic variables. Collectively, these findings suggest that there may 
exist locally adapted lineages within the diatom morphospecies or diatoms possess 
some adaptation potential for differences in temperature. We argue that in diatoms, 
environmental and especially climate models may not be transferrable in space glob-
ally but need regional diatom data for calibration because species niches seem to differ 
among geographical regions.
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Introduction

Examination of past and present species distributions has 
attracted ecologists for a long time. While biotic interactions 
and contemporary environmental factors are among the key 
sources of variation in present distributions, evolution, long-
term climatic changes and species dispersal moderate species’ 
ranges over long time periods (Vellend 2010). The retention 
of niche characteristics over time and space, i.e. niche conser-
vation (NC), is also a fundamental cause for large-scale spe-
cies distributions and diversity gradients on Earth (reviewed 
by Wiens and Graham 2005, Wiens et al. 2010). Niche con-
servation relates to the responses of species to climate changes 
(Parmesan and Yohe 2003), affects ecosystem functioning 
(Cadotte et al. 2008) and influences the success of invasive 
species in novel environments (Sax 2001). Therefore, NC 
underlies large-scale diversity patterns, which in turn have 
functional implications for ecosystems.

Niche conservatism is moderated by natural selection, 
gene flow, pleiotropy and the lack of genetic variability in 
traits (Wiens and Graham 2005). For example, efficient gene 
flow across sites may prevent local adaptation and associ-
ated speciation under strong dispersal rates (Anderson 1994, 
Finlay 2002) leading thus to NC. In addition, species may 
not be able to expand their ranges and niches simply because 
they lack genetic variation in traits (Case and Taper 2000). 
Recently, NC has gained much attention since it constrains 
the changes in species ranges due to climate change. Given 
that if species niche is conserved, climate change may result 
in local extinctions because species cannot maintain viable 
populations in the altered conditions. Conversely, if species 
can adapt to climate changes, they may retain their present 
ranges even in a changing climate.

Global patterns in NC may give insights into the under-
lying mechanisms generating NC. If NC is globally per-
vasive, it is possible that there is a strong gene flow among 
populations even at global scales. Therefore, an intriguing 
approach would be to examine NC across continents using 
model taxa that have comparatively broad distributions and 
efficient dispersal. Freshwater diatoms are appropriate tar-
get taxa for such analyses as they typically have relatively 
clear environmental niches (Stoermer and Smol 1999), high 
dispersal rates and potentially global species pools (Finlay 
2002, but see Vyverman et al. 2007). Bennett et al. (2010) 
studied NC in lacustrine diatoms along pH and found that 
pH niche appeared to be conserved across continents. The 
generality of diatom NC along multiple environmental 
gradients including climate is, however, not well resolved.

There are multiple methods of investigating the patterns 
in NC. Among these, phylogenetic analyses and paleonto-
logical findings would need either high resolution data about 
species phylogenetics or ample fossil record, which are both 
missing for many taxonomic groups at present. Another use-
ful tool to examine large-scale patterns in NC are species 
distribution models (SDMs). Generally, predicting species 
distributions is one of the great challenges in ecology (Guisan 

and Zimmermann 2000, Guisan and Thuiller 2005). Species 
distribution models relate occurrence data to climatic and/or  
local environmental predictors and have been employed 
to predict the distribution of a wide range of taxa such as 
birds (Brotons et al. 2004), butterflies (Luoto et al. 2005), 
trees (Thuiller et al. 2003), fish (Buisson et al. 2008), fresh-
water plankton (Soininen et al. 2013), and even diatoms 
at a regional scale in Finland (Pajunen et al. 2016). In NC 
research, SDMs can be used to quantify model transferability 
across study regions, and test whether the model calibrated 
in one region could be successfully applied in another 
geographical region, which would indicate NC.

Our aim here is to investigate NC in freshwater diatom 
morphospecies (hereafter ‘diatoms’) globally using two 
approaches: 1) SDMs along local environmental and climatic 
gradients and 2) the comparison of species` niche proper-
ties among study regions. We first model diatom responses 
with SDMs using a set of calibration sites (here, US sites) 
and then evaluate the model performances with independent 
five test sets from France, Finland, New Zealand, Antilles and 
La Réunion.

We further consider consistency in niche properties (that 
is, species environmental optima and niche breadths) among 
regions to be indicative of NC (Bennett et al. 2010). We first 
hypothesize that species growth forms or guilds may affect 
diatom occupancy and dispersal capacity and thus have 
influence on the degree of NC. For example, Heino and 
Soininen (2006) showed that attached stream diatom spe-
cies had higher occupancy than non-attached diatom species 
in boreal streams in Finland. Passy (2016) also documented 
that the low profile diatom species, which grow close to the 
substratum, had significantly higher occupancy than the high 
profile (i.e. species that occupy the overstorey of the biofilm) 
and motile species (i.e. species that can move across the bio-
film) in the US streams. Assuming that NC is promoted by 
high dispersal capacity (Anderson 1994, Finlay 2002), and 
that low profile and attached species have greater occupancy 
and dispersal capacity than others (Heino and Soininen 
2006, Passy 2016), we predict (H1) that NC will be most 
evident among low profile species, which are often attached, 
compared to other species.

In addition to growth forms, we hypothesize that there 
may be differences in the degree of NC between species’ 
occupancy groups. We predict that core (i.e. regionally widely 
distributed species) species may have higher NC than satellite 
(i.e. regionally rare species) species (H2). Core species have 
high occurrence and cell densities, broader niches and often 
good dispersal capacity (Passy 2012), being able to establish 
populations in a wider range of environments. In contrast, 
satellite species with typically more specific environmental 
preferences may need to adapt locally to new environmental 
conditions in order to establish populations when dispersing 
to new localities. Thus, the overall objectives of this study are 
to examine whether global NC exists among diatom species 
and whether there are differences in NC among ecological 
guilds and species occupancy groups.
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Material and methods

Datasets

We included diatom datasets from United States (1201 sites), 
France (2640), Finland (196), New Zealand (104), Antilles 
(125) and La Réunion (53) with a total of 4319 study sites, 
sampled for diatoms and water chemistry. Datasets are 
described in detail in Soininen et al. (2016). After cleaning 
of diatom samples with acid or hydrogen peroxide, about 
400–600 diatom frustules per sample were identified using 
a light microscope. Main diatom identification keys were 
Krammer and Lange-Bertalot (1986–1991) and Lange-
Bertalot (1995–2015, 2000–2013). Taxonomic consistency 
was ensured by expert taxonomists from the Patrick Center 
for Environmental Research in Philadelphia, from Irstea in 
France and from the Univ. of Helsinki in Finland. Datasets 
were also taxonomically homogenized according to Omnidia 
5.3 (Lecointe et al. 1993), in order to obtain a final list of taxa 
validated by all the experts involved.

We considered four environmental variables including 
pH, conductivity (μS cm–1), total phosphorus (mg l–1) and 
altitude (m) available for all regions except for New Zealand 
(without total phosphorus). Altitude was included as envi-
ronmental variable here as it correlates well with current 
velocity and substrate size and thus indicates stream physi-
cal conditions for diatoms (Wang et al. 2011). Altitude 
was extrapolated from the Global Multi-resolution Terrain 
Elevation Data 2010 at 7.5 arc-second resolution (Danielson 
and Gesch 2011). We also considered four climatic variables 
including annual precipitation (mm), seasonality in precipi-
tation (%), annual temperature (°C) and annual temperature 
range (°C) drawn from WorldClim database (Hijmans et al. 
2005). Climate data covered years 1950–2000 and average 
values were included in our analyses. All pairwise correlations 
among environmental and climatic variables had rp < 0.65, 
see Soininen et al. (2016) for details.

Diatom guilds

We assigned all diatom species to guilds (low profile, high 
profile and motile) according to Passy (2007) and Rimet  
and Bouchez (2012). We also distinguished acid-tolerant 
species, which can withstand acid stress, as a separate guild. 
Acid-tolerant forms (that is, acidophilous and acidobiontic 
species in Van Dam et al. 1994) thrive in pH < 7.

Data analyses

We used US diatom data as a training set because they 
exhibited the greatest gradients in local environmental and 
climatic conditions. Since climatic conditions in the US and 
the focal region differed to some extent, we selected the suite 
of climatic variables that maximized the overlap between the 
US and the focal region. Thus, we retained temperature range 
only for Finland models, and did not use annual precipitation 

and annual temperature for New Zealand and Antilles mod-
els, respectively. According to principal component analysis, 
the climatic and environmental gradient across the US cov-
ered relatively well the variation in the other regions except 
for climatic conditions in Antilles (Supplementary material 
Appendix 1 Fig. A1). As the results of predictive models 
between the US and Antilles did not differ notably from 
the modeling results between the US and other countries, 
we also included Antilles data in climatic models. We also 
ran the analyses with US sites having environmental and 
climatic conditions strictly overlapping with the correspond-
ing conditions in the test sets. However, as these results were 
very similar to the results shown here, they are not discussed 
further.

In our SDM procedure, the five focal data sets were used 
as test sets for US one at a time. We included species that 
occurred both in the training set and in the respective test 
set and excluded the species that were present at fewer than 
25 sites in the US data. This was done because the model 
performance of rare species may be misleadingly high 
(Brotons et al. 2004). Thus, the suite of species included 
in the analyses differed among the five model comparisons  
(e.g. in US vs Finland, US vs France and so on). The number 
of species included in the model comparisons ranged between 
202 (US vs France) and 46 (US vs La Réunion).

We modelled the species occurrences with three types of 
models: 1) with environmental variables, 2) with climatic 
variables and 3) full models comprising all variables. We 
used boosted regression trees (BRT) as a SDM method in 
the analyses. BRT is a machine learning technique, proven 
to be a robust method for creating SDMs for microorgan-
isms (Pajunen et al. 2016) due to its high efficiency in 
fitting nonparametric data, and ability to manage various 
types of predictor variables. It does not require prior data 
transformation and takes into account the interaction 
effects between predictors (Elith et al. 2008). BRTs were 
performed with a Bernoulli distribution using maximum 
number of 3000 trees, an interaction depth of 4 and a 
learning rate of 0.001.

The observed and predicted occurrences of species were 
compared by calculating the area under the curve of a 
receiver operating characteristic plot (AUC) (Fielding and 
Bell 1997). AUC provides an evaluation of the agreement 
between the observed presence/absence records over a range 
of probability thresholds above which the model predicts 
presence. Models have intermediate predictive performance 
at AUC values of > 0.7 and excellent performance at AUC 
values of > 0.9 (Heikkinen et al. 2012). We compared the 
AUC values between models in the following manner: the 
model trained and tested in US (AUCus) vs the model of the 
same species trained in US but predicted in another region 
(AUCpred). If a species niche is well conserved, the values of 
AUCus and AUCpred should be comparable. Thus, we used 
the ratio between AUCus and AUCpred as a measure of niche 
conservation. We first considered a niche to be conserved if 
this ratio is between 0.9 and 1.1. We also used a wider range 



4

of ratios (e.g. between 0.8 and 1.2) to examine if changing 
the ratio would affect the model outcomes. Finally, we related 
this ratio to species occupancy and guild affiliation. Based 
on occupancy, species were classified as core (present at more 
than 5% of the sites) or satellite (present at 5% or fewer of 
all sites). These limits were deemed the most appropriate for 
our data with relatively limited number of sites for some 
of the regions. Based on species traits, species were placed 
into diatom guilds, as described above. We used χ2 test to 
investigate if there are significant differences between the 
number of ‘conserved’ species (ratio between 0.9 and 1.1) 
and ‘non-conserved’ species among species occupancy groups 
and guilds.

We then compared species environmental optima and 
niche breadths between the US and the other study regions. 
Environmental optimum of each species was estimated with 
the mean value of environmental variable in sites where the 
species was present, weighted by its abundance. To estimate 
niche optima variation, we calculated for each species the 
difference between optima in the focal region vs the US. We 
used a Wilcoxon signed rank test to examine if mean species 
optima in the focal region were significantly different from 
species optima in the US. To facilitate the comparison with 
earlier papers (Bennett et al. 2010), we also calculated the 
relationships of the species’ environmental optima between 
the US and other regions using regression analyses. For sig-
nificant relationships, we examined 95% confidence interval 
around the slope and the intercept and used ANOVA to test 
whether regression slopes and intercepts differ significantly 
from 1 and 0, respectively, in order to investigate if species 
show consistency in their environmental optima between the 
US and other regions.

Species niche breadths were calculated using outlying 
mean index analysis (OMI, Dolédec et al. 2000) using 
species abundance data. OMI is a method for quantify-
ing habitat niches with regard to niche position and niche 
breadth of species along multiple environmental gradients. 
The niche breadth is the amplitude in the distribution of 
species along the measured environmental gradients. A spe-
cies that has a wide niche breadth is defined as a general-
ist, whereas a species confined to only a narrow range of 
environmental conditions is considered as a specialist. In 
OMI analysis, we considered species tolerance as a metric of 
niche breadth. We computed species tolerances with respect 
to local environmental variables, climate variables and all 
variables, and then compared species tolerance between the 
US and the focal region with linear regression. Given that it 
is possible that more widely distributed species have larger 
niche breadth, we also tested whether niche breadths were 
related to the number of occupied sites. Moreover, we tested 
whether niche breadth was related to the AUC value of the 
model as species with a narrow niche is more likely to have 
better predictability.

Data analyses were conducted with R software ver. 
3.4.1 (R Development Core Team) using packages gbm 
(Ridgeway et al. 2017), caTools (Tuszynski 2014) and vioplot 
(Adler 2005).

Data deposition

Data available from the Dryad Digital Repository: < http://
dx.doi.org/10.5061/dryad.v1v7856 > (Soininen et al. 2018).

Results

Virtually all of the BRT models (local, climate and full 
models) had at least intermediate performance with AUC 
values > 0.7 (Fig. 1). Models with local variables only had 
generally better performances in the training set in the US 
compared with the test sets (Fig. 1). However, there were some 
conserved species (those that fall within a AUCus:AUCpred ratio 
between 0.9 and 1.1, indicated by a gray zone in Fig. 1) in 
all comparisons between regions. The highest proportion of 
conserved species out of all species was found between the US 
and La Réunion (39.1%) and the lowest proportion between 
the US and France (5.5%).

In climate BRT models (Fig. 1), there was in general 
an even lower number of conserved species than for local 
variable models or full models. The exceptions were the 
climatic models between the US and Antilles (24.1%) and 
those between the US and New Zealand (15.7%), which had 
slightly more conserved species than the local or full models. 
Even if we used a wider range of ratios (e.g. between 0.8 and 
1.2), the climatic models showed, with very few exceptions 
(for Antilles), lower number of conserved species than the 
local models (Supplementary material Appendix 1 Fig. A2).

In a few cases, diatom guilds differed from each other 
in NC as acid tolerant species in France were significantly 
(p < 0.05, χ2 test) more conserved according to local and 
full models than the other species (Supplementary mate-
rial Appendix 1 Fig. A3). There was no consistent pattern 
of NC between the core and satellite species. However, core 
species were more poorly conserved (p < 0.01, χ2 test) than 
the other species in France (local models) and New Zealand 
(all models) (Fig. 1, Supplementary material Appendix 1  
Fig. A4, A5). Core species had significantly (p < 0.001, 
Kruskal–Wallis test) larger niche breadth than satellite species 
in New Zealand, La Réunion and Antilles, but in the other 
study regions niche breadths did not differ between core and 
satellite species.

The violin plots and associated Wilcoxon signed rank 
tests showed clearly that environmental and climatic optima 
typically differed between the US and the other countries 
(Fig. 2). However, for example, for pH and total phosphorus, 
La Réunion and Antilles did not differ significantly from the 
US, while France did not differ from the US in terms of con-
ductivity. Compared to local variables, climatic optima varied 
more between the US and the other five regions (except for 
precipitation seasonality in Finland). Diatom species showed 
some significant (p < 0.05) positive relationships especially 
in their pH and TP optima between the US and other study 
regions (Supplementary material Appendix 1 Fig. A6). 
For pH and annual temperature, the regression slopes and 
intercepts did not differ significantly from the identity line 
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(slope = 1, intercept = 0) for Finland and France, respectively, 
but the residuals of the regressions were significantly different 
from a normal distribution (Shapiro–Wilk normality test,  
p < 0.05).

Diatom niche breadths were generally not correlated 
between the US and the other regions (results not shown). 
Niche breadths were larger in the US than in other regions 
in some comparisons, especially for satellite species in  
New Zealand and Antilles (Supplementary material 
Appendix 1 Fig. A7) and for different guilds, especially the 
motile guild (Supplementary material Appendix 1 Fig. A8). 
Niche breadths were typically positively related to the num-
ber of occupied sites in the test models (Supplementary mate-
rial Appendix 1 Fig. A9) while in more than a third of the 
comparisons niche breadths were negatively related to AUC 
values (Supplementary material Appendix 1 Fig. A10).

Discussion

Using a global data set, we studied NC among stream diatom 
species with respect to local environmental and climatic vari-
ables. We first found that diatom species showed relatively 
little NC across study regions, evident from the SDM results 

and differences in species environmental optima and niche 
breadths across regions. Second, NC was in general even 
weaker for climatic variables than local environmental vari-
ables. Next, we will discuss these main findings in more detail.

The lack of strong NC in stream diatoms adds to a grow-
ing body of knowledge, suggesting that NC may be species- 
and context-dependent. For example, clear NC with respect 
to climatic variables was detected in arctic-alpine plants 
(Wasof et al. 2016) and high correlation (r = 0.85) between 
pH optima was observed in lake diatoms (Bennett et al. 2010). 
Conversely, Alahuhta et al. (2017) did not find evidence for 
NC in aquatic macrophytes. With regards to water pH, our 
results seem at least partly agree with Bennett et al. (2010) as 
we found that pH optima showed significant positive relation-
ships between the US and other regions (highest r2 = 0.47 for 
France and lowest r2 = 0.07 for Réunion). However, according 
to regressions and optimum differences between the US 
and the focal region (Fig. 2), pH optima were typically not 
consistent. Given that Bennett et al. (2010) did not consider 
diatom niches other than that of pH, we cannot compare our 
findings for nutrient and climatic niches directly. Moreover, 
as the five test regions have shorter gradients in environment 
and climate than the US, it is possible that the species in 
the other regions may not contain the true species optima. 
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Figure 1. The correlation plots between area under the curve (AUC) values of species distribution model in the US (AUCus) and predicted 
values in the other study regions (AUCpred). The models are based on local environmental variables (upper panels), climatic variables (middle 
panels) and both groups of variables (full models, lower panels). The gray zones represent the AUCus:AUCpred ratio of > 0.9 but < 1.1 with 
the proportion (%) of the conserved species out of the total number of modelled species. The figure shows separately the AUC values of 
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at least at satisfactory level.
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Nevertheless, our regression results about species optima also 
show that NC is perhaps even weaker in climatic niches than 
in water chemistry niches.

The low NC especially with respect to climatic niches 
is a noteworthy finding of our study, indicating that dia-
toms may show some adaptation to local conditions. This 
notion is supported by the observation of diatom environ-
mental optima matching the prevailing mean and median 
conditions in the respective study region. For example, tem-
perature optima were the highest for La Réunion, which is 
located at low latitudes with high mean and median tem-
peratures. Likewise, mean pH optimum for Finnish diatoms 
was notably the lowest because mean and median water pH 
in Finland were the lowest compared to the other regions 
(Soininen et al. 2016). It is possible that diatoms either 
undergo local adaptation (Sjöqvist et al. 2015) or comprise 
cryptic species (Beszteri et al. 2007, Souffreau et al. 2013) 
with potentially different environmental preferences among 
lineages. What is most interesting here is that such within 
species variability in diatoms is perhaps more pronounced 
with respect to climate than the local environment. 
Traditionally, the variation in diatom community compo-
sitions is considered to be driven primarily by local water 
chemistry variables (Soininen 2007). However, a recent 
study from boreal streams indicated that diatom distribu-
tions are also related to climatic variables, especially energy 

or temperature-related factors, such as growing degree days 
(Pajunen et al. 2016). Nonetheless, our present results of 
lower NC with respect to climate imply that diatoms may 
adapt better to climate change than organisms with more 
conserved climate niches, and therefore, be less prone to 
extinction by climate change.

Our analysis did not support the hypothesis H1 that 
diatom guilds would have consistent differences in NC. Our 
prediction that NC would be the most evident among low 
profile species was not supported even if earlier observational 
studies from the same study regions have indicated that 
diatom traits may be related to occurrences and perhaps to 
dispersal ability and the degree of NC (Heino and Soininen 
2006, Passy 2016). It, therefore, seems that diatom traits 
conferring ability to tolerate harsh conditions and acquire 
resources (Passy 2007) are not clearly related to the degree of 
NC. Likewise, we did not find evidence for core species with 
broader distributions to be more conserved than the region-
ally rarer satellite species. This disagrees with our prediction 
H2 for higher NC in core species with large niche breadth. 
This outcome may stem from the fact that core and satellite 
species did not differ from each other in terms of niche 
breadth in all study regions. Moreover, it may be that special-
ist species may have not adapted well in new environments as 
e.g. acid-tolerant diatom species are found practically only in 
acid waters globally.
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Broad-scale random dispersal allows diatom species to 
colonize new sites. However, if dispersal is moderate rather 
than very strong, species may adapt locally and show diver-
gence in niche breadth and optima. Whether local adapta-
tion is associated with genetic and physiological differences 
that remain undetectable in morphospecies often compris-
ing cryptic species and species complexes or with phenotypic 
plasticity, is an important question that should be addressed 
further by future research (Souffreau et al. 2013, Rose and 
Cox 2014). We emphasize here that the species concept for 
diatoms is complex and many cryptic species may complicate 
the investigation of diatom biogeographical patterns (Mann 
1999). Likewise, as long as species identification is primarily 
based on the features of cell morphology and not molecular 
data, subjective decisions in species identification may also 
add some noise to the results. Therefore, diatom bioassessment 
tools based on morphospecies should be applied very carefully 
especially if study extent is large and thus encompasses long 
gradients in environmental and climatic conditions.

In conclusion, we demonstrated that diatom species show 
overall relatively little NC globally. We also documented that 
NC was even lower for climatic variables than for local envi-
ronmental variables. This shows that climate models using 
diatoms e.g. in paleoecological reconstructions may not be 
directly transferrable in space because species climatic niches 
differ among geographical regions. Thus, climate models 
would need regional diatom data sets for calibrating the 
models. Finally, the low NC with respect to climatic vari-
ables indicates that freshwater diatoms may be less sensitive 
to global change. We encourage researchers to study NC fur-
ther in other microorganisms and in different environmental 
settings in order to determine if low NC is a global pattern 
in microorganisms, which would suggest that global change 
may have a weaker impact on their distribution compared to 
macroorganisms.
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