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Abstract

The ongoing climate change and increasing an-
thropogenic pressure threaten the biodiversity on 
Earth. Elevated temperatures, changes in precipi-
tation and intensive land use alter ecosystems and 
such changes are prone to escalate in the north-
ern regions, especially in freshwater ecosystems. 
Species must thus respond to these changes by 
adaptation or adjusting their distributional rang-
es.	Information	about	the	effects	of	climate	on	the	
distributional patterns of diverse aquatic micro-
organisms has yet largely been lacking. This is 
a drawback as microbial species in freshwaters 
play crucial roles in ecosystem functioning as 
well as in environmental monitoring. Thus, it 
is necessary to disentangle the main drivers of 
microbial species distributions in order to pre-
dict the responses of freshwater communities to 
future environmental change and to ensure the 
accurate determination of the ecological status 
of ecosystems.

This doctoral thesis aims to investigate the 
relative roles of climate, catchment properties 
and local environmental factors in the occurrence 
of the important freshwater micro-organisms 
both at species and community levels. This study, 
conducted at a regional scale (c. 1000 km), con-
centrates on unicellular stream diatoms, which 
are widely used in biomonitoring. In detail, the 
study seeks to reveal (1) whether diatom species 
distributions	are	influenced	by	climatic	factors	or	
solely driven by local environmental variables, 
(2) whether the importance of the factors gov-
erning species distributions varies along the an-
thropogenic land use gradient, (3) the pathways 

and	the	effects	of	climate,	land	use	and	the	most	
important local environmental variables on dia-
tom diversity and community composition, and 
(4) the ability of diatom assemblages to predict 
climatic and local environmental variables.

The results showed that climatic factors are 
important drivers of stream diatom distributions 
and	their	influence	may	even	outcompete	the	ef-
fects of local environmental variables. However, 
the relative importance of the factors governing 
diatom distributions varied along the anthropo-
genic land use gradient and among species. Cli-
mate was the main driver of species distributions 
in pristine environments, whereas local environ-
ment was more important in human impacted 
streams. Climatic and catchment scale factors 
affected	stream	diatoms	mainly	via	indirect	path-
ways, for example, through catchment productiv-
ity and nutrient availability. Species richness was 
mainly	influenced	by	energy	and	nutrient	avail-
ability. Conductivity, which was strongly related 
to anthropogenic land use, was a key factor in-
fluencing	community	composition	and	unique-
ness, but also species distributions especially in 
human impacted streams. Unique communities 
with high conservation value and low species 
richness were detected in harsh, low-nutrient 
conditions in northern Finland. Diatom assem-
blages were also found to be reliable predictors 
of both climatic and local environmental fac-
tors indicating their robustness as environmental 
proxies and bioindicators. Highly suitable indi-
cator	species	were	identified	for	water	chemistry	
variables but also for certain climatic conditions.   
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This thesis contributes to the spatial research 
of aquatic micro-organisms as it brings a nov-
el evidence of the biogeographical patterns of 
microbial species. This study revealed that cli-
mate, one of the fundamental drivers of species 
distributions on Earth, governs also the occur-
rences and abundances of stream diatoms even 
at regional scales. However, it is important to 
acknowledge	that	the	effects	of	the	most	essen-
tial	climatic	and	environmental	factors	influenc-
ing diatom species may be context dependent 
and vary along the anthropogenic land use gra-
dient. The ongoing climatic and subsequent en-
vironmental change may further complicate the 
species responses towards environmental fac-
tors. From an applied perspective, this study 
confirmed	 the	 reliability	of	stream	diatom	as-
semblages as bioindicators. However, diatom 
responses towards novel environmental condi-
tions need to be reevaluated to assure their ac-
curacy also in the future. 
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1 Introduction

Climate is a fundamental factor governing spe-
cies distributions on Earth (Davis and Shaw, 
2001; Hughes, 2000; McCarty, 2001; Walther 
et al., 2002), but during the last centuries, human 
actions	have	become	increasingly	influential	in	
altering environmental conditions and processes. 
Due to the ongoing climate change, the rising 
mean temperatures and the changes in precipi-
tation are modifying the environmental condi-
tions for current biota (IPCC, 2014). Further-
more,	ecosystems	are	affected	by	other	anthro-
pogenic stressors, such as changes in land use, 
which may lead to an environmental degrada-
tion and homogenization of biota (Rahel, 2002; 
Donohue et al., 2009, Dar and Reshi, 2014). The 
changes are escalating in boreal and arctic re-
gions and freshwater ecosystems are especially 
susceptible to these changes (Heino et al., 2009). 
Species’ responses to the projected environmen-
tal change depend on their individual traits and 
the factors driving their distribution (Parmesan 
and Yohe, 2003). Species with restricted ranges 
are particularly vulnerable to changes in their 
habitat, because they may not be able to adapt 
to the new habitat conditions (Parmesan, 2006).

1.1 Stream habitat: the hierarchy of 
multiscale environmental factors

Among	the	freshwater	ecosystems,	fluvial	wa-
ters, i.e. rivers and streams, are an essential part 
of global hydrological cycle as they transport wa-
ter from the land to the sea together with soils, 
nutrients and other materials (Allan and Castillo, 
2007). They also provide important ecosystem 
services for humans, such as clean water supply 
and resources for industry, and the demand of 
these services increases together with the popu-
lation growth (Baron et al., 2002). Ecologically 

diverse	and	functionally	intact	fluvial	systems	are	
more	likely	to	buffer	the	ongoing	and	project-
ed environmental change (Chapin et al., 1997; 
Baron et al., 2002).

Fluvial waters are characterized as complex 
and highly connected dendritic systems with uni-
directional	flow,	and	high	frequency	and	intensity	
of	environmental	fluctuations	 (Allan	and	Cas-
tillo,	2007).	The	flow	of	water,	energy	and	sub-
stances in streams vary not only in time but also 
between individual streams due to the interplay 
of numerous factors: the amount and composi-
tion	of	precipitation,	the	paths	of	water	flowing	
through the catchment, substances derived from 
bedrock, soils and terrestrial vegetation, and the 
effect	of	human	alterations	(Moss,	1998).	The	
continuous variability in stream physical condi-
tions from headwaters to downstream produc-
es a corresponding continuum of biological re-
sponses	to	the	different	habitats	available	(Van-
note et al., 1980).

The hierarchical approach to the stream habi-
tat	classification	(Frissell	et al., 1986) is based on 
an assumption that stream communities are gov-
erned jointly by the characteristics of the stream 
habitat and the pool of species available for colo-
nization, and further, the stream habitat is deter-
mined by the stream catchment. Ultimately, the 
development and physical features of a stream 
system are dictated by geology, history and cli-
mate (Frissell et al., 1986; Biggs, 1996; Ste-
venson, 1997; Snelder and Biggs, 2002). Thus, 
streams are hierarchically and spatially nested 
systems, where the larger scale systems constrain 
the smaller scale systems within.

The species occurrences at a locality can 
result	 from	environmental	filtering,	which	op-
erates at multiple spatial and temporal scales: 
namely large scale (comprising historic, climat-
ic and evolutionary factors), dispersal (compris-
ing regional species pool richness and dispersal 
distance)	and	environmental	filter	 (comprising	

DEPARTMENT OF GEOSCIENCES AND GEOGRAPHY A59
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habitat features) (Zobel, 1997; Hillebrand and 
Blenckner,	2002).	Each	filter	limits	species	colo-
nization from the available species pool (for in-
stance, global or regional pool), and thus, only 
the species that have overcome these constraints 
are able to live and reproduce in the local habi-
tat.	In	streams,	a	modification	of	this	principle	
can be applied to describe the spatiotemporal 
filters	operating	in	the	river	continuum	(Fig.	1).	
These	filters	consist	of	spatial	filters	that	operate	
at a large scale (consisting of climate and geol-
ogy factors) and a catchment scale (consisting 
of	land	use	and	land	cover	factors),	and	finally	
local	scale	filters	consisting	of	biotic	and	abiotic	
factors in the local habitat, which can be reach, 
riffle,	pool	or	microhabitat,	depending	on	the	size	
of the organisms (Frissell et al., 1986).

1.1.1 Large scale factors

The main characteristics of stream hydrology, 
channel shape and water chemistry result from 
climate, geology, topography and the catchment 
properties including human actions (Allan and 
Castillo, 2007). The ultimate determinants, cli-
mate and geology, interact with each other (i.e. 
weathering	and	erosion)	and	together	they	influ-
ence the factors operating at a catchment scale, 
such as land cover, as well as at the local scale 
(for example, temperature and substratum) (Ste-
venson, 1997; Fausch et al., 2002). The key as-
pects of climate are temperature (i.e. solar ener-
gy) and water (i.e. the hydrological cycle). Tem-
perature is a fundamental requirement for life as 
it	influences	metabolism	and	thus	vital	ecologi-
cal functions such as photosynthesis, respiration 
and growth (Brown et al., 2004). In addition to 
precipitation, life on Earth is distributed mainly 
according to the temperature demands of organ-
isms (Cox et al., 2010).

Precipitation is the ultimate input of water to 
the stream system, and additionally, the subse-

quent	run-off	transports	materials	and	substances	
from the catchment to the stream (Moss, 1998; 
Allan and Castillo, 2007). Streams can be clas-
sified	based	on	the	frequency	and	pathway	(via	
run-off,	groundwater	or	both)	of	the	water	input	
as intermitted (experiencing seasonal droughts) 
or	perennial	(year-around	base	flow)	streams	(Al-
lan	and	Castillo,	2007).	Stream	flow	velocity	is	
a consequence of topography and precipitation. 
Individual	streams	have	their	own	natural	flow	
regime based on the geo-climatic features of 
their	catchments	(Poff	et al., 1997). The relative 
amount	of	surficial	run-off	and	water	restrained	
in	the	catchment	or	filtrated	into	the	aquifer	de-
pends on the vegetation, soil type and land use, 
for instance the amount of impervious surfaces 
(Allan and Castillo, 2007). Thus, the type of land 
cover together with topography and storm events 
influence	the	frequency	and	magnitude	of	flow	
related disturbances.

Geology and geomorphology affect the 
catchment features, topography, and both phys-
ical and chemical properties of the stream (Moss, 
1998; Allan and Castillo, 2007). The patterns in 
large scale geomorphology can function as dis-
persal barriers to species, for example, moun-
tains and oceans (Cox et al., 2010). These geo-
logical	formations	can	also	affect	local	climatic	
conditions, shown as altitudinal changes in the 
temperature, for instance. Additionally, history 
(for example, plate tectonics and past climatic 
changes) has a substantial role in the present-day 
biogeographical patterns (Cox et al., 2010). The 
effects	of	the	evolutionary	history	in	each	geo-
graphical	region	are	reflected	in	the	biome	and	
landscape,	which	influence	the	properties	of	the	
stream systems.

Furthermore, human actions can operate at 
the large scale level, as airborne pollutants from 
industry	and	traffic	(such	as	atmospheric	N	and	S	
depositions) can spread widely from their origins 
and the deposition is further enhanced by climate 
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Figure 1 A schematic presentation of the spatiotemporal filters affecting stream diatom occurrences at 
a stream locality. The number of arrows pointing at each filter represent the size of the species pool 
available for colonization. The temporal variation in the stream conditions increases as the spatial scale 
decreases. Adapted and modified after Frissell et al. (1986) and Hillebrand and Blenckner (2002).
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change (Kryza et al., 2012). Especially the acidi-
fication	of	freshwaters	has	become	a	problem	in	
for example northern Europe where the streams 
have	a	naturally	poor	buffering	capacity	(Planas,	
1996).	The	difficulty	in	assessing	the	effects	of	
large scale factors on stream habitat and biota 
is a consequence of the complex pathways they 
operate	through,	i.e.	indirect	effects	through	in-
termediate variables (Stevenson, 1997). 

1.1.2 Catchment scale factors

Local conditions in the streams depend on the 
upstream	influence	due	 to	 the	continuous	flux	
of	materials	and	substances	in	the	water	flow-
ing from upstream and the catchment (Moss, 
1998; Allan and Castillo, 2007). The catchment 
serves as an important source of energy as many 
streams receive most of the carbon and nutrients 
as allochthonous inputs. However, the impor-
tance of terrestrial energy input varies among 
land cover: in shaded forested catchments most 
of the stream carbon originates from the catch-
ment, but in unshaded regions, the major energy 
source can be in-stream primary production. In 
pristine	streams,	the	base	flow	chemical	concen-
tration	reflects	catchment	geology	and	land	cover	
(Allan, 2004; Rothwell et al., 2010; Varanka and 
Luoto, 2012). For instance, wetlands and conif-
erous forests are typical sources of humic sub-
stances and thus naturally acidic (Eshleman and 
Hemond, 1985) and such conditions can lead to 
stream	brownification	(Evans	et al., 2005). The 
strength	of	the	catchment’s	influence	may	cor-
respond to the size of the catchment area and 
thus become stronger downstream in the river 
continuum (Tudesque et al., 2014; Levesque et 
al., 2017). However, the complexity of indirect 
catchment	effects	also	increases	downstream.		

As the valley rules the stream (Hynes, 1975) 
and the human activities rule the valley (Allan, 
2004),	land	use	has	a	strong	influence	on	stream	

habitats. Changes in the catchment land use will 
reflect	 in	water	stream	chemistry,	 the	flow	re-
gime and biota (Allan, 2004; Foley et al., 2005; 
Varanka and Luoto, 2012). Pollutants, excessive 
nutrients and sediments derived from anthropo-
genic sources (such as agriculture, forestry, peat 
mining	and	urbanization)	have	a	negative	effect	
on stream water quality (Kolpin et al., 2002; 
Sutherland et al., 2002; Taka et al., 2017). Hu-
man	actions	can	also	affect	the	physical	factors	
in streams, for example through vegetation re-
moval, impervious surfaces and drainage sys-
tems,	which	impact	the	flow	regimes	and	can	re-
sult	in	flooding	(Changnon	and	Demissie,	1995).

1.1.3 Local scale factors

The stream reach can be a very heterogeneous 
habitat due to woody debris, variation in rock 
grain size, erosion and possible human alterations 
(Palmer	and	Poff,	1997;	Allan,	2004).	Shading	
may	differ	 in	 small	 areas	owing	 to	 the	varia-
tion in the amount of riparian vegetation, mac-
rophytes or debris (Allan and Castillo, 2007). As 
a consequence of variation in stream morphol-
ogy	along	the	reach,	current	velocity	differs	be-
tween smaller sections of the channel forming 
distinctive	habitats:	pools	and	riffles	(Frissell	et 
al., 1986; Allan and Castillo, 2007). Pools can be 
seen as depositional habitats, where water move-
ment	is	minimal,	and	riffles	as	erosional	zones	
with a fast current velocity.

At even a smaller scale, microhabitats occur 
on	a	specific	substrate	 (for	 instance,	on	rocks,	
sediment or plants) having relatively homoge-
neous water depth and current velocity due to 
their small size (Burkholder, 1996; Stoodley et 
al., 2002; Battin et al., 2007). These microhabi-
tats inhabit the growth forms of resistant species 
such as algae, bacteria, fungi, bryophytes and 
meiofauna (Burkholder, 1996; Besemer, 2015). 
The chemical conditions of these habitats can 
differ	 from	 those	of	 the	overlaying	water	be-
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cause of a boundary layer protecting the micro-
bial community (Burkholder, 1996; Stoodley et 
al., 2002; Battin et al., 2007). At the local scale, 
stream	biota	 is	 influenced	by	various	physical	
(i.e. temperature, light conditions and current), 
chemical (i.e. water and substrate chemistry) and 
biological factors (competition and grazing) in 
their immediate surroundings (Stevenson, 1997).

1.1.4 Temporal  factors

Streams can be extremely disturbed ecosystems 
and highly variable in time mainly due to the vari-
ation	in	the	flow	(Allan	and	Castillo,	2007).	Large	
disturbances, such as ice age, which have formed 
the	landscape,	have	a	long-lasting	effect	on	the	
present stream conditions and species distribu-
tions (Cox et al., 2010; Vyverman et al. 2007; 
Vilmi et al., 2017). Likewise, even the past land 
use can have an imprint on a stream system for 
decades (Maloney and Weller, 2011). Streams in 
boreal and arctic regions are subjected to a large 
seasonal variation in the light regime and climat-
ic	conditions.	Spring	floods	can	constitute	to	a	
large portion of yearly nutrient loads (Buck et al., 
2004). Storm events and drought, but also human 
actions, cause divergent stream conditions, and 
the frequency of these disturbances in a system 
affects	the	composition	of	stream	assemblages	
(Lake, 2000; Schneck et al., 2017). The timing 
and magnitude of the last disturbance determine 
the successional stage of the biota (Biggs, 1996; 
Smucker and Vis, 2013). 

1.2 The ecology and biogeography 
of benthic stream diatoms

Diatoms (Bacillariophyceae) are microscopic 
unicellular algae living in a wide variety of moist 
environments (Round et al., 1990). In streams, 
diatoms mainly live in benthos as members of 
biofilm,	either	on	the	sediment	or	attached	on	the	

surfaces of rocks or plants (Burkholder, 1996; 
Besemer, 2015). Diatoms are important primary 
producers in the stream food webs. They com-
pete for resources, such as light, space and nutri-
ents, with each other, other benthic algae, such as 
green algae, bacteria and mosses (McCormick, 
1996). Diatoms are an important and/or prefer-
able food source for stream herbivores, such as 
macroinvertebrates (for example snails and small 
insects), due to their nutritional value (e.g., high-
energy lipids) (Smol and Stoermer, 2010). Ben-
thic diatoms are mainly photoautotrophic, i.e. 
they photosynthesize, yet also facultative heterot-
rophy, i.e. additional ability to synthesize organic 
compounds, occurs among diatom species (e.g., 
Lewin and Lewin, 1960; Oliveira and Huynh, 
1990). Diatoms are widely studied, and hence, 
a	variety	of	factors	have	been	found	to	influence	
their distribution and abundance (Fig. 2).

1.2.1 Species richness

Diatoms are a very species-rich group, with an 
estimated 24,000 – 200,000 species (Smol and 
Stoermer,	2010).	The	species	identification	has	
traditionally been based on the unique morpholo-
gies of the silica cell wall, but the development of 
molecular techniques will presumably increase 
the knowledge of diatom diversity in the near 
future (Zimmermann et al., 2015; Malviya et 
al., 2016; Rimet et al., 2016). Local diatom spe-
cies	richness	is	strongly	affected	by	the	size	of	
the regional species pool (Passy, 2009) and the 
amount of available habitat space correspond-
ing with the environmental heterogeneity in the 
stream system. For now, the knowledge of the 
factors and processes controlling the diatom di-
versity in streams is not all-inclusive.

The latitudinal diversity gradient presents a 
universal decline in species richness towards the 
poles with only a few exceptions (Hillebrand, 
2004). Studies of stream diatoms indicate that 
there is not a uniform response of diatom spe-
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Figure 2 A simplified diagram demonstrating the hierarchical structure and interrelations of the main factors 
affecting stream biota (e.g., benthic diatoms) at multiple spatial scales. The local physiochemical factors in a 
stream operate at both reach and microscale. Biotic interactions occur in stream communities. Font sizes and 
thickness are scaled to match the spatial scale of the influence. Adapted and modified after Stevenson (1997).  

cies richness to latitude and the responses vary 
across the study scale (Passy, 2010; Soininen et 
al., 2016). Soininen et al. (2016) found a slight 
latitudinal increase in richness globally, yet Passy 

(2010) found a unimodal response at a conti-
nental	scale.	The	possible	effect	of	climate	on	
species richness is relevant as climate chang-
es dramatically from the equator to the poles 
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and with increasing altitude. In a regional study, 
Jyrkänkallio-Mikkola et al. (2017) found a posi-
tive response of stream diatom richness to grow-
ing degree days, a measure of energy availability. 
Correspondingly, Wang et al. (2017) observed 
either unimodal or decreasing pattern of diatom 
richness along elevational gradients. However, 
the latitudinal, altitudinal and climatic patterns of 
stream diatom richness at smaller spatial scales 
may not be linked to the temperature but rather 
to the corresponding patterns of catchment and 
stream properties, such as land use and water 
chemistry.

Diatom	species	richness	seems	to	be	affected	
by the local habitat conditions (for example, re-
source and niche availability), the size of the re-
gional species pool and regional catchment char-
acteristics (Passy, 2009; 2010). Diatom species 
richness has been positively related to the amount 
of wetlands (Passy, 2010; Pound et al., 2013) or 
agricultural land use in the catchment (Jyrkän-
kallio-Mikkola et al., 2017). This indicates that 
catchment land use can be an important source 
of macro- and micronutrients (such as N, P, Mn 
and Fe) associated with increased niche-dimen-
sionality and thus species richness (Liess et al., 
2008; Passy, 2008; 2009; 2010; Johnson and An-
geler, 2014). In fact, moderate nutrient enrich-
ment can increase species richness (Lobo et al., 
1995; Jüttner et al., 1996), but intensive land 
use can decrease species richness due to stream 
degradation by nutrient enrichment and toxicants 
(Yu and Lin, 2009; Teittinen et al., 2015). Simi-
larly, Passy (2009; 2010) found that the amount 
of forest cover negatively correlated with spe-
cies richness presumably as a result of light de-
pression and nutrient retention. This reasoning 
is supported by the fact that diatom species rich-
ness may increase with light intensities (Liess 
et al., 2008).

Species richness may decrease due to inter-
specific	competition	when	dominant	competi-

tors exclude inferior competitors from the hab-
itat. The Intermediate Disturbance Hypothesis 
(Connell, 1978) postulates that species richness 
peaks at intermediate levels of disturbance be-
cause	of	 trade-offs	between	resource	competi-
tion and re-colonization after a disturbance. A 
unimodal response to the variation in current ve-
locities (physical disturbance) and grazing (bio-
logical disturbance) is a documented pattern in 
stream benthic algae richness (Stevenson et al., 
1996, and the references therein). 

1.2.2 Species distributions

Traditionally, microbial species, including dia-
toms, are thought to be ubiquitous due to their 
small size, fast reproduction rates, high immigra-
tion rates and the ability to create resting spores 
or cells (Finlay, 2002; Finlay and Fenchel, 2004). 
According to this “theory of ubiquity”, species 
distributions would be solely dictated by local 
environmental conditions as dispersal limitation 
would not exist. Although many diatom species 
may be cosmopolitan and thriving in all loca-
tions where local environmental conditions are 
favourable, a number of studies have reported 
endemism and restricted distributions among di-
atom species (Vanormelingen et al., 2008; Jüttner 
et al. 2010). This implies that, like documented 
for macroorganisms, small microbial taxa, such 
as diatoms, have biogeographical patterns (Mar-
tiny et al., 2006; Astorga et al., 2012; Nemer-
gut et al., 2013) related to historical factors and 
dispersal limitation (Vyverman et al., 2007; Ver-
leyen et al., 2009).

Together with the large scale factors, diatom 
distributions are determined by the species-spe-
cific	tolerances	and	preferences	of	environmental	
conditions. The ranges of tolerance of certain en-
vironmental variables, for instance the tempera-
ture and pH, have been determined for a number 
of diatom species (Weckström et al., 1997b; Mi-
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chels et al., 2006; Andrén and Jarlman, 2008). As 
discussed earlier, species from a global species 
pool	go	through	environmental	filters	operating	
at multiple scales to occur at a locality (see Fig. 
1).	The	acting	of	such	filters	is	supported	by	mul-
tiple studies observing restricted distributions of 
freshwater diatoms due to glaciation history and 
dispersal barriers, for example (Van de Vijver and 
Beyens, 1999; Vyverman et al., 2007; Vanormel-
ingen et al., 2008). At a local scale, diatom dis-
tributions	are	affected	by	water	chemistry	and	
habitat characteristics, major ion concentrations 
being perhaps the most important variables for 
many species (Soininen, 2007). Diatom species 
distributions are most likely governed jointly by 
local environment and large scale factors, and 
the relative importance of these factors may de-
pend on the spatial scale of observations (Soin-
inen, 2007; Tang et al., 2013). In spatially small 
data sets, climatic and geological gradients are 
small and thus local environmental factors seem 
to dictate species distributions (Martiny et al., 
2011). However as the geographical scale in-
creases,	 the	effect	of	dispersal	 limitation	may	
override	the	influence	of	the	local	environment	
(Martiny et al., 2006).

1.2.3 Community composition

Diatom community composition is often de-
scribed as the relative abundances of species in 
a site. The relative abundances of species in the 
community describe both the species tolerance 
and the preference towards the prevailing con-
ditions and the competitive strength of the spe-
cies as a species is most abundant in favourable 
conditions (Tilman, 1977; McCormick, 1996). 
Community composition can shift even if the 
species richness or the productivity remain un-
changed (Hoagland et al., 1996). Therefore, it is 
perhaps the most relevant measure of the bio-
logical response to changes in the environment.

Factors determining stream diatom com-
munity composition have been widely studied. 
Communities are most often found to respond 
to water chemistry, most importantly conduc-
tivity, pH and nutrients (e.g., Soininen et al., 
2004; Michels et al., 2006; Virtanen and Soin-
inen, 2012), physical habitat characteristics (for 
example, current velocity, substratum size) (e.g., 
Passy, 2001; Michels et al., 2006; Jüttner et al. 
2010), and stream degradation (e.g., Lavoie et al., 
2006; Moravcova et al., 2013). However, com-
munity composition is not merely determined 
by the local environmental conditions, but also 
affected	by	catchment	properties,	such	as	 land	
use, climate and spatial factors, that is, disper-
sal limitation (Weckström et al., 1997a; Leland 
and Porter 2000; Potapova and Charles, 2002; 
Soininen et al., 2004; Urrea and Sabater 2009; 
Heino et al., 2010).

Changes in diatom community composition 
have been related to an increase in human land 
use and to the corresponding alterations in stream 
conditions (Walsh and Wepener, 2009; Chen et 
al., 2016). The changed community is mainly 
composed of tolerant taxa and the sensitive taxa 
will recede. Distinct communities are found in 
streams	under	 strong	anthropogenic	 influence	
(Carpenter and Waite, 2000; Walker and Pan, 
2006; Teittinen et al.,	2015),	brownification	of	
streams in catchments with wetlands (Pound et 
al., 2013), and in harsh low nutrient conditions, 
for example (Esposito et al., 2006). A growing 
evidence implies that diatom communities are 
often strongly spatially structured (Soininen et 
al., 2004; Heino et al., 2010; Liu et al., 2016). 
Spatial factors, i.e. position in geographic regions 
or stream system, and land use can sometimes 
explain more of the variation among diatom com-
munities than do local environmental variables 
(Charles et al., 2006; Heino et al., 2010; Liu et 
al., 2016; Jyrkänkallio-Mikkola et al., 2017). For 
instance, Virtanen and Soininen (2012) found 
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that diatom community composition varied more 
than corresponding local environmental stream 
variables between geographical regions.

Additionally, physical and biological distur-
bances,	such	as	the	flow	regime	and	grazing,	alter	
community composition (Peterson, 1996; Stein-
man, 1996). For example, extreme storm events 
can	detach	a	large	part	of	the	biofilm	leaving	only	
tightly	attached	low-profile	species	in	the	habi-
tat (Lake, 2000; Schneck et al., 2017). Diatom 
communities	have	temporal	fluctuations	and	suc-
cession, which re-continues from an earlier stage 
after a disturbance (Smucker and Vis, 2013).

1.3 Biomonitoring

“Life is the ultimate monitor of environmental 
quality”, Lowe and Pan (1996).

Although some harmonization within larger 
geographical regions, for instance the EU, have 
been taking place, many countries have devel-
oped their own monitoring programmes and in-
dices for water quality assessment because of 
the degradation of freshwater habitats (Whitton, 
1991; Prygiel et al., 1997). Benthic diatoms have 
been widely used as biological indicators to as-
sess the ecological status of freshwater ecosys-
tems	as	they	reflect	the	water	quality	over	a	lon-
ger period of time than a snapshot water chem-
istry sampling (Sandin and Verdonschot, 2006). 
Benthic diatoms are found to be suitable bioin-
dicators as they are small and easy to sample, 
species-rich, they respond fast to changes in the 
environment due to their short life cycles, and 
they	are	sessile	 in	 their	habitat,	 thus	 reflecting	
well the prevailing conditions (Lowe and Pan, 
1996; Smol and Stoermer, 2010). In addition, 
the environmental preferences and tolerances 
are known for many taxa (e.g., van Dam et al. 
1994, but see Potapova and Charles, 2007). A 
good indicator species possesses a narrow range 

of tolerance towards an environmental variable. 
Similarly, the ability of diatoms to indicate envi-
ronmental variation has been widely utilized in 
palaeolimnology, where the past environmental 
and climatic conditions are inferred from dia-
tom communities derived from lake sediments 
(Smol, 2010).

Recently, studies have implied that diatom 
indices may have a lower predictive power in re-
gions other than those they were created in (Po-
tapova and Charles, 2007; Besse-Lototskaya et 
al., 2011). This may be due to local adaptation or 
lack of shared species between regions. Addition-
ally,	species	identified	at	species-level	may	also	
include subspecies, which vary in their responses 
towards local environmental conditions (Round, 
2004; Vanormelingen et al., 2008; Rose and Cox, 
2014) or species distributions may be constrained 
by large scale factors such as climate or geology 
(Weilhoefer and Pan, 2006; Jüttner et al., 2010). 
This arises the question whether the responses 
of individual species or even communities are 
somewhat context dependent, i.e. the main de-
terminants of species distribution and abundance 
vary between environments and geographic lo-
cations. Furthermore, this arises a concern of the 
reliability of bioindicators especially in chang-
ing climate and other environmental conditions.

1.4 The study aims

Although	the	effects	of	environmental	vari-
ables on diatom species have been widely ex-
amined, more knowledge about species distri-
butions and abundance and the complex inter-
actions	between	 the	 factors	affecting	 them,	 is	
needed.	This	would	help	to	predict	the	effects	of	
changing climate and anthropogenic stressors on 
these pivotal primary producers and bioindica-
tors in streams. This study will address the bio-
geography of diatoms and especially the arisen 
concerns of the reliability of diatoms as bioin-
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dicators in a changing climate.

Thus, the aims of this thesis are:

• To investigate the relative importance of lo-
cal environmental and climatic factors on di-
atom species distributions at a regional scale 
(c. 1200 km) in Finland. This would reveal 
whether species distributions are mainly de-
termined by local environmental variables or 
do climatic variables also explain their dis-
tributional patterns (Paper I).

• To analyse whether the relative importance 
of factors governing diatom species distribu-
tions	differs	between	human	impacted	and	
pristine stream sites. Such a study would 
reveal whether the most important determi-
nants of diatom species occurrence are con-
text dependent (Paper II).

• To	explore	the	direct	and	indirect	effects	of	
hierarchical factors, i.e. climate, land use and 
water chemistry, on diatom species richness, 
beta diversity and community composition. 
This	would	reveal	the	effect	of	the	most	rel-
evant factors on stream diatoms (Paper III).

• To investigate the ability of stream diatom 
communities to predict local environmental 
and climatic conditions using multiple mod-
elling techniques. This would reveal wheth-
er diatom communities are reliable bioindi-
cators for water chemistry and climate, and 
also, whether their predictive ability varies 
between modelling methods (Paper IV).   

These investigations are performed using 
novel modelling methods and approaches, for 
example machine learning techniques such as 
boosted regression tree (BRT) and random for-
est (RF) (Elith et al., 2006; Cutler et al., 2007; 

De’ath, 2007), structural equation models (piece-
wise SEM; Lefcheck, 2016) and local contri-
bution to beta diversity (LCBD; Legendre and 
De Cáceres, 2013), but also with more tradi-
tional methods, for instance redundancy analy-
sis (RDA) and weighted averaging (WA), widely 
used in diatom studies (e.g., Leland and Porter, 
2000; Soininen and Niemelä, 2002; Tudesque et 
al., 2014; Liu et al., 2016).   

2 Material and methods

2.1 Study area and sites

The study was conducted in Finland, northern 
Europe at a regional scale extending c. 1200 km 
(60° – 70° N, 20° – 32° E) (Fig. 3). A compre-
hensive data set (n = 392) of stream diatom as-
semblages and stream variables was gathered 
from three existing data sets and supplementary 
data collected during the study. The full data set 
comprised 56 stream sites collected from cen-
tral Finland in 1986 (Eloranta, 1995), 141 sites 
collected between 1996 and 2001 encompass-
ing a wide latitudinal gradient (Soininen et al., 
2004), 30 sites collected in 2004 from northern 
Finland, and additionally, 105 sites collected in 
2014 from western Finland (Jyrkänkallio-Mik-
kola et al., 2017) and 60 sites collected between 
2014 and 2015 from southern, eastern and north-
ern Finland. Thus, the data set covered wide gra-
dients of both local environmental, catchment 
and climatic variables. Most of the stream sites 
(n = 305) were independent, i.e. having fully 
separate catchment area from the other stream 
sites, yet 87 of the sites had nested catchments, 
i.e. they were located downstream from some 
other stream sites in the study. 
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Figure 3 A map of the study area in Finland (60° – 70° N, 20° – 32° E) comprising 392 stream 
sites. The sites in the map are categorized by the sampling years. The pictures show examples 
of typical stream types in each region. Photo credits: V. Pajunen and J. Jyrkänkallio-Mikkola.

2.2 Sampling and analyses

All	samples	were	collected	during	the	base	flow	
conditions in July to September with harmonized 
sampling procedures. From each sampling site, 
diatom	samples	were	obtained	by	brushing	five	
to ten approximately cobble sized stones col-
lected along the reach (c. 10 m). Water samples 
were collected concurrently, but in a few sites 
water chemistry data were obtained later from 

the national water quality database. Water sam-
ples were analysed for total phosphorus (TP), 
pH,	conductivity	and	water	colour.	In	the	field,	
physical properties, i.e. current velocity, canopy 
shading, stream width and depth, were measured.

Diatom samples were prepared by cleaning 
them from organic material using wet combus-
tion with acid or hydrogen peroxide and pre-
served in Naphrax or Dirax. Diatoms were iden-
tified	to	the	lowest	possible	taxonomic	level	ac-
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cording to Krammer and Lange-Bertalot (1986 
– 1991) and Lange-Bertalot and Metzeltin (1996) 
and enumerated (250 – 500 frustules per sample) 
using phase contrast light microscopy (magni-
fication	1000×).	See	further	details	of	sampling	
and sample analyses in papers I-IV.

2.3 Catchment and climatic data

The	catchment	area	was	defined	for	each	stream	
site	by	calculating	flow	direction	and	accumula-
tion patterns from a digital elevation model (grid 
resolution	10×10	m,	National	Land	Survey	of	
Finland, 2013) to each sampling point. The rela-
tive	percentages	of	different	land	use	classes	were	
determined for each catchment (CORINE Land 
Cover	data,	20×20	m,	Finnish	Environment	In-
stitute,	2013).	Land	use	classes	of	artificial	and	
agricultural areas were combined as an anthro-
pogenic land use class. The data sets were clas-
sified	in	papers	II and III based on the amount 
of anthropogenic land use into two groups: hu-
man impacted sites (> 5% of anthropogenic land 
use) and pristine or reference sites (< 5% of an-
thropogenic land use). The catchments and the 
land use variables were determined using Arc-
GIS 10.3.1 software. For more detailed descrip-
tion of the catchment data, see papers II and III.

Three climatic variables were chosen for the 
models: growing degree days (GDD), precipita-
tion sum from May to September (PRECS) and 
water balance (WAB). GDD represents the ther-
mal regime and the length of the growing season 
(adjusted to 5 °C). PRECS and WAB represent 
the water input and availability in the stream sys-
tem. The values of the climatic variables for each 
sampling	site	were	obtained	from	a	10×10	km	
resolution climatic grid, which covered the years 
1981 – 2000 (Finnish Meteorological Institute; 
Venäläinen and Heikinheimo, 2002). For more 
information on the climatic data, see papers I-IV.

2.4 Statistical analyses 
and modelling

2.4.1 An overview of the statistical analyses

All the statistical analyses and modelling were 
performed in R software (versions 3.1.1 – 3.3.3; 
R Development Core Team, 2016). The climat-
ic and environmental variables were tested for 
collinearity with the nonparametric Spearman’s 
rank	correlation	coefficient	and	the	collinearity	
was relatively low in all data sets (rs	<ǀ0.80ǀ).	The	
interrelations between climatic and environmen-
tal variables and the relationship between the en-
vironmental variables and diatom assemblages 
were examined by performing principal compo-
nent analysis (PCA), RDA and partial redundan-
cy analysis (pRDA) using the package “vegan” 
(Oksanen et al., 2015) (I and IV). A variable rep-
resenting the variation among community com-
positions was created by performing non-metric 
multidimensional scaling (NMDS) (in “vegan”) 
for diatom assemblage data in paper III. The 
values	derived	from	the	first	axis	of	NMDS	for	
each site indicate the variation among commu-
nity composition between the sites (Hough-Snee 
et al., 2014). LCBD, the variable representing 
the community uniqueness and the contribution 
to regional beta diversity, was calculated using 
the function “beta.div” according to Legendre 
and De Cáceres (2013) (III).

2.4.2 Species distribution models

Species distribution models (SDMs) were per-
formed for diatom species collected from 277 
sites between the years 1986 and 2004 (I) and 
from human impacted stream sites (n = 164) 
and pristine stream sites (n = 164) collected be-
tween the years 1986 and 2015 (II). These data-
sets comprised presence-absence data of diatom 
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species occurring in at least 5% and the maxi-
mum of 95% of the sites in each dataset. Collec-
tively, in paper I, SDMs were conducted for 157 
taxa, and in paper II, for 110 taxa occurring in 
both human impacted and pristine sites. In paper 
I, three sets of SDMs were performed for each 
species: environment-only, climate-only and full 
models. In paper II, climate and full models were 
performed for the species occurring at both hu-
man impacted and pristine sites. Environment-
only models consisted of three local environmen-
tal variables (TP, conductivity and water colour) 
and all climatic models included three climatic 
predictors (GDD, PRECS and WAB). The full 
models in paper I combined the variables from 
the environment-only and the climate-only mod-
els, whereas the full models in paper II com-
prised the three climatic variables in addition to 
TP, conductivity, pH, water colour, shading and 
current velocity.

The SDMs were conducted using the BIO-
MOD (Thuiller et al., 2009) (I) or BIOMOD2 
framework (Thuiller et al., 2016) (II). In paper 
I,	potential	differences	 in	model	performances	
associated to the methodologies were considered 
by	using	 four	different	modelling	 techniques:	
generalized linear model (GLM), generalized ad-
ditive model (GAM), BRT and RF. The SDMs   
in paper II were performed using BRT. The main 
principles of the modelling methods and refer-
ences for further information are listed in Table 
1. The model performances were evaluated with 
a	cross	validation	approach:	SMDs	were	fitted	
four times by evaluating a random sample of 
70% of the data against the remaining 30%. The 
model performances were determined from the 
validation data set by calculating the area under 
the curve of a receiver operating characteristics 
plot (AUC; Fielding and Bell, 1997) and true skill 
statistics (TSS; Allouche et al., 2006). In paper 
I,	 the	differences	among	the	predictive	perfor-
mances of environment-only, climate-only and 

full models were tested with the non-parametric 
Wilcoxon signed rank test. Finally, the relative 
importance of each variable for each species was 
calculated according to Thuiller et al. (2009). See 
more	details	of	the	model	fitting	and	evaluation	
in papers I and II.

2.4.3 Structural equation models

In paper III, SEMs were used to investigate the 
links among climatic, catchment and local envi-
ronmental	variables,	and	their	effect	on	diatom	
diversity (alpha and beta) and communities. The 
data set comprised 143 stream sites collected 
between the years 1986 and 2004. All the sites 
represented individual streams, i.e. the data did 
not include any nested catchments. The models 
were conducted using the piecewiseSEM pack-
age (Lefcheck, 2016). Two predictor variables 
were chosen from each spatial scale: climatic 
(GDD and PRECS), catchment (anthropogenic 
land use and wetlands) and local environmen-
tal (TP and conductivity). The climatic variables 
were set as exogenic variables and the catchment 
and local environmental variables as endogenic 
variables. SEMs were conducted separately for 
species richness, community composition (the 
first	axis	of	NMDS)	and	 local	contribution	 to	
beta diversity (LCBD).

The models were built by including all the 
potential causal links between the variables. The 
non-significant	linkages	were	gradually	removed	
maintaining the causal structures of the mod-
els. The composite variables were composed us-
ing the second polynomial terms of GDD and 
PRECS to account for non-linear relationships 
between GDD and the catchment variables, 
GDD and community composition, and PRECS 
and conductivity. Spatial autocorrelation was ac-
counted for by using the spatialCorrect function. 
The criterion of model parsimony and goodness 
of	fit	(Fisher’s	C,	P > 0.005) was used to assess 
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Table 1 The main principles of the used modelling methods and references to further information and relevant 
research.

whether the model could be accepted. A more 
detailed description of the modelling process can 
be found in paper III.

2.4.4 Inference models

In paper IV, climatic and local environmental 
variables were inferred from diatom assemblage 

data (214 taxa in total) of 227 stream sites col-
lected between the years 1986 and 2004. Five 
modelling methods were used as calibration and 
inference tools: WA, weighted averaging par-
tial least squares (WA-PLS), modern-analogue 
technique (MAT), BRT and RF. This allowed a 
comparison of the model performance among 
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the modelling techniques. The relative abundanc-
es of diatom species were used as predictors in 
all models and the response variables included 
GDD, PRECS, WAB, conductivity, TP and water 
colour. The models conducted using WA, WA-
PLS	and	MAT	were	fitted	using	the	RIOJA	pack-
age (version 0.8-5; Juggins, 2013), MAT using 
ANALOGUE package (version 0.10-0; Simpson 
and Oksanen, 2013), BRT using GBM package 
(version 1.6-3.1; Ridgeway, 2010) and RF us-
ing randomForest package. The performances 
of all models were assessed using leave-one-out 
cross-validation and estimated using the root-
mean-square error of prediction (RMSEP) and 
the	coefficient	of	determination	(r2). The relative 
importance of the predictor variables, i.e. diatom 
species, was estimated in the BRT models ac-
cording to Friedman (2001). Spatial autocorrela-
tion was assessed for each climatic and environ-
mental variables using pgirmess package to cre-
ate spatial correlograms. This demonstrated that 
in the model residuals the spatial autocorrelation 
was considerably smaller than in the raw data, 
and hence, the uncertainty of model estimation 
was reduced. A more detailed description of the 
methodology,	calibration	and	model	fitting	can	
be found in paper IV.

3 Results and discussion

3.1 Papers I and II: Drivers 
of species distributions

This	study	revealed	a	fundamental	effect	of	cli-
mate on stream diatom distributions (Fig. 4). A 
climatic variable had the greatest relative impor-
tance in SDMs consisting of both local environ-
mental and climatic predictors: GDD in the full 
data set (227 sites) (I) and WAB in both pristine 
and human impacted sites (II). Also, PRECS had 

a	significant	influence	in	the	SDMs.	This	corre-
sponds to the previous research indicating that 
also microbial species can follow similar bio-
geographical patterns related to climate to those 
observed among macro-organisms (Weckström 
et al., 1997a; Vyverman et al., 2007; Verleyen 
et al., 2009, Berthon et al., 2014). The results 
of this study suggest that, in addition to the lo-
cal	environmental	filtering,	the	distributions	of	
stream diatoms are constrained by large scale 
environmental	filters,	such	as	climate.	

Climatic factors, here GDD, WAB and 
PRECS, set the limits to diatom species distri-
butions	as	the	thermal	regime	directly	affects	spe-
cies (Brown et al., 2004). Diatom species have 
an optimum temperature for growth and some 
species have narrow temperature ranges (Patrick, 
1971; Weckström et al., 1997b). But also, the 
effects	of	climate	are	manifested	through	inter-
mediate variables, such as productivity, land use 
and	the	flow	regime	(Stevenson,	1997).	A	dia-
tom	species	can	prefer	a	certain	flow	regime	as	
species	vary	in	their	tolerances	towards	flow	ve-
locities (Passy, 2001). Some species, for example 
Achnanthes pusilla (currently regarded as Rossi-
thidium pusillum), thrive in harsh conditions with 
cold temperature, low organic matter and nutri-
ent content, conditions that are greatly driven by 
climate (IV).	The	indirect	effects	of	WAB	and	
PRECS are connected to catchment properties 
as they amplify the impact of land use (Ander-
sen et al., 2006; Jeppesen et al., 2009; Arvola 
et al.,	2015).	Precipitation	empowers	 the	flow	
of essential materials, such as nutrients, from 
atmosphere (N2) and land to streams and subse-
quently to benthic diatoms (Moss, 1998; Allan 
and Castillo, 2007; Kryza et al., 2012).

Conductivity	was	the	most	influential	local	
environmental variable and it has been recog-
nised as an important factor for benthic diatoms 
in boreal streams (Soininen et al., 2004). It had 
the second greatest relative importance in hu-
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Figure 4 A conceptual model of the factors influencing stream diatoms based on this thesis. a) The potential 
causal links between the most important climatic, land use and water chemistry variables based on the results 
of SEMs (III). The arrows are scaled to match the magnitude of the effect. Only significant paths are shown 
(P < 0.05). b) A summary of the factors affecting stream diatoms. The thicker arrows represent greater relative 
importance. Richness, community composition and LCBD were modelled using only the factors presented 
in the figure a (III). The distributions were modelled using climatic and local environmental factors (I and II).    

man impacted sites (II) and in the full data set 
(I), which covered a wide anthropogenic gradi-

ent.	Under	anthropogenic	influence,	the	local	en-
vironmental	variables	had	greater	overall	effect	
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than climate (II). This most likely results from 
the wider gradients of water chemistry variables 
related to anthropogenic land use, including for 
instance high nutrient concentrations and con-
ductivity (Fig. 5). As a consequence, water chem-
istry	does	not	reflect	much	the	large	scale	climatic	
conditions and geology, but is rather an imprint of 
human actions (Allan, 2004; Wang et al., 2008; 
Rothwell et al., 2010). Except for conductivity, 
the other measured local environmental variables 
did not reach high relative importance on species 
distributions on average. Nevertheless, the dis-
tributions of individual taxa had highly variable 
responses	towards	different	local	environmental	
and climatic variables highlighting the species-
specific	niche	requirements	among	diatoms	(e.g.,	
van Dam et al., 1994).  

Figure 5 The measured conductivity and TP concentrations in relation to the percentage of anthropogenic land 
use in the stream catchments (n = 380). Correlations were calculated with Spearman’s correlation coefficient (rs). 

The model performance increased from envi-
ronmental-only to climate-only models and was 
the greatest in the full models (I). The environ-
ment-only model predicted false occurrences for 
some species, that is, the model assumed that spe-
cies would occur at a certain site based on the 
stream water chemistry. This result suggests that 
stream diatoms may experience dispersal limi-
tation in the study area or the sampling did not 
detect the species at a site (Heino et al., 2010; 
Ashcroft et al., 2017). The performance of the 
full models, including both climatic and local 
environmental variables, was not higher than the 
performance of climatic models either in human 
impacted or pristine sites (II). This indicates that 
climatic variables, which have both an immedi-
ate and indirect impact on diatoms and abiotic 
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factors in streams, are able to predict overall spe-
cies distributions more accurately than a certain 
water chemistry variable or even a set of physi-
cochemical variables. Based on existing litera-
ture, a low predictive performance for the SDMs 
was expected due to the stochastic distributions 
of microbes (Soininen et al., 2013). On the con-
trary, the majority of SDMs in papers I and II 
had at least intermediate performance.

Notably, the relative importance of climatic 
and environmental factors varied between hu-
man impacted and pristine stream sites, and even 
the most important factor for individual species 
differed	between	the	site	groups	(II). This indi-
cates that there is a clear context dependency in 
the factors driving diatom species distributions. 
For	example,	GDD	was	a	significantly	more	im-
portant driver of species distributions in pristine 
than in human impacted streams. It suggests that 
in pristine streams, the local environmental con-
ditions are mainly dictated by large scale climat-
ic factors and geology. Whereas under human 
influence,	the	effect	of	anthropogenic	land	use	
may override the natural hierarchy of multiscale 
factors governing the stream conditions. Con-
text dependency may challenge the predictions 
of diatom species distributions as the relative 
importance of the main drivers could depend on 
site characteristics and vary among geographic 
regions (Charles et al., 2006; Jüttner et al., 2010).

3.2 Paper III: Drivers and 
patterns of diversity

Paper III demonstrated a strong link between 
factors	operating	at	multiple	spatial	scales	affect-
ing stream diatoms (Fig. 4). GDD had a strong 
positive impact on the relative amount of anthro-
pogenic land use and wetlands, which in turn in-
fluenced	water	chemistry:	TP	and	conductivity.	
Nutrient availability correlated positively with 
increased diatom richness, which corresponds 

to	previous	findings	(Liess	et al., 2008; Passy, 
2009; 2010). Although GDD had an indirect pos-
itive	effect	on	species	richness	through	anthro-
pogenic land use and nutrients, the SEM method 
was	able	to	separate	a	negative	direct	effect	of	
GDD on richness not related to other predic-
tors in the model. This result implies that dia-
toms	may	be	 less	prone	 to	 interspecific	com-
petition or grazing in colder and perhaps more 
harsh conditions (Liess et al., 2008; Piggott et 
al., 2015). Diatoms tolerate colder water tem-
peratures than other benthic algae (green algae 
and cyanobacteria) (Gudmundsdottir et al., 2011) 
and are often the most species-rich primary pro-
ducers in cold mountain streams (Hieber et al., 
2001; Rott et al., 2006). Soininen et al. (2016) 
found a similar pattern of diatom species rich-
ness increasing with latitude in a global study, 
and proposed that the pattern may be linked to 
the	patterns	of	catchment	properties	influencing	
water pH, for instance. Additionally, in northern 
tundra regions where GDD is low, stream light 
levels are high due to the low amount of terres-
trial and aquatic vegetation (see Fig. 3). High 
light availability in the stream bottom could re-
sult in high diatom species richness (Liess et al., 
2008). Whether the negative correlation between 
GDD and species richness observed in this study 
originate from climate, catchment properties, lo-
cal stream conditions or biotic interactions, needs 
further investigation.

PRECS	and	TP	had	positive	effects	on	diatom	
species richness (III).	The	effect	of	PRECS	most	
probably	reflects	the	impact	of	some	unmeasured	
variables, such as micronutrients, whose concen-
trations and bioavailability are strongly regulat-
ed	by	weathering,	acidification	and	other	pro-
cesses related to precipitation (Rothwell et al., 
2010; Kryza et al., 2012). The amount of wet-
lands	affected	diatom	richness	negatively,	unlike	
in a study conducted in hard water streams in 
the continental U.S.A. (Passy, 2010). In contrast 
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to temperate wetlands in the U.S.A, streams af-
fected by boreal peatlands are more acidic and 
have lower light levels due to humic substances 
in stream water. This can create a rather hostile 
environment for many aquatic species (Hall et 
al, 1980; Guerold et al., 2000). However, Pound 
et al. (2013) reported an increase in diatom rich-
ness related to the amount of dissolved organic 
carbon	in	acidic	streams	affected	by	wetlands	in	
the U.S.A. This further highlights the complexity 
and a possible context dependency in the factors 
affecting	diatom	species	richness.	

The local contribution to beta diversity was 
highest in the southernmost and the northern-
most sites in Finland. The LCBD values were 
inversely correlated with species richness. This 
indicates that sites with high LCBD values har-
bour a low number of unique species which are 
well-adapted to prevailing stream conditions and 
are able to outcompete other species (Legendre 
and De Cáceres, 2013; Heino et al., 2017; Vilmi 
et al., 2017). Also, the stream conditions may be 
unfavourable for most species, which hinders 
colonization: harsh, low-nutrient conditions in 
the north and strongly human impacted and may-
be degraded sites with high conductivity in the 
south.	This	agrees	with	the	findings	of	Smuck-
er and Vis (2013) who reported that communi-
ties in extreme environments were composed of 
few adapted species. The large scale climatic and 
catchment	scale	variables	influenced	LCBD	only	
indirectly through TP and conductivity. LCBD 
was	strongly	affected	by	conductivity.	This	cor-
responds to the fact that conductivity was the 
most	influential	local	environmental	factor	driv-
ing diatom species distributions (I and II).

The SEM could explain only a small fraction 
of diatom species richness (r2= 0.13). This could 
be expected as the variation in diatom species 
richness	is	affected	by	a	wide	variety	of	factors	
with complex interactions, and thus, it cannot be 
fully explained by just a few factors. Addition-

ally, the data used in this study comprised sites 
from	different	stream	orders.	As	richness	can	be	
higher in larger streams (Stenger-Kovacs et al., 
2014) or peak in the mid-order streams (Van-
noute et al., 1980), this is likely to increase the 
unexplained variation in the models.

3.3 Paper III: Drivers of 
community composition

In the SEM, community composition showed 
shifts along the conductivity gradient and, on the 
other hand, along the amount of wetlands (III). 
Among the other explanatory variables in the 
model, conductivity, GDD and wetlands were the 
key	factors	affecting	communities	in	the	data	set	
(Fig. 4). High conductivity seems to create condi-
tions tolerated by specialised taxa. This was con-
firmed	as	conductivity	was	also	the	main	driv-
er	of	LCBD.	Streams	 influenced	by	wetlands,	
i.e. boreal peatlands, are typically occupied by 
species from the genus Eunotia, which have a 
high tolerance for low pH and low light condi-
tions (van Dam et al., 1994). Anthropogenic land 
use	also	had	a	notable	influence	on	communi-
ty composition through conductivity, indicating 
that high conductivity is mainly originated from 
human impacts in this study (Fig. 5). With this in 
mind,	the	effect	of	conductivity	may	reflect	other	
variables from anthropogenic sources, which sets 
limits to species occurrences and abundances: for 
instance, toxicants (Rai et al., 1981).

3.4 Papers I-IV: The effect of 
scale and human impact

The	study	scale	is	a	major	factor	influencing	the	
results gained from the observational studies of 
freshwater diatoms (Soininen, 2004). Tradition-
ally, the ecological niche requirements of diatom 
species have been investigated in regional stud-
ies (for example, van Dam et al., 1994; Fore 
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and Grafe, 2002). However, a growing evidence 
suggests that these observed species responses 
may not correlate with those observed in other 
regions	indicating	that	diatoms	are	influenced	by	
spatial factors or are locally adapted (Potapova 
and Charles, 2007; Chen et al., 2016). It has been 
proposed that at local (< 100 km) and regional 
scales (100 – 3000 km), the importance of local 
environmental factors to microbial distributions 
may be more profound, and as the spatial scale 
increases to continental and global scale, large 
scale factors, such as history, climate and geol-
ogy, may become more important (Martiny et 
al., 2006; Astorga et al., 2012). This seems evi-
dent as large scale factors may not vary enough 
at smaller, regional scales where the climatic or 
geological gradient is narrow (Martiny et al., 
2011). Thus, one may not see forest for the trees 
as the environmental heterogeneity derived from 
climate	and	geology	is	only	detected	from	suffi-
cient distance or spatial scale. However, in this 
study, conducted at a regional scale (c. 1000 km), 
the	effect	of	climate	on	stream	diatoms	was	clear	
and sometimes even stronger than those of the 
local environmental variables (I-IV). The study 
scale	may	also	affect	the	observed	shape	of	the	
species’ response. In nature, species’ responses 
to the contemporary conditions are seldom linear 
(Mittelbach, 2007). Therefore, to observe uni-
modal or yet more complex responses for spe-
cies,	sufficiently	wide	gradients	of	environmental	
variables need to be considered.  

The	effect	of	human	impact	on	both	abiotic	
stream conditions and diatoms was evident in 
this study (II and III).	The	most	influential	lo-
cal environmental variable, conductivity, and in 
some	extent	TP,	were	significantly	related	to	an-
thropogenic land use (Fig. 5). The high values 
of LCBD and the shift in community composi-
tion related to conductivity indicate that the di-
atom communities in human impacted streams 
consist of unique species tolerant to pollutants 

from anthropogenic sources (Lavoie et al., 2006; 
Moravcova et al., 2013) (III). However, nutri-
ents originated from anthropogenic land use led 
to a higher diatom species richness, a pattern ob-
served also by Johnson and Angeler (2014) and 
Jyrkänkallio-Mikkola et al. (2017), to name a 
few. In paper II, the local environmental factors 
were more important than the large scale climatic 
factors in human impacted streams. This suggests 
that anthropogenic land use has somewhat uni-
versal	effect	on	stream	conditions,	and	thus,	the	
local environmental variables have a similar ef-
fect on diatoms among human impacted streams 
across spatial scales.

3.5 Paper IV: Diatoms as 
environmental indicators

Diatom assemblages turned out to be reliable 
indicators of both climatic and local environ-
mental	factors	with	all	five	modelling	methods	
used (IV). Noteworthy, climatic variables were 
predicted more accurately than local environ-
mental variables by diatom assemblages. This 
suggests that diatom assemblages respond to a 
number of proximate variables, such as the tem-
perature	and	flow,	which	are	driven	by	climate	
(Stevenson, 1997). Thus, diatom assemblages 
could serve as useful proxies for certain climatic 
conditions and could be used for monitoring the 
effects	of	climate	change.	However,	such	proxies	
should be used cautiously as diatoms could be 
affected	also	by	other	large	scale	factors	such	as	
geology and history. A number of studies have 
reported	that	diatom	indices	are	specific	to	the	
region	of	their	origin,	and	therefore	specific	in-
dices should probably be constructed for each 
geographic region (Charles et al., 2006; Potapova 
and Charles, 2007; Bottin et al., 2014). As found 
in paper III, the main drivers of species distribu-
tions may be context dependent, even for a single 
species. For example, the relative importance of 



32

DEPARTMENT OF GEOSCIENCES AND GEOGRAPHY A59

GDD	on	species	distributions	was	significantly	
lower in human impacted than in pristine sites. 
Therefore, also the assemblage responses may 
change among geographic regions or along an 
anthropogenic gradient. Thus, it is suggested that 
when diatoms are used as proxies indicating (pa-
leo)climatic	conditions,	the	potential	influence	of	
geology, evolutionary history and human impact 
on the calibration data should be accounted for, 
especially when using proxy data from another 
geographical region.

The machine learning techniques, BRT and 
RF, were robust modelling methods for predic-
tive	purposes	and	in	finding	species	with	a	good	
indication value (IV). One of the advances of 
these methods is that they are able to take in-
to account complex nonlinear responses (Cut-
ler et al., 2007; Elith et al., 2008). BRT was 
able to detect thresholds for species along cli-
matic and environmental variables correspond-
ing	to	earlier	findings	in	freshwaters	(Potapova	
et al., 2004; Soininen et al., 2013). The method 
traditionally used in predictive modelling, WA, 
may be too simplistic as it assumes that species 
have unimodal responses towards environmental 
variables (ter Braak and van Dam, 1989). Here, 
WA was outcompeted in predictive performance 
by the other methods except in TP predictions. 
This may imply that diatom species indeed have 
unimodal responses towards TP (Soininen and 
Niemelä, 2002). The indicator species for local 
environmental	variables	identified	in	this	study	
corresponded well to previous studies (e.g., Fore 
and Grafe, 2002; Potapova and Charles, 2003; 
Rimet et al., 2005; Urrea and Sabater, 2009).  
A good climatic indicator species may respond 
to	varying	effects	of	climatic	variable,	thus	re-
flecting	a	certain	type	of	environment	which	is	
strongly governed by climate. For example, Ach-
nanthes pusilla (i.e. Rossithidium pusillum), a 
good	indicator	of	GDD,	reflects	harsh	cold	en-
vironments with low productivity.

4 Conclusions and 
future aspects

4.1 Microbial world in a 
changing climate

Despite their small sizes, fast life-cycles and dis-
persal rates, aquatic microbes, such as stream 
diatoms,	are	not	safe	from	the	effects	of	climat-
ic changes and anthropogenic stressors. As this 
study revealed, the microbial world is driven not 
only by local physicochemical variables, but also 
by large scale factors such as climate. Although 
climatic factors operate mostly indirectly via a 
myriad of other variables, they may also have 
immediate	influences	such	as	thermal	conditions	
and disturbance by storm events. Thus, energy 
and water are undoubtedly the ultimate driving 
forces of many stream diatoms as they are for nu-
merous other organisms (Hawkins et al., 2003).

The relative importance of climatic and lo-
cal environmental factors vary among individual 
species.  The occurrences of some species are 
more related to climatic conditions and others to 
certain stream physicochemical variables, such 
as conductivity or water pH. Also, catchment 
properties, such as anthropogenic land use and 
wetlands,	can	be	reflected	in	diatom	community	
composition	through	their	effect	on	stream	condi-
tions. This variety of environmental preferences 
may in fact be the reason for the high species 
richness of benthic diatoms. This study found that 
some sites located in the northernmost Finland 
harboured distinct diatom communities compris-
ing a low number of species with high contri-
bution to regional beta diversity. As species-rich 
communities	are	better	buffered	against	environ-
mental change (Chapin et al., 1997), these stream 
communities may be endangered. Similarly, the 
communities in human impacted streams may 
comprise only a few taxa which are pollutant-
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tolerant and not found in more pristine streams. 
Notably, the importance of environmental fac-
tors may vary along an anthropogenic land use 
gradient thus highlighting the impact of human 
actions on stream biota.

The ongoing climatic and other environ-
mental	 changes	 will	 evidently	 affect	 diatom	
species distributions. Warming temperatures 
and increased precipitation in boreal regions in 
concert with increasing anthropogenic land use 
will undoubtedly enhance productivity. This may 
increase	 interspecific	competition	and	grazing	
pressure,	both	of	which	have	notable	effect	on	
diatom occurrences and abundances. Extreme 
storm events are projected to increase the fre-
quency and magnitude of disturbances caused 
by	the	flow.	As	assemblages	are	more	frequently	
damaged	by	high	currents,	low-profile	species,	
fast colonizers and cosmopolitan species with a 
high dispersal ability may be favoured. Special-
ist species, adapted to harsh cold conditions and 
having narrow thermal ranges or poor compet-
itive ability in more productive environments, 
are thus prone to be endangered. The climatic 
and other environmental change produce novel 
stream conditions and therefore the composition 
of diatom communities is yet unforeseen. Based 
on the context dependency found in this study, 
it may be expected that the species’ responses 
may	differ	from	the	present	responses	in	novel	
conditions. This calls for more knowledge of the 
mechanisms behind the observed context depen-
dency in species responses. 

The future diatom studies should involve 
progress and be open-minded to new applica-
tions. The proxy variables, such as climate and 
land	use,	contain	the	effect	of	a	variety	of	prox-
imate	variables,	which	may	be	difficult	or	cost-
ly to measure. Therefore, climatic and land use 
variables can act as important tools in predicting 
future species distributions and shifts in commu-
nity composition. Also, the development of more 

efficient	modelling	algorithms	in	the	near	future	
and the usage of super-computers could enable 
the addition of more predictors in the models 
without compromising the model robustness. 
This would allow a more in-depth investigation 
of the complex drivers of stream diatom occur-
rences and abundances. For example, the biot-
ic interactions among diatoms and other organ-
isms involve an enormous number of linkages 
between species and among trophic levels. Open 
data sources would enable the usage of large data 
sets covering large spatial scales. Finally, the us-
age of DNA sequencing methods, for instance 
metabarcoding,	in	species	identification	and	enu-
meration in addition to traditional morphologi-
cal	identification	would	give	new	insights	into	
diatom distributions and ecology (Zimmermann 
et al., 2015; Rimet et al., 2016).  

4.2 Considerations for biomonitoring

From an applied perspective, there is a need for 
robust diatom indices for monitoring. This study 
presented that climate has a notable impact on 
stream diatoms. Furthermore, the relative impor-
tance of climate and local environmental factors 
can be context dependent. Therefore, it is sug-
gested that the following statements could be ac-
counted for in biomonitoring practises:

• Indices which have been developed else-
where,	may	not	reflect	the	focal	environmen-
tal	conditions	reliably	as	species-specific	and	
community-level responses may vary among 
geographic regions, climatic conditions and 
along an anthropogenic gradient. As a corol-
lary, indices should be developed within the 
same geographical region where they are ap-
plied (Potapova and Charles, 2007).

• The most important drivers of diatom spe-
cies occurrences can vary between human 
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impacted and pristine sites. In human impact-
ed	sites,	the	species	occurrences	may	reflect	
the water quality well, yet in more pristine 
sites,	climate	can	have	a	stronger	effect.	As	a	
corollary, indices should be developed sepa-
rately for human impacted and pristine sites.
  

• As climatic and other environmental chang-
es may generate novel conditions, indices 
should be updated regularly. This would 
ensure that the species’ responses towards 
environmental conditions are constantly up 
to date.  

• The ability of diatoms to indicate climatic 
conditions may be utilized when monitor-
ing	the	current	effects	of	climate	change	on	
freshwater ecosystems.

• The new machine learning techniques, such 
as BRT and RF, are able to recognize com-
plex interactions and response shapes, and 
thus, they are robust methods in develop-
ing new monitoring methods. These methods 
have many advantages, for example, they are 
very	flexible	in	fitting	various	data.	
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ABSTRACT

Aim The species distributions of macroorganisms are widely studied, yet micro-
bial distributions at species level remain poorly resolved. We explored the relative
contributions of climatic and local environmental factors in explaining the distri-
bution patterns of unicellular diatoms.

Location A geographical gradient of c. 1200 km in Finland (60°–70° N).

Methods We modelled the distributions of 157 diatom taxa sampled in 227
stream sites using climatic and local environmental predictors with four different
modelling techniques: generalized linear models, generalized additive models,
boosted regression trees and Random Forest. We used models with three separate
sets of predictors: environment only, climate only and the full set of predictors. The
model performances were evaluated using the area under the curve of a receiver
operating characteristic plot and the true skill statistic values by a four-fold cross-
validation approach.

Results We found that the predictive performance of the full models was
highest, indicating the importance of both the local environment and large-scale
climatic factors in diatom distribution patterns. However, climate-only models
outcompeted the environment-only models in predicting diatom distributions.
The explanatory variables had varying importance across species and growing
degree days and precipitation had the highest relative importance in the full
models. We also found that the predictability of the distributions varied greatly
among species, but the differences among families were typically small.

Main conclusions Our results suggest that at a broad geographical scale climate-
related factors are important determinants of diatom distributions and may be
stronger drivers than local variables. The inclusion of both climatic and local
environmental factors in species distribution modelling facilitates the understand-
ing of the joint effects of these drivers on microorganisms in future conditions. From
an applied perspective, our study demonstrated that species distribution models
serve as an important tool in explaining and predicting microbial distributions.
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INTRODUCTION

Climate is known to have a strong influence on species distri-

butions on Earth (Davis & Shaw, 2001; Walther et al., 2002). The

climatic effect typically exceeds the importance of land-cover

variables, for example, in determining species distributions at

both continental and regional scales (Pearson et al., 2004; Venier

et al., 2004; Luoto et al., 2007). Species distribution models

(SDMs) statistically relate the geographical distribution of

species to their present environment and are useful tools for

exploring both the current and future distribution of species

(Guisan & Zimmermann, 2000). More realistic and complex

models are being continuously developed for the use in bioge-

ography, conservation biology, climate change research and
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species or habitat management (Guisan & Thuiller, 2005;

Thuiller et al., 2008). Although SDMs have been widely used for

macroorganisms, comparable distribution models for microor-

ganisms are still rare (Ladau et al., 2013; Soininen & Luoto,

2014).

The traditional view suggests that microbial taxa are ubiqui-

tous (Finlay, 2002) and lack any biogeographical patterns asso-

ciated with evolution, dispersal limitation or glaciation history.

Thus, their distributions would be governed by local environ-

mental variables that may be spatially autocorrelated. However,

there is growing evidence that microbial taxa also have biogeo-

graphical patterns largely similar to those documented for

macroorganisms (Martiny et al., 2006; Astorga et al., 2012;

Nemergut et al., 2013). Despite this, the use of SDMs for micro-

bial distributions is still rare (but see Ladau et al., 2013; Soininen

et al., 2013). One of the reasons why SDMs are not often

employed for microorganisms is simply the scarcity of large-

scale microbial datasets due to the fact that microbe biogeogra-

phy has only recently become a focus of attention (Martiny

et al., 2006).

The predictability of microbial distributions probably differs

widely between broad taxonomic groups because different

microbial taxa may differ in their dispersal capabilities,

extinction–colonization dynamics and range sizes, and environ-

mental tolerance can also vary between species within the same

taxonomic group (Vanormelingen et al., 2008). Diatoms

(Bacillariophyta), a large and diverse group of algae, inhabit all

types of aquatic ecosystems globally. The conventional view is

that diatoms respond merely to local environmental variables

such as water chemistry and physical variables; they are there-

fore widely used as bioindicators (Battarbee, 2000; Soininen

et al., 2004). However, diatom richness and composition may

also be related to habitat availability and geographical factors

(Soininen et al., 2004; Telford et al., 2006). Recently, large-scale

historical factors (i.e. glaciation history, speciation) have been

suggested to explain more of the global geographical distribu-

tions of diatom genera than current environmental conditions

(Vyverman et al., 2007). To understand diatom distributions it is

essential to recognize whether distributions are constrained by

climatic variables and limited dispersal or only by local environ-

mental conditions (Potapova & Charles, 2002; Bennett et al.,

2010).

Here, we use SDMs to examine whether diatom distributions

are governed not only by local environmental variables but also

by large-scale climatic factors. We use an extensive dataset of 227

sites encompassing the latitudinal range of 1200 km in Finland

and model the distributions of 157 benthic diatom taxa using

local environmental and climatic variables as predictors. The

aim of this study is three-fold. We first examine if the predictive

performance of climate-only models is higher than that of

environment-only models. Second, we investigate if the predic-

tive performance of climate–environment models (i.e. full

models) is higher than environment-only and climate-only

models. Third, we examine the variable importance of local

environmental and climatic variables for the distribution of

diatoms. These analyses would indicate whether climatic vari-

ables are also needed for the reliable modelling of diatom species

distributions and add more insights into the key drivers of

microbial distributions in general.

MATERIALS AND METHODS

Data collection

The present data set was obtained by combining three diatom

data sets collected in Finland between 1986 and 2004 (227 sites

in total) (Fig. 1). Although sampling occasions cover a wide

temporal range, we consider these samples to be comparable

because the sampling methods were identical. Furthermore,

Korhonen et al. (2013) have demonstrated that although

diatom assemblages vary in time, compositional differences

between assemblages growing in different types of environ-

ments, for example oligotrophic versus eutrophic waters,

remain significant.

The first data set comprised 56 sites sampled by Eloranta

(1995) in 1986. These sites mainly represent near-pristine con-

ditions, being only marginally affected by agriculture, forestry

and fish farming and they are located in central Finland. The

second data set covered 141 sites that were distributed from

southern to northern Finland including nearly pristine and

human-impacted sites (Soininen et al., 2004). The sampling was

conducted between 1996 and 2001. Finally, two data sets were

combined with a set of 30 pristine sites sampled in July 2004 in

northern Finnish Lapland. All sampling was performed during

low-flow conditions in July and August. The whole data set

covered long gradients in conductivity, pH, humus and nutrient

concentrations (see Appendix S1 in Supporting Information).

At each sampling site, the minimum of five replicate pebble-

to-cobble (5–15 cm) sized stones was collected. Diatoms were

sampled by brushing stones with a toothbrush, according to the

recommendations of Kelly et al. (1998). At most of the sites,

water samples were taken simultaneously with diatom samples.

They were analysed for total phosphorus (TP), pH, conductivity

and water colour using national standards. For some of the sites

(< 20%), water chemistry data were taken from the national

water quality database, using results from the nearest sampling

occasion. Current velocity, shading by the canopy and stream

width were measured at each site along five transects per site

perpendicular to the flow and covering the whole study section.

Diatom samples were cleaned from organic material in the

laboratory using wet combustion with acid (HNO3:H2SO4; 2:1)

and mounted in Naphrax or Dirax. A total of 250–500 frustules

per sample were identified to species level according to

Krammer & Lange-Bertalot (1986–1991) and Lange-Bertalot &

Metzeltin (1996) and counted using phase contrast light micros-

copy (magnification 1000×) by two analysts who harmonized

species identification.

Climatic variables

Three climatic variables were chosen for modelling the climatic

effect on diatom species distribution. These variables were

Climate driving diatom distributions
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growing degree days (GDD) (range 273–1308 GDD), growing

season precipitation sum from May to September (PRECS)

(range 254–347 mm) and water balance (WAB) (range 242–

403 mm) (Appendix S1). GDD was chosen as it represents the

energy requirements of the species, while PRECS and WAB rep-

resent the moisture availability in the environment, which in

running waters is connected to the extent of recharge and run-

off. The temperature limit in GDD was adjusted to 5 °C. WAB

was calculated according to Skov & Svenning (2004) by

summing up the monthly differences between precipitation

and potential evapotranspiration (PET). Monthly PET was

calculated as PET = 58.93 × Tbio/12 where Tbio is the Holdridge

biotemperature, defined as the annual mean of monthly

temperatures with negative monthly values adjusted to zero

(Holdridge, 1967; Lugo et al., 1999). The climatic data set

covered the years 1981–2010 and was obtained from the Finnish

Meteorological Institute. Multiple linear regression was used to

relate climate data to the latitude, longitude and elevation of

each study site, downscaling climate data from a 10 km × 10 km

resolution grid to the study site (Finnish Meteorological Insti-

tute; Venäläinen & Heikinheimo, 2002). The local and climatic

variables were tested for covariance with the nonparametric

Spearman’s rank correlation coefficient. All predictor variables

had relatively low collinearity [rs < |0.70| (Appendix S2)].

Data analyses and modelling

Diatom species occurring in at least 5% and a maximum of 95%

of the sites were included in the statistical analyses. Collectively,

the data comprised presence–absence records of 157 taxa from

227 sampling sites. In addition to three climatic variables, three

local environmental variables (TP, conductivity and water

colour) were used to explain the diatom distributions. These

variables were chosen because of their strong impact on diatom

species occurrences (Soininen et al., 2004) and they are widely

used variables in corresponding studies (e.g. Astorga et al.,

2012). We used TP instead of dissolved phosphorus as total

nutrient concentrations are better preserved in remote field con-

ditions. Moreover, the concentrations of TP and dissolved phos-

phorus showed high correlation in the study area (rp = 0.75,

n = 172 samples). We included conductivity as an alternative to

water pH as it is more conservative and has been identified as a

stronger explanatory variable for diatom community structure

than pH in boreal streams (Soininen et al., 2004). Water colour

was used to indicate the amount of dissolved organic carbon in

the water because in boreal regions water colour typically origi-

nates from humic compounds (Steinberg, 2003).

Three sets of diatom species distribution models were con-

ducted for each species: environment-only, climate-only and the

Figure 1 Location of the sampling sites
(n = 227) in Finland, northern Europe.
The index map represents the location of
Finland in the Northern Hemisphere.
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full model. In the environment-only model, species distribution

was modelled only by local environmental variables, whereas in

the climate-only model only climatic variables were used. All six

variables were included in the full model.

All distribution models were applied via the BIOMOD frame-

work (Thuiller et al., 2009) fitted in R (version 3.1.1; R

Development Core Team, 2014). We used four different model-

ling algorithms to guard against potential differences related to

methodologies (Elith et al., 2008): a generalized linear model

(GLM), a generalized additive model (GAM), boosted regres-

sion trees (BRT) and Random Forest (RF). GLMs are math-

ematical extensions of linear models which allow nonlinearity

and non-constant variance structures in the data, whereas

GAMs, nonparametric extensions of GLMs, estimate the form

of the relationship between a response variable and predictors

using smoothers (Yee & Mitchell, 1991). The machine learning

techniques, BRT and RF, are highly efficient at fitting

nonparametric data, can manage various types of predictor

variables, do not require prior data transformation and auto-

matically take into account interaction effects between predic-

tors (Cutler et al., 2007; Elith et al., 2008). These methods have

been shown to have many advantages, for example a smaller

prediction error, compared with GLMs and GAMs (Elith et al.,

2006; Cutler et al., 2007; De’ath, 2007). The BRT method, in

particular, is able to reduce both bias and noise in the data (Elith

et al., 2008). The principles of these modelling algorithms have

been described in more detail in previous literature: McCullagh

& Nelder (1989) (GLMs), Hastie & Tibshirani (1990) (GAMs),

Friedman (2001), De’ath (2007) and Elith et al. (2008) (BRTs)

and Breiman (2001) (RF).

Model performance was assessed using a cross-validation

(CV) approach: the models were fitted four times by using a

random sample of 70% of the data and subsequently evaluated

against the remaining 30%. At each CV run, the predicted and

observed occurrences of species were compared by calculating

the area under the curve of a receiver operating characteristic

plot (AUC) (Fielding & Bell, 1997) and true skill statistics (TSS)

(Allouche et al., 2006). The CV approach robustly accounts for

possible non-independence (i.e. spatial autocorrelation) of the

data (Hijmans, 2012). AUC provides an evaluation of the agree-

ment between the observed presence/absence records over a

range of probability thresholds above which the model predicts

presence (Fielding & Bell, 1997). TSS considers sensitivity, i.e.

the ability to identify taxon presence, and specificity, i.e. the

ability to identify absence, and is independent of prevalence

(Allouche et al., 2006). The models have at least intermediate

predictive performance if AUC values are > 0.7 (following

Swets, 1988) and TSS values are > 0.4 (following Landis & Koch,

1977).

The chosen sets of environmental variables were included in

the models. In the GLMs the quadratic terms of the predictors

were included to examine the probability of curvilinear relation-

ships between the response variables and predictors (Crawley,

2007). GLMs and GAMs were fitted for the binomial distribu-

tion of errors and a logit link function was applied. In the GAMs

the initial degrees of smoothness were set to 4. BRTs were per-

formed with a maximum number of 3000 trees, an interaction

depth of 6 and a learning rate of 0.001. In RFs, the number of

trees (k) was set to 500 and the minimum size of terminal nodes

was set to 5.

Predicted probabilities of occurrence were converted to

presence/absence predictions using the threshold value maxim-

izing sensitivity and specificity (Liu et al., 2005; Levinsky

et al., 2013). The difference in model performances between the

three sets of SDMs was tested with the nonparametric Wilcoxon

signed rank test, where a significant difference between the

mean ranks of the compared test pair is indicated by a

P-value < 0.05.

For each species, the importance of each variable in the

models was assessed in biomod by randomizing each variable

individually and then projecting the model with the randomized

variable while keeping the other variables unchanged. The pre-

dictions of the model containing the randomized variable were

then correlated with those of the original models. Finally, the

importance of the variable was calculated as one minus the

correlation; higher values indicate predictors that are more

important for the model (Thuiller et al., 2009). This analysis was

repeated 10 times for each modelling technique and the result-

ing variable importance values were averaged.

The variation in the species occurrence data among the two

predictor groups, climatic and local environmental, was decom-

posed using the variation partitioning approach based on

redundancy analysis (RDA) applying the R package VEGAN

(Oksanen et al., 2015). The variation was decomposed in two

steps: first, variable groups contained the three climatic and

three local environmental variables. Second, climatic group was

supplemented with mean temperature of the coldest month and

local environmental group with shading and current velocity.

RESULTS

All four modelling techniques had similar patterns in predictive

performances for SDMs: climate-only models had significantly

higher AUC (Wilcoxon test, all P = 0.000) and TSS (all

P = 0.000) values than environment-only models (Fig. 2,

Appendix S3). For all modelling techniques, full models had a

significantly higher predictive ability than environment-only

models. Moreover, the predictive performance of the full BRT

and RF models was significantly higher than that of climate-only

models.

Overall, the full models had the best predictive performance

[AUC medians ranged from 0.777 (GLM) to 0.808 (RF), TSS

medians ranged from 0.556 (GLM) to 0.601 (BRT); Appendix

S4]. Furthermore, the predictive performances of the models

varied widely among species (e.g. in full models for BRT, AUC

values ranged from 0.411 to 0.997 depending on the species;

Appendix S4). However, no significant differences among

diatom families were found with respect to their predictive per-

formances (Kruskal–Wallis test, all P > 0.01).

Climatic variables overall had a higher variable importance

than local environmental variables in the full models. The only

exception was conductivity, which had the second or third

Climate driving diatom distributions
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highest importance depending on the modelling technique

(Fig. 3). The variables that had the highest relative importance

on distributions were GDD (for GLM, BRT and RF) and PRECS

(for GAM), whereas TP and water colour had the lowest relative

importance. The variable importance of each predictor varied

widely among different species (Fig. 3), but the differences

among diatom families were not statistically significant

(Kruskal–Wallis test, all P > 0.01).

In RDA-based variation partitioning, the three climatic vari-

ables used in SDMs (8%) explained more of the total variation

than the three local environmental variables (5%) or their joint

effects (7%). The majority (80%) of the total variation was left

undetermined (Appendix S5). The addition of three new vari-

ables (temperature of the coldest month, shading and current

velocity) into the variation partitioning did not change the per-

centages of total variation for climatic or local environmental

groups but increased their joint effects to 9%.

As examples of predictive distribution modelling, occur-

rences of the species Achnanthes pusilla (Grunow) were well

predicted in the study area (Fig. 4). However, for the species

Eunotia implicata (Nörpel, Lange-Bertalot & Alles) the

environment-only model predicted several false presences, as

also shown by the low AUC value (0.681), while the predictive

ability was clearly higher for climate-only and full models.
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DISCUSSION

We have shown here that climate is an important driver for

diatom distributions. The climatic variables seem to have greater

effect on stream diatom distributions than local environmental

variables alone because climate-only models had a higher pre-

dictive performance than environment-only models. The

importance of climate was further highlighted in variation par-

titioning and by the fact that climatic variables, namely GDD

and PRECS, had the highest relative importance for diatom

species distributions. The results of the species distribution

models presented here suggest that the observed distribution

patterns of stream diatoms can be explained reasonably well by

climatic and local environmental predictors. Based on both AUC

and TSS values the majority of the models had at least inter-

mediate predictive performance and the model predictability

was typical for freshwater organisms (Soininen & Luoto, 2014).

Our results support the idea that diatoms do respond strongly

to large-scale climatic variables (Weckström et al., 1997; Leira &

Sabater, 2005), and therefore, are not controlled solely by local

factors (Vyverman et al., 2007; Verleyen et al., 2009). However,

we highlight that the predictive performance was highest in the

full models and the joint effects in variation partitioning were

relatively high, which indicates the importance of both local

(e.g. conductivity) and large-scale climatic factors (temperature

and precipitation) in species distributions, and reveals that the

drivers of microbial distributions operate at multiple spatial

scales.

The present results suggest that filtering of microorganisms to

a local site takes place via both climate and local environmental

factors in a nested fashion and microorganisms seem to have

similar distinct regional pools of species as found for larger

organisms (Martiny et al., 2006; Vyverman et al., 2007;

Lindström & Langenheder, 2012). The novelty of our approach

boils down to the fact that we were able to quantify the relative

roles of climate versus local environmental variables for the

distribution of individual taxa of microorganisms unlike most

previous studies that have used community models (Potapova &

Charles, 2002; Soininen et al., 2004). Indeed, our method

revealed broad among-species variation in predictability and

variable importance even within a single taxonomic group,

diatoms, suggesting that diatom species have unique responses

towards local environment and climate. For example it has

already been documented using weighted averaging that niche

sizes of diatom species may vary greatly even within a single

genus (Weckström et al., 1997). However, we found no signifi-

cant variation in predictability and variable importance among

families. These results suggest that variability in predictability

and variable importance exists at finer taxonomic resolution,

whereas at coarser taxonomic resolution such variability is

subtle. This may also indicate that occurrence data are some-

what noisy, thus increasing model uncertainty, which is reduced

due to averaging on family level.

We emphasize the relatively modest spatial scale of our study

and suggest that the climatic effect might have been even

stronger if larger spatial scales, such as continents, had been

Figure 4 Observed and predicted distributions of two diatom species: Achnanthes pusilla and Eunotia implicata. The predicted
distributions are modelled using the boosted regression tree method according to three predictor sets: environment only, climate only and
the full set of predictors. The predictive performances of the models are evaluated using the area under the curve of a receiver operating
characteristic plot (AUC).
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considered (Martiny et al., 2006). This is because the relative

importance of local environment and climatic factors in species

occurrence may vary with study scale. It had been suggested

previously that climatic effects may override any effects of local

environmental factors at continental scales, while at regional

scales (100–3000 km) microbial communities are influenced by

both large-scale and local environmental factors (Martiny et al.,

2006; Astorga et al., 2012). However, the present analyses suggest

that climate also has a strong influence on diatom species

distributions at smaller, regional scales. The higher predictive

performance of climatic models also indicates that long-term

climatic data, easily drawn from extensive databases, may be

temporally more robust than water chemistry data based on

snapshot field measurements. Nevertheless, although the vari-

ables used in present study did not show strong intercorrelations

(all rs < |0.70|) (Appendix S2), the possibility that climatic vari-

ables also reflect the influence of some latent local environmen-

tal variable (e.g. geology, catchment productivity) not included

in the models cannot completely be ruled out with our study

design. However, we suggest that climatic variables nonetheless

provide excellent summary variables for modelling microbial

distributions, although their effects are partly manifested via

local variables.

Our study further reveals novel information about the impor-

tance of temperature (GDD) and precipitation for diatom dis-

tributions. GDD is a measure of heat accumulation and it

influences primary production because temperature has a direct

effect on metabolic processes (Atkinson, 1994; Brown et al.,

2004). Some of the diatom species are shown to have relatively

narrow temperature ranges and a certain optimum water

temperature (Weckström et al., 1997). Our findings suggest,

however, that air temperature sum during the growing season is

a key predictor of diatom distribution. We emphasize that the

effect of GDD on stream diatoms could also be indirect, as

increasing GDD enhances the overall production rate in the

catchment, including terrestrial productivity. In fact, recent

studies have found that higher terrestrial catchment productiv-

ity was strongly associated with higher planktonic richness in

lakes, possibly due to the elevated influx of carbon and inorganic

nutrients to the surface water (Soininen & Luoto, 2012). Thus,

we cannot tease apart the possible direct influence of GDD on

diatom distributions from the indirect responses of diatoms to

GDD via whole catchment productivity. A strong climatic effect

was also highlighted by the importance of precipitation for

diatom distributions. Summer precipitation can have an impact

on riverine species via disturbance frequency (e.g. changes in

current velocity, flooding, drought) (reviewed by Death, 2010).

Current velocity is documented to have an impact on benthic

diatom community composition even at small scales (Passy,

2001). Furthermore, precipitation causes runoff from the catch-

ment areas, which serves as a source of nutrients and other

substances in streams (Mallin et al., 1993). It thus seems that

energy (GDD) is a universal predictor of species distributions

while precipitation may reflect both hydrology and chemical

conditions via fluxes of elements to aquatic systems. These

shared effects of climatic and local environmental factors high-

light the complexity of environmental conditions faced by

aquatic organisms, and therefore it is difficult to separate the

pure effect of any single variable in observational studies.

However, including both climatic and local environmental

factors in SDM facilitates the understanding of the joint effects

of climate and other environmental factors on species in future

conditions.

In conclusion, our results suggest that large-scale climatic

factors are important drivers of diatom distributions and they

may be stronger than the local variables alone at relatively small,

regional scales as well. Nevertheless, species distributions may be

best predicted with both climatic and local environmental vari-

ables, highlighting their joint effects. These findings add to pre-

vious studies showing that microorganisms exhibit strong

biogeographical patterns (Martiny et al., 2006; Astorga et al.,

2012; Nemergut et al., 2013). However, the predictability of the

distributions of diatoms seems to vary greatly among species,

suggesting that species have individualistic responses to envi-

ronmental conditions and climate. Species-specific distribution

modelling therefore emerges as an important new tool in

explaining and predicting the responses of microorganisms to

large-scale environmental gradients. We encourage researchers

to further test the usefulness of SDMs for various microbial

groups in different environments and using different spatial

scales.
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Abstract
Species	occurrences	are	influenced	by	numerous	factors	of	which	effects	may	be	context	dependent.	Thus,	the	
magnitude	of	such	effects	and	their	relative	importance	on	species	distributions	may	vary	among	ecosystems	
due to anthropogenic stressors, for example. To investigate context dependency in factors governing microbial 
bioindicators, we developed species distribution models (SDMs) for stream diatom species separately in human 
impacted and pristine sites. We performed SDMs using boosted regression trees for 110 stream diatom species, 
which were common to both data sets, separately in 164 human impacted and 164 pristine sites in Finland (c. 
1000	km,	60˚	–	68˚	N).	For	each	species	and	site	group,	two	sets	of	models	were	conducted:	climate	model,	
comprising three climatic variables, and full model, comprising the climatic and six local environmental vari-
ables.	No	significant	difference	in	model	performance	was	found	between	the	site	groups.	However,	climatic	
variables had a greater importance compared with local environmental variables in pristine sites, whereas lo-
cal environmental variables had a greater importance in human impacted sites as hypothesized. Water balance 
and conductivity were the key variables in human impacted sites. The relative importance of climatic and lo-
cal environmental variables varied among individual species, but also between the site groups. We found a 
clear	context	dependency	among	the	variables	influencing	stream	diatom	distributions	as	the	most	important	
factors varied both among species and between the site groups. In human impacted streams, species distribu-
tions were mainly governed by water chemistry, whereas in pristine streams by climate. We suggest that cli-
matic models may be suitable in pristine ecosystems, whereas the full models comprising both climatic and 
local environmental variables should be used in human impacted ecosystems.

Key words: climate; land use gradient; local environment; species distribution modelling; stream diatoms

1 Introduction

Ecosystems are molded by a myriad of factors 
operating at multiple spatial scales (Cox et al. 
2016). This is especially true in open systems, 
such as rivers and streams, characterized by a 
unidirectional	flow	and	a	supply	of	substances	
from terrestrial areas (Allan and Castillo 2007). 
Large scale factors, such as climate and catch-
ment	land	use,	strongly	influence	the	local	stream	
habitat and thus the species diversity therein (Al-
lan 2004, Pajunen et al. 2017). Due to the on-
going anthropogenic environmental change, 
streams are subjected to multiple stressors in-
cluding changes in land use and associated habi-
tat degradation and changing climatic conditions. 

This increasing stress is resulting in biodiversity 
loss and homogenization of communities (Ra-
hel 2002, Olden et al. 2004, Filipe et al. 2013, 
Dar and Reshi 2014). As a consequence of glob-
al warming, the stream water temperatures are 
predicted to rise correspondingly (Webb 1996, 
Morrill et al. 2005) and changes in precipitation 
will alter hydrological conditions. The complex 
interactions between climate, land use and wa-
ter physicochemistry challenge the future pre-
dictions of stream conditions.

The	catchment	land	use	affects	stream	phys-
icochemistry (Foley et al. 2005) and even the 
past land use can have a long lasting imprint on 
stream conditions (Maloney et al. 2008, Walter 
and Merritts 2008, Maloney and Weller 2011). 
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For example, land cover previously dominated 
by agriculture may sustain high nutrient loads 
from sediments to streams for a long time period 
after a change in land use (Maloney and Weller 
2011). Anthropogenic land use, comprising ag-
riculture, development and urbanization, contrib-
utes to increased nutrient and ion concentrations 
(Taka et al. 2017), pollutants and turbidity (due 
to sediment load) in streams (Foley et al. 2005), 
and	these	effects	cascade	downstream	(Levesque	
et al. 2017). Wang et al. (2008) found that nu-
trient loading and percentage of urban land use 
were the most important drivers of deteriorating 
stream	conditions.	Climate	also	affects	nutrient	
levels	in	streams	as	nutrient	fluxes	in	a	stream	
network are strongly driven by hydrology (Arvo-
la et al. 2015). Furthermore, riparian vegetation 
regulates stream temperature and light conditions 
by shading, acts as organic matter input and as an 
agent in sediment retention. Its removal leads to 
increased water temperature and sediment load 
(Studinski et al. 2012), but also to increased pe-
riphyton biomass due to greater light intensities 
(Von Schiller et al.	2007).	Such	effects	of	land	
use are likely to increase with projected higher 
air temperatures and precipitation in the future 
(e.g., Holmberg et al. 2006, Piggott et al. 2015). 
The relationship between land use and microbial 
stream communities strengthens towards down-
stream because of the continuous accumulation 
of substances in a river continuum (Tudesque 
et al. 2014). Moreover, stream microbes may 
show in some circumstances stronger relation-
ship with the changes in land use than with phys-
icochemical gradients, e.g., pH, substrates and 
nutrients (Liu et al. 2016, Jyrkänkallio-Mikkola 
et al. 2017). This indicates that land use could 
provide a more robust measure of water chemis-
try	variables	–	thus,	reflecting	stream	chemistry	
at longer time scales than snapshot water sam-
ples. This implies that especially in the presence 
of human activities, microbial communities are 

strongly	influenced	by	the	long	gradients	of	local	
environmental factors (for example water chem-
istry) brought about by anthropogenic land use. 

Biological indicators, such as benthic dia-
toms, are widely used to assess the ecological sta-
tus	of	freshwater	ecosystems	as	they	reflect	water	
quality over a period of time (Sandin and Verdon-
schot, 2006). Many aquatic microbes have spe-
cies-specific	responses	towards	water	chemistry	
(Van Dam et al.	1994,	Olapade	and	Leff	2005),	
but whether these responses stem from niche 
conservation or local adaption, is currently under 
debate (Finlay 2002, Wiens and Graham 2005). 
The relative importance of environmental vari-
ables (such as water chemistry and land use) af-
fecting aquatic microbes can vary between study 
regions	and	in	different	climatic	zones	(Charles	
et al. 2006, Jüttner et al. 2010), and are also 
influenced	by	 the	study	scale	 (Verleyen	et al. 
2009, Heino et al. 2014). This suggests a certain 
context	dependency	among	the	most	influential	
factors driving microbial distributions. Further-
more, previous studies have shown a strong in-
fluence	of	climatic	 factors	on	 the	distributions	
of stream micro-organisms, which can even ex-
ceed	the	effect	of	local	environmental	variables	
(Pajunen et al. 2016). Climate can be seen as a 
crucial factor that has a strong impact on water 
temperatures and terrestrial vegetation patterns 
(Cox et al. 2016), and thus also on variation in in-
stream variables (Frissell et al. 1986, Stevenson 
1997).	The	effect	of	climate	is	likely	to	be	more	
apparent in pristine environments where, in the 
absence of human impact, natural processes are 
able to dictate the supply of substances and the 
disturbance regime in streams. The gradients in 
water chemistry are expected to be shorter than 
in human impacted environments, thus the rela-
tive	role	of	climatic	factors	affecting	stream	com-
munities may be stronger. In contrast, in human 
impacted environments, local environment sets 
a	strong	filter	for	species	due	to	the	wide	gradi-
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ents in environmental factors.  
To investigate whether the distributions of 

commonly used microbial bioindicators are con-
text dependent, i.e. species’ responses vary be-
tween	 species	 and	among	 sites	with	different	
magnitude of human impact, we developed spe-
cies distribution models (SDMs) for stream dia-
toms separately in human impacted and pristine 
streams. Earlier studies have mostly concentrated 
on changes in community composition between 
different	gradients	of	human	 impact	 (e.g.,	Pan	
et al. 2004, Soininen et al. 2004, Hering et al. 
2006), yet the knowledge about the responses 
of individual species to environmental and cli-
matic	factors	in	different	environments	are	still	
scarce. We hypothesized that climatic variables 
affect	 the	distribution	of	diatom	species	more	
in pristine sites than in human impacted sites. 
As	a	corollary,	the	effect	of	local	environmen-
tal variables on species distributions is stronger 
in human impacted sites where the gradients of 
water chemistry are longer than in pristine sites. 
In human impacted sites, the addition of local 
variables to climate models would thus greatly 
enhance the model performance.

2 Methods

2.1 Data sampling and analysis

The data set comprised diatom (presence/ab-
sence), water chemistry and physical variable 
data collected from Finnish stream sites between 
1986 and 2016 (328 sites in total) (Fig. 1). The 
samples were considered comparable as the sam-
pling methods were identical and all sampling 
was	performed	during	the	base	flow	conditions	in	
July to September. The sites were distributed rel-
atively evenly across Finland and the measured 
environmental and climatic variables covered a 
wide gradient (Appendix S1: Table S1). More 

detailed information about the data set can be 
found in Eloranta (1995), Soininen et al. (2004) 
and Jyrkänkallio-Mikkola et al. (2017). 

Each stream site was sampled for diatoms 
by	collecting	five	to	ten	replicate	cobble	sized	
stones.	Biofilm	was	removed	from	the	stones	by	
brushing them with a toothbrush. Water samples 
were taken simultaneously with diatom samples 
and were subsequently analyzed for total phos-
phorus (TP), pH, conductivity and water color 
using national standards. For the minority of the 
sites (< 10 %), water chemistry data were taken 
from the national water quality database, using 
results from the nearest sampling occasion. Cur-
rent velocity, canopy shading and stream width 
were measured at each site along the site per-
pendicular	to	the	flow	and	covering	the	whole	
riffle.	Samples	were	cleaned	from	organic	mate-
rial in the laboratory using wet combustion with 
acid (HNO3:H2SO4; 2:1 or hydrogen peroxide 
[30%, H2O2]) and mounted in Naphrax or Dirax. 
A total of 250–500 diatom frustules per sample 
were	identified	to	the	lowest	possible	taxonomic	
level according to Krammer and Lange-Bertalot 
(1986–1991) and Lange-Bertalot and Metzeltin 
(1996), and counted using phase contrast light 
microscopy	 (magnification	1000×).	A	 species	
was considered present at a site when at least 
one valve was observed.

2.2 Climatic and land use variables

We compiled a set of environmental variables 
presumed	to	affect	diatom	distributions.	Climat-
ic variables were chosen based on their use in 
previous SDMs conducted for Finnish diatom 
data (Pajunen et al. 2016). The variables were 
growing	degree	days	adjusted	to	5	˚C	(GDD),	
season precipitation sum from May to September 
(PRECS) and water balance (WAB; calculated 
according to Skov and Svenning 2004). GDD 
represents the aerial temperature and the energy 
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Figure 1 Location of the sampling sites (n = 328) in Finland, northern Europe, divided into two subgroups: human 
impacted sites (n = 164, > 5% anthropogenic land use) and pristine sites (n = 164, < 5% anthropogenic land use). 
The index map represents the location of Finland in the Northern Hemisphere.

requirements of the species, while PRECS and 
WAB represent the moisture availability in the 
environment, connected to the extent of recharge 
and	run-off.	The	climatic	data	set	covered	 the	
years	1981–2010	and	was	obtained	as	a	10×10	
km resolution grid from the Finnish Meteoro-
logical Institute (Venäläinen and Heikinheimo 
2002). Using ArcGIS 10.3.1 software, site-spe-
cific	catchment	areas	were	created	by	calculating	

the	patterns	of	flow	direction	and	accumulation	to	
each sampling point from digital elevation model 
(DEM;	grid	resolution	10×10	m,	National	Land	
Survey	of	Finland	2013).	Classifications	of	land	
use were obtained from CORINE Land Cover 
data	 (20×20	m,	Finnish	Environment	 Institute	
2013).	Artificial	and	agricultural	land	use	were	
merged to represent anthropogenic land use. The 
local and climatic variables were tested for co-
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variance with nonparametric Spearman’s rank 
correlation	coefficient.	All	 predictor	variables	
had low collinearity (rs ≤	 |0.50|,	Appendix	S1:	
Figs. S1–2).

2.3 Species distribution models

The data set (328 sites and in total 494 diatom 
species) was divided into two equal-sized groups: 
human impacted sites (n = 164, > 5% anthropo-
genic land use) and pristine sites (n = 164, < 5% 
anthropogenic land use). The 5% threshold for 
anthropogenic	land	use	fits	the	data	set	as	Fin-
land consists mainly of forested areas and scat-
tered settlement. Therefore, even a small increase 
in	human	impact	can	have	a	notable	effect	on	
stream conditions. Diatom species that occurred 
in both groups and at least at 5% and maximum 
at 95% of the sites were included in the statisti-
cal analyses. Two sets of diatom species distri-
bution models were conducted for each of the 
110 species separately for human impacted and 
pristine sites: climate models and full models. In 
the climate models, species distributions were 
modelled only by the three climatic variables: 
GDD, PRECS and WAB. In addition to the cli-
matic variables, the full models had six envi-
ronmental predictors: TP, conductivity, pH, wa-
ter	color	(mainly	reflecting	the	humic	content	of	
the water), canopy shading and current velocity. 

The SDMs were applied via the BIOMOD2 
framework (Thuiller et al. 2016)	fitted	in	R	(ver-
sion 3.3.3; R Development Core Team 2017) us-
ing boosted regression trees (BRT) as the model-
ling algorithm. BRT is a machine learning tech-
nique, which has previously proven to be a robust 
method for creating SDMs for micro-organisms 
(Pajunen et al.	2016),	as	it	is	highly	efficient	at	fit-
ting nonparametric data, and can manage various 
types of predictor variables. It does not require 
prior data transformation and takes automatically 
into	account	the	interaction	effects	between	pre-

dictors (the principles of BRT in more detail: see 
Friedman 2001, De’ath 2007, Elith et al. 2008). 
BRTs were performed with a maximum number 
of 3000 trees, the interaction depth of 6 and the 
learning rate of 0.001.

The performance of each model was assessed 
with a cross validation (CV) approach, where the 
models	were	fitted	four	times	by	using	a	random	
sample of 70% of the data and subsequently eval-
uated against the remaining 30%. The predicted 
and observed occurrences of species were com-
pared at each CV run by calculating the area un-
der the curve of a receiver operating character-
istic plot (AUC) (Fielding and Bell 1997) and 
true skill statistics (TSS) (Allouche et al. 2006). 
The models have at least intermediate predictive 
performance if AUC values are > 0.7 (following 
Swets 1998) and TSS values are > 0.4 (follow-
ing Landis and Koch 1977).

The importance of each predictor for a spe-
cies in the models was assessed in BIOMOD2 
by randomizing each variable individually and 
then projecting the model with the randomized 
variable while keeping the other variables un-
changed. The model predictions containing the 
randomized variable were further correlated with 
those of the original models. Finally, the impor-
tance of the variable was calculated as one minus 
the correlation; higher values indicate predictors 
that are more important for the model (Thuiller et 
al. 2009). This analysis was repeated ten times. 
The	differences	in	model	performances	and	pre-
dictor relative importances between human im-
pacted and pristine data sets were tested using 
a paired t-test.

3 Results

Both climatic and full models performed satis-
factorily in human impacted and pristine sites 
(SDM averages AUC > 0.70 and TSS > 0.40) and 
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all sets of SDMs (i.e. climate and full models in 
both site groups) had similar patterns in predic-
tive performances (Appendix S2: Fig. S1). The 
inclusion of local environmental variables into 
the models did not improve the model perfor-
mance compared to the climate models in pris-
tine sites (climate model AUC 0.710 and TSS 
0.447; full model AUC 0.707 and TSS 0.435), 
whereas in human impacted sites it slightly did 

(climate model AUC 0.708 and TSS 0.442; full 
model AUC 0.725 and TSS 0.464). However, 
no	significant	difference	in	model	performance	
was found between human impacted and pris-
tine sites (paired t-test, all P > 0.05).

Agreeing with our hypothesis, in the full 
models, climatic variables had on average great-
er variable importance (the sum of median (md) 
importance: climatic 55% and local environmen-

Figure 2 Relative importance (%) of climatic and local environmental variables and the sums of both variable groups 
for diatom species (n = 110) distributions separately in human impacted sites (n = 164, > 5% anthropogenic land 
use) and pristine sites (n = 164, < 5% anthropogenic land use). Models were conducted using boosted regression 
trees and the full set of predictors. The abbreviations stand for growing degree days (GDD), precipitation (PRECS), 
water balance (WAB) and total phosphorus (TP). Error bars represent standard errors.
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tal variables 41%) compared with local environ-
mental variables in pristine sites. In human im-
pacted sites local environmental variables were 
more important (climatic 38% and local envi-
ronmental variables 50%, respectively) (Fig. 2). 
WAB was the most important variable in both 
site groups (md importance: human impacted 
11% and pristine sites 12%), whereas GDD was 
as important in pristine sites (md = 12%). In hu-
man impacted sites, conductivity had the second 
greatest relative importance (md = 9%) on spe-
cies distributions. PRECS had the second great-
est importance (md = 8%) in pristine sites and 
the third greatest (md = 8%) in human impacted 
sites. TP had the third greatest importance (md 
= 6%) on species distributions in pristine sites.

The relative importance of climatic and lo-

Figure 3 Relationships between the relative importance of six predictors for diatom species distribution in human 
impacted and pristine sites. The models were conducted using boosted regression trees as modelling method and 
the full set of predictors. The full models consist of three climatic predictors (growing degree days (GDD), precipitation 
(PRECS) and water balance (WAB)) and six local environmental predictors (conductivity, total phosphorus (TP), pH, 
water color, shading by the canopy and current velocity). The differences between the site groups are compared in 
each plot using paired t-test. Dashed lines demonstrate the diagonal line (0, 1).

cal environmental variables on individual spe-
cies varied among species, but also between hu-
man impacted and pristine sites (Fig. 3, Appendix 
S2: Fig. S2). Overall variation between the two 
site	groups	was	significant	only	for	the	relative	
importance of GDD (paired t-test; P < 0.001) 
being higher in pristine sites, whereas for other 
variables	it	was	nonsignificant	(paired	t-test;	P > 
0.05). The between-site group variation among 
the relative importance of variables on individ-
ual	species	was	species-specific:	 some	species	
responded similarly to climatic and/or local en-
vironmental variables in both site groups, yet the 
responses of some other species varied greatly 
(e.g. Cocconeis placentula, Navicula rhyncho-
cephala) (Appendix S2: Fig. S3).
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4 Discussion

Our study reveals a notable context dependency 
among	the	factors	influencing	the	distributions	
of diatom species. The most important factors 
affecting	diatom	species	distribution	vary	not	
only among species, but are also dependent on 
the	degree	of	anthropogenic	influence.	Consis-
tent with our hypothesis, the overall importance 
of climatic variables on species occurrence was 
greater in pristine streams than was the impor-
tance of local environmental variables. In con-
trast, the importance of local environmental vari-
ables was the greatest in human impacted sites. 
However, we emphasize that water balance has 
a	significant	impact	on	stream	diatom	distribu-
tions	in	all	stream	environments,	and	its	effect	
was	 stronger	 than	 the	 influence	of	any	single	
local environmental variable not only in pris-
tine locations, but also in human impacted sites. 
This corresponds to previous studies indicating 
that diatom species can be shaped by large-scale 
climatic and historical factors (Weckström et al. 
1997a, Leira and Sabater 2005, Vyverman et al. 
2007, Pajunen et al. 2016). 

Although	climate	is	the	ultimate	factor	influ-
encing stream diatom distributions both directly 
(temperature) and indirectly (productivity and 
hydrology) (Pajunen et al. 2016, 2017), the im-
portance of local physicochemical factors seems 
to	be	highlighted	 in	 the	streams	 influenced	by	
anthropogenic activities. This can be partly ex-
plained by the wide gradients of water chemistry 
variables (here conductivity and TP; see Appen-
dix S1: Table S1) related to anthropogenic land 
use and by the strong species responses towards 
these	variables	(i.e.	species	filtering	along	envi-
ronmental gradients). The tolerances of individ-
ual diatom species towards local environmental 
factors have been widely studied and many spe-
cies have restricted tolerances and preferences 

towards certain environmental variables (for ex-
ample, nutrients [Winter and Duthie 2000], con-
ductivity [Potapova and Charles 2003] and pH 
[Andrén and Jarlman 2008]). For example, dia-
tom communities in streams under human im-
pact, such as agriculture and point-source pollu-
tion, consist of species with a preference to high 
nutrient levels and tolerance towards pollutants 
(Lavoie et al. 2006, Moravcova et al. 2013).

Recently, growing evidence of context de-
pendency in species responses toward environ-
mental and spatial factors has been document-
ed among stream organisms (for example, dia-
toms [Heino et al. 2012], bryophytes [Heino et 
al. 2012] and macroinvertebrates [Heino et al. 
2012, Hawkins et al. 2015, Tonkin et al. 2016]). 
Stream	diatoms	are	simultaneously	affected	by	
abiotic and biotic forcing whose relative impor-
tance	differs	among	sites	and	regions	(Clements	
et al. 2015). For instance, the occurrence of Frus-
tulia rhomboides,	a	species	often	classified	as	
acidophilous i.e. occurring at pH <7 (Van Dam 
et al. 1994, Weckström et al. 1997b), was af-
fected mainly by pH in pristine sites (relative 
importance = 32%). However, in human impact-
ed	sites,	it	was	mostly	affected	by	conductivity	
(relative importance = 60%), while the relative 
importance of pH was negligible (1%, see Ap-
pendix S2: Fig. S3). Among-region variation in 
species-specific	and	community-level	responses	
of diatoms to water chemistry has also been ob-
served elsewhere (Charles et al. 2006, Jüttner et 
al. 2010, Chen et al. 2016). For example, Chen 
et al. (2016) found that diatom species indicating 
high nutrient conditions in U.S. streams occurred 
in low nutrient streams in China suggesting that 
diatom niches were not conserved. However, 
studies	 from	different	 regions	should	be	com-
pared with caution as morphological taxonomic 
identification	may	contain	locally	adapted	mor-
photypes of species (Rose and Cox 2014). Also, 
the	spatial	scale	of	the	study	may	affect	the	rela-
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tive	importance	of	the	most	influential	factors.	
The	effect	of	climatic	factors	operating	at	large	
spatial scales may become more important when 
the spatial scale is large (Martiny et al. 2006).

Context dependency may also be a sign of 
genotypic plasticity, i.e. species can be adapted to 
local conditions through rapid genetic evolution, 
enabled by the fast life-cycle of microbes (Birch 
1960).	Or,	 it	may	reflect	phenotypic	plasticity,	
i.e. the tolerances towards environmental factors 
vary	among	different	morphotypes	of	individu-
al species, which results in variable responses 
(Rose and Cox 2014). However, there is also 
clear evidence for niche conservation in lacus-
trine diatoms (Bennett et al. 2010). Additionally, 
the species’ responses along anthropogenic gra-
dients may also vary due to biotic interactions 
(such as competition), which intensity may vary 
along the shifts in community structure (Tilman 
1977, Stelzer and Lamberti 2001). The number 
of possible processes causing context dependen-
cy highlights the need to study this topic further 
in the near future. 

The moisture related factors, i.e. WAB and 
precipitation, were important both in human im-
pacted and pristine sites. Precipitation and run-
off	are	essential	factors	influencing	aquatic	biota,	
including stream diatoms, via weathering, trans-
port	of	substances	and	the	flow	regime	(Steven-
son et al. 1996, Leland and Porter 2000, Allan 
and Castillo 2007). In human impacted streams, 
these	climatic	variables	can	enhance	the	effect	of	
anthropogenic	land	use	through	run-off,	which	
can consist of high amounts of allochthonous 
nutrients, organic matter, solids and pollutants 
(Pan et al. 2004, Death et al. 2015, Ponsati et al. 
2016). The importance of climate is further em-
phasized by the fact that the impact of land use 
on water chemistry and further on diatom com-
munities	may	weaken	during	summer	base-flow	
conditions compared to wetter seasons (Pan et 
al. 2004). The hierarchical structure of environ-

mental	factors	(for	instance,	climate	influencing	
land	cover	which	affects	water	physicochemis-
try) (Frissell et al. 1986, Stevenson 1997) may 
become more evident in the absence of human 
impact. For example, the relative importance of 
GDD	was	significantly	greater	in	pristine	than	
in human impacted sites suggesting that both the 
direct (temperature) and indirect (for example 
catchment	and	in-stream	productivity)	effects	of	
GDD are more essential drivers in more pristine 
systems (Fig. 3). However, the relative impor-
tance of climatic variables in the human impacted 
data	set	may	be	influenced	by	the	fact	that	the	
anthropogenic land use is mostly situated in the 
southern and western regions of Finland where 
the growing season is the longest. Thus, the hu-
man impacted data set contains less sites with 
cold and dry climatic conditions, more typical 
in the northern regions, compared to the pris-
tine data set.

In conclusion, we found that the main driv-
ers of diatom species distributions and also the 
species-specific	 responses	 to	 these	drivers	dif-
fered among human impacted and pristine en-
vironments.	The	effect	of	climate	was	important	
both in pristine and in human impacted streams 
in spite of wide gradients in local environmental 
variables and anthropogenic land use in the latter. 
However,	the	climatic	influence	was	the	stron-
gest in pristine streams, suggesting that climatic 
variables need to be considered in diatom mod-
els especially in regions where water chemistry 
gradients are only modest and stream physico-
chemistry is mainly dictated by natural landscape 
and the processes therein. The way that climatic 
and environmental change will alter stream con-
ditions in the future may be context dependent 
and	differ	among	environments.	Thus,	it	will	be	
challenging to predict the distribution of micro-
organisms under future climate scenarios.   
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Figure S1 Bivariate matrix for modelled variables from 164 impacted (> 5% anthropogenic land use) stream sites. 
All pairwise correlations were tested with Spearman’s correlation coefficient. The possible covariance between local 
and climatic variables was low since all correlations were rs<|0.50|.	Font	sizes	are	scaled	 to	match	 the	correlation	
levels. The abbreviations stand for total phosphorus (TP), conductivity (Cond), water balance (WAB), growing degree 
days (GDD) and summer precipitation (PRECS). Significant codes for P values are shown after each correlation: 
´***`	P<0.001,	´**` P<0.01,	´*`	P<0.05,	´` P≥0.05.



 

Figure S2 Bivariate matrix for modelled variables from 164 pristine (< 5% anthropogenic land use) stream sites. All 
pairwise correlations were tested with Spearman’s correlation coefficient. The possible covariance between local and 
climatic variables was low since all correlations were rs≤|0.50|. Font sizes are scaled to match the correlation levels. 
The abbreviations stand for total phosphorus (TP), conductivity (Cond), water balance (WAB), growing degree days 
(GDD) and summer precipitation (PRECS). Significant codes for P values	are	shown	after	each	correlation:	´***`	
P<0.001,	´**` P<0.01,	´*`	P<0.05,	´` P≥0.05.
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Figure S2 Relationships between the relative importance of three predictors for diatom species distribution in human 
impacted (> 5% anthropogenic land use) and pristine (< 5% anthropogenic land use) sites. The models were conducted 
using boosted regression trees (BRT) as modelling method and the full set of predictors. The full models consist of 
three climatic predictors (growing degree days (GDD), precipitation (PRECS) and water balance (WAB) and six local 
environmental predictors (conductivity, total phosphorus (TP), pH, water color, shading by the canopy and current 
velocity). The differences between the site groups are compared in each plot using paired t-test. Solid lines 
demonstrate the diagonal line (0, 1). 
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Abstract

Aim: The diversity and distributions of organisms are jointly influenced by local

environment and large-scale variables, such as land cover patterns, dispersal pro-

cesses and climate. However, the drivers of microbial diversity are complex and the

pathways of these drivers’ effects are to date largely unresolved, especially in fresh-

waters. We disentangled the causal direct and indirect effects of climate, land cover

and water chemistry on stream diatom communities using hierarchical settings.

Location: Finland, a geographical gradient of c. 1200 km (60°–70°N).

Methods: We used structural equation modelling (SEM) to analyse patterns in dia-

tom richness, composition and the uniqueness of species composition in 143

streams. The community composition was defined as the value of the first axis in

non-metric multidimensional scaling and the uniqueness of species composition of

each site as its local contribution to beta diversity.

Results: Species richness was mainly affected directly by energy and resource avail-

ability, increasing with nutrients but decreasing with growing degree days (GDD).

The community composition was strongly influenced directly by conductivity and

mainly indirectly by anthropogenic land use but also to a lesser degree by GDD (di-

rectly and indirectly), indirectly by precipitation and directly by the amount of boreal

wetlands. The uniqueness of species composition increased with conductivity but

decreased with nutrient concentrations with high number of unique species in

southernmost and northernmost sites.

Main conclusions: Our SEM analyses revealed some of the important links between

climate, land cover and water chemistry, all of which influenced the microbial diversity.

Energy availability has varying indirect and direct effects on diatom communities regard-

less of local stream conditions, whereas land cover patterns affect aquatic communities

most likely indirectly through water chemistry. Collectively, these results suggest that it

is important to consider environmental variables simultaneously at different hierarchi-

cally ordered scales in macroecological and biogeographical research.

K E YWORD S

beta diversity, catchment, climate, community structure, diatoms, Finland, freshwater, structural

equation modelling
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1 | INTRODUCTION

The studies of biodiversity patterns seek to understand the mecha-

nisms driving species distributions, interactions between species and

the variation in number of species at different spatial scales (Mittel-

bach, 2012). Depending on the spatial scale, species diversity can be

defined as species richness in a local habitat (alpha diversity), the dif-

ference in species composition between sites (beta) or regional

diversity (gamma) (Whittaker, 1972). Richness and community com-

position vary not only among local sites but also among biogeo-

graphical regions, thus being jointly influenced by local environment

as well as large-scale variables, such as climate, evolutionary history

and dispersal processes (Heino et al., 2010; Passy, 2010; Potapova

& Charles, 2002; Verleyen et al., 2009; Vyverman et al., 2007). The

occurrence of species in a certain location depends on hierarchically

ordered filtering processes, consisting of climatic factors, geology,

physical barriers, historical events, dispersal processes, biotic interac-

tions and the physico-chemical nature of the local habitat, operating

at different spatial (i.e. global, regional and local) and temporal scales

(Cox, Moore, & Ladle, 2016; Poff, 1997).

In freshwater environments, filters comprise local abiotic (e.g.

nutrients, light, water pH and habitat i.e. substrate availability) and

biotic (e.g. predation, grazing, competition) variables, variables acting

at intermediate scales (e.g. catchment land cover, soil type, geology),

and drivers operating at larger spatio-temporal scales (climate, dis-

persal and historical factors) (Frissell, Liss, Warren, & Hurley, 1986;

Stevenson, 1997). According to a hierarchy framework in streams

(Frissell et al., 1986), larger scale geomorphic processes constrain the

meso- and microscale patterns. Thus, fluvial ecosystems consist of

several spatially nested subsystems and are firmly connected with

their catchments. The significance of local conditions is obvious

especially to passively dispersed organism groups, such as plants and

microalgae, which are more related to their local habitat than

actively dispersed taxa. Nevertheless, the local conditions are influ-

enced by factors operating at larger scales as e.g. instream conduc-

tivity, water pH and nutrient concentrations are strongly related to

land use such as agriculture and forestry, and stream flow variability

(i.e. disturbance regime) is affected by topography, the degree of

urbanization (impervious surfaces) and climate, for example. Land

cover has a strong but complex influence on stream abiotic condi-

tions (Allan, 2004). Moreover, land cover may also impact aquatic

communities such as bacteria (Lear & Lewis, 2009), lake plankton

(Soininen & Luoto, 2012), diatoms (Leland & Porter, 2000; Pan et al.,

2004) and macroinvertebrates (Sponseller, Benfield, & Valett, 2001).

The effect of land cover on biotic communities is amplified during

flooding events as run-off increases nutrient and sediment loadings

from land to stream, thus highlighting the significance of seasonality

and climate in general on this matter (Jeppesen et al., 2009; Pan

et al., 2004).

Whereas the spatial patterns in biodiversity of macro-organ-

isms have been widely studied, the distributional patterns of

micro-organisms have only recently gained more attention (Astorga

et al., 2012; Martiny et al., 2006; Nemergut et al., 2013). Due to

the small body size and correspondingly high rates of reproduction

and dispersal, a traditional view of ubiquitous dispersal suggests

that microbes have to pass only the local habitat filter in order to

occur at a site. Thus, the observed patterns of species’ occur-

rences would reflect merely the influence of local environmental

variation (Baas-Becking, 1934; Beijerinck, 1913; Finlay, 2002).

However, growing evidence suggests that also large-scale factors

such as climate (Berthon, Alric, Rimet, & Perga, 2014; Leira &

Sabater, 2005; Pajunen, Luoto, & Soininen, 2016; Weckstr€om, Kor-

hola, & Blom, 1997), history (Vyverman et al., 2007) or dispersal-

related processes (Soininen, Paavola, & Muotka, 2004; Verleyen

et al., 2009) shape unicellular diatoms, and other microbes (e.g.

Papke, Ramsing, Bateson, & Ward, 2003 [cyanobacteria]; Wood-

cock et al., 2007 [bacteria]; Tedersoo et al., 2014 [fungi]).

Diatoms are typically one of the most diverse and abundant

group of algae in freshwaters (Stevenson, Bothwell, & Lowe, 1996).

As they respond predictably to many water chemistry variables, they

are widely used as indicators of long-term environmental conditions

in ecological assessment (Smol & Stoermer, 2010; and references

therein). They also maintain vital ecosystem processes (e.g. nutrient

cycling) and comprise an important part of food webs in streams

(Allan & Castillo, 2007; and references therein). Even if the factors

affecting freshwater diatoms at different spatial scales have been

investigated before, the studies typically analyse only the direct and

joint effects of environmental and spatial variables on diatoms using

e.g. direct ordination with variation partitioning, whereas causality

and indirect effects remain unresolved (but see Passy, 2010). New

statistical methods allow the quantification of direct impacts of envi-

ronmental factors together with indirect effects on biota, and test

the causality of these effects. Structural equation modelling (SEM) is

a highly useful tool for exploring the causality of the direct and indi-

rect effects of factors operating at multiple scales. Unlike many more

traditional modelling approaches, which demonstrate mere correla-

tion between variables, SEM is a technique that links a set of predic-

tors and response variables in a causal network (Lefcheck, 2016).

The paths in this network represent hypothesized causal relation-

ships between variables and the variables can perform simultane-

ously as both predictors and responses, thus acting as mediators

between explanatory and response variables.

The aim of this study is to use SEM to analyse patterns in

stream diatom richness, composition and the uniqueness of spe-

cies composition using hierarchical settings of stream sites within

catchments. We hereby address the following questions using a

diatom data set of 143 stream sites in Finland: (1) What are the

direct effects of local and climatic factors on stream diatom com-

munities? (2) Do climate and land cover variables have indirect

effects on diatoms through local variables? We characterize dia-

tom communities using species richness, community composition

and the uniqueness of species composition at sites, measured as

local contribution to beta diversity (Legendre & De C�aceres,

2013). The answers would give novel insights into the complex

pathways of the variables affecting microbial community composi-

tion and diversity in boreal streams.
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2 | MATERIALS AND METHODS

2.1 | Data sampling and analysis

A data set of 143 stream sites was collected from streams with inde-

pendent catchments (one site per stream) in Finland (60°–70°N,

20°–32°E) between 1986 and 2001 covering all the five ecoregions

of Finland but also long gradients of water quality (Soininen et al.,

2004), land cover and climatic variables (Pajunen et al., 2016) (see

Appendix S1 in Supporting Information, Table S1.1). Sites were sam-

pled once and all sampling was conducted during the low flow con-

ditions between June and August using identical sampling methods.

Each study site was divided into ten transects perpendicular to the

flow with an even coverage of the whole study section. Current

velocity, shading by the riparian canopy and stream width were mea-

sured from each transect. Five to 10 pebble-to-cobble (5–15 cm)

sized stones were collected from the study area and diatoms were

sampled by brushing the stones with a toothbrush, according to the

recommendations of Kelly et al. (1998). The diatom suspension was

pooled into a small plastic bottle and preserved in ethanol (70%). At

most of the sites, water samples were taken simultaneously with the

diatom samples and analysed for total phosphorus (TP), pH, conduc-

tivity and water colour. For less than 20% of the sites, water chem-

istry data were taken from the national water quality database, using

results from the nearest sampling occasion.

At the laboratory, diatom samples were cleaned from organic

material using wet combustion with acid (HNO3:H2SO4; 2:1) and

mounted in Naphrax or Dirax. A total of 250–500 valves per sample

were identified and counted using phase contrast light microscopy

(magnification 1,0009) (Figure 1). Species were identified according

to Krammer and Lange-Bertalot (1986–1991) and Lange-Bertalot

and Metzeltin (1996) by two analysts who harmonized species

identification.

2.2 | Catchments and land cover

For each stream site, upstream catchment area was defined by calcu-

lating the patterns of flow direction and accumulation from digital ele-

vation model (grid resolution 10 9 10 m, National Land Survey of

Finland, 2013) in ArcGIS 10.3.1 software. The catchment size, the

slope variability and land cover were further calculated for each catch-

ment. Catchment classifications of land use and cover were obtained

from CORINE Land Cover 2000 data (25 9 25 m, Finnish Environ-

ment Institute 2005). Base maps from the catchment areas of the sites

collected during 1986 were compared to CORINE land cover data and

no significant changes in land use were observed between 1986 and

2000. CORINE land cover classes were merged into nine categories

best describing the study area: artificial areas, agricultural areas,

broad-leaved forest, coniferous forest, mixed forest, shrubs, open

spaces with little or no vegetation, wetlands and water bodies. Artifi-

cial and agricultural areas were further combined to create an anthro-

pogenic land use class. The data set was divided into two subsets by

the amount of anthropogenic land use in the catchment area: refer-

ence sites (<5%, n = 97) and impacted sites (≥5%, n = 46).

F IGURE 1 Some diatom species in Finnish streams. The scale is in lm. Photo credit: Virpi Pajunen
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2.3 | Climatic variables

The climatic data covering averages from years 1981–2010 were

obtained from Finnish Meteorological Institute. Climate data were

related to latitude, longitude and elevation of each study site using

multiple linear regression and downscaling climate data from

10 9 10 km resolution grid to the study site (Finnish Meteorological

Institute; Ven€al€ainen & Heikinheimo, 2002). We chose to use grow-

ing degree days (GDD, adjusted to 5°C) and summer precipitation

sum from May to September (PRECS) as climatic variables in this

study as they are known to have a strong impact on diatom assem-

blages (Pajunen et al., 2016). GDD (i.e. the accumulation of heat

units) represents both the length and the mean air temperature of

the growing season and it has a strong negative correlation with lati-

tude in our data set (rp = �.96, p = .000, see Appendix S1,

Fig. S1.1). PRECS represent the moisture availability, which in lotic

environments refers to the amount of recharge and run-off. GDD

and precipitation may represent also the overall productivity of

stream environment including its catchment as they are found to be

strong predictors of NDVI (Li, Tao, & Dawson, 2002; Wang, Price, &

Rich, 2001).

2.4 | Statistical analysis

All the statistical analyses were performed in R environment (version

3.3.2; R Development Core Team, 2008). Species richness, commu-

nity composition and uniqueness were selected as response variables

in SEMs. Species richness was defined as the number of taxa at each

site, and the community composition as the value of the first axis in

non-metric multidimensional scaling (NMDS). The first axis repre-

sents the most important variation in the species data and its values

are thus robust in describing the community composition. Here, the

NMDS1-variable represents the difference in community composi-

tion between sites as sites with values in opposite ends of the axis

(the most negative and positive ends) had widely different species

composition. NMDS was performed using relative abundance data in

“vegan” package (Oksanen et al., 2015) with three axes (stress

value = 0.18). The uniqueness of species composition of each site

was defined as its local contribution to beta diversity (LCBD, Legen-

dre & De C�aceres, 2013). By using this measure, we calculate the

contribution of the sites to the overall beta diversity of the data set.

LCBD was derived from a total variation (beta diversity) in a species-

by-site community matrix based on Hellinger-transformed data using

the “beta.div” function in R. Significance of the LCBD values was

then tested for using 999 permutations. All procedures followed the

methods developed by Legendre and De C�aceres (2013).

Data were then examined by performing a principal component

analysis for all standardized environmental variables. A redundancy

analysis was performed for species assemblage data and generalized

linear models were ran to examine the most important environmen-

tal variables for species richness, NMDS1 and LCBD (see

Appendix S2, Figs. S2.4-5, Tables S2.2-4). Based on these results, we

chose the most important environmental variables operating at three

different spatial scales for the SEMs: local scale (TP and conductiv-

ity), intermediate scale (anthropogenic land use and wetlands) and

large-scale (GDD and PRECS) variables as predictors. We adjusted

the number of predictors (two from each spatial level) to the sample

size to avoid model complexity which would compromise the reliabil-

ity and hinder the interpretation of the models (Lefcheck, 2016). We

included conductivity in the models instead of water pH as it is more

conservative and has been identified as a stronger explanatory vari-

able for diatom community composition than pH in boreal streams

(Soininen et al., 2004). Nevertheless, we conducted alternative SEMs

including pH as a seventh environmental variable to account for the

influence of pH on diatom communities (see Appendix S3, Tables

S3.5-6).

We used SEMs to investigate the causal links between the inde-

pendent factors and dependent variables. SEMs are probabilistic

models that allow the simultaneous investigation of multiple causal

pathways within a single network (Lefcheck, 2016). Data were

checked for nonlinear relationships and strong covariances (see

Appendix S1, Figs. S1.2-3), and normalized and standardized prior

analysis. The models were run using the “piecewiseSEM” package in

R developed by Lefcheck (2016). In piecewise SEM, paths are struc-

tured as a set of separate linear equations, which are evaluated indi-

vidually using local estimation. This allows more freedom in sample

sizes and sampling designs compared to other SEM methods where

equations are solved simultaneously (Shipley, 2000, 2009). For exam-

ple, piecewise SEM allows smaller sampling sizes and non-normal

distribution of variables. Despite these differences, the interpretation

of piecewise SEM is similar to other SEMs (Lefcheck, 2016).

Models were built separately for each of the three dependent vari-

ables: richness, NMDS1 scores and LCBD. For each model, a basic

model was built including GDD and PRECS as exogenic variables and

anthropogenic land use (anthro), wetlands, TP and conductivity as

endogenic variables. All potential causal links between variables, as

well as the quadratic terms of GDD and PRECS, were included in the

original models. Different model structures were then tested by gradu-

ally removing non-significant pathways maintaining the causal struc-

ture of the models. To account for significant nonlinear relationships,

composite variables were made using the coefficient estimates of lin-

ear and nonlinear terms of GDD and PRECS by multiplying the terms

by their estimates and then adding them as aggregate. Composites

were made for the following paths: GDD—anthro, GDD—wetlands,

GDD—NMDS1 and for PRECS—conductivity.

Alternative SEMs were conducted including geographical coordi-

nates as additional variables (see Appendix S3, Tables S3.5-6). There

were eight variables in models with geographical coordinates. The

latter models comprised four levels of predictive variables: spatial,

climatic, land cover and local variables.

Models were rejected or accepted by the criterion of parsimony

and goodness-of-fit using Fisher’s C, where p > .05 represents a

good fit. Spatial autocorrelation was taken into account in all models

except models with geographical coordinates by using “spatialCor-

rect” function, which corrects the standard error for all endogenous

variables using Moran’s I.
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3 | RESULTS

The most species-rich sites were mainly randomly distributed, yet

some richness hotspots were located in the northern and eastern

Finland (Figure 2). The regions with species-poor sites were mainly

located in the northern and central Finland, typically in areas charac-

terized by large wetlands or strong human impact.

The sites that differed the most in their community composition

from each other were situated mainly in the coastal area in the

southern Finland (the negative end of the NMDS1-axis) and in the

central Finland (the positive end of the axis) (Figure 2). The sites in

the negative end of the NMDS1-axis (dominated by species such as

Surirella brebissonii [Krammer & Lange-Bertalot], Navicula cryp-

totenella [Lange-Bertalot] and Nitzschia palea [K€utzing] W. Smith)

consisted mainly of impacted sites (anthropogenic land use ≥5%)

having also high values of GDD and conductivity (Figure 3) indicat-

ing eutrophic conditions. However, the sites in the positive end were

mostly reference sites (anthropogenic land use <5%) with low water

pH and humic waters (dominated by species such as Eunotia bilunaris

([Ehrenberg] Schaarschmidt), Eunotia incisa (W. Smith ex W. Gregory)

and Frustulia rhomboides ([Ehrenberg] De Toni), having the highest

relative amount of wetlands in their catchment (Figure 3).

The sites with highest LCBD were located in the southern

coastal area, the northernmost Finland and in few sites in the east-

ern Finland (Figure 2). Species richness and LCBD had a negative

correlation in the data (rp = �.53, p = .000, see Appendix S1,

Figure S1.1).

For species richness, the most parsimonious SEM included direct

effects of GDD (negative effect), PRECS (positive), wetlands (nega-

tive) and TP (positive) (Figure 4a) with GDD having the strongest

effect. However, GDD had an indirect positive influence on richness

via TP and catchment level variables.

For NMDS1 scores, the best SEM included the direct effects of

GDD (unimodal), anthropogenic land use (negative), wetlands (posi-

tive) and conductivity (negative) (Figure 4b). Conductivity had by far

the strongest effect. Unimodal effect with GDD indicated that the

communities with average value of GDD differed most from the

communities with highest and lowest GDD. TP did not have a signif-

icant effect on NMDS.

For LCBD, the best SEM included the direct effects of conduc-

tivity, having a strong and positive effect which saturated at higher

levels, and TP, which had a weaker negative effect (Figure 4c). The

climatic and catchment scale variables had only indirect effects on

LCBD.

NMDS1Richness LCBD

¯ ¯ ¯0 240 480120 Km 0 240 480120 Km 0 240 480120 Km

8 - 27
28 - 37
38 - 47
48 - 64

-1.00 - -0.59
-0.60 - -0.01
0.00 - 0.49
0.50 - 1.00

<0.0060
0.0060 - 0.0069
0.0070 - 0.0080
>0.0080

F IGURE 2 The sampling sites and the distribution of diatom species richness, community composition (represented as the scores of the
first axis on non-metric multidimensional scaling; NMDS1) and uniqueness of species composition (represented as values of local contribution
to beta diversity; LCBD) in the study area located in Finland, Northern Europe (60°–70°N)
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The SEMs were best at explaining the variation in community

compositions (r2 = .77 for NMDS1), while the models for LCBD and

species richness had lower coefficient of determination (r2 = .37 for

LCBD and r2 = 0.13 for richness).

Adding pH in the alternative SEMs did not increase the amount

of explained variation in biotic response variables in any of the mod-

els (see Appendix S3). Water pH did not have a statistically
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(GDD), wetlands and conductivity on the non-metric
multidimensional scaling (NMDS) axes shown as contour lines.
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F IGURE 4 Structural equation models of the effects of climatic,
land cover and water chemistry variables on diatom communities in
Finnish streams. Separate models represent the influences on (a)
species richness, (b) community composition (measured as the scores
of the first axis on non-metric multidimensional scaling; NMDS1),
and (c) the uniqueness of species composition (measured as values
of local contribution to beta diversity; LCBD). Only significant
standardized path coefficients are shown (p < .05). The width of the
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significant effect on richness and its effects on NMDS1 and LCBD

were only minor. Geographical coordinates, however, increased the

amount of explained variation in richness (r2 = .20) and NMDS1

(r2 = .78) models but decreased it in LCBD models (r2 = .18). Lati-

tude had a strong direct effect on richness and NMDS1, and longi-

tude on NMDS1. However, due to the strong correlations between

geographical coordinates and other variables (e.g. latitude—GDD,

r = �.96, see Appendix S1, Figure S1.1), model robustness

decreases.

4 | DISCUSSION

Diatom species richness and community composition were related

with local, catchment level and climatic factors showing causality

through direct effects but also showed multiple indirect effects. On

the uniqueness of species composition, only local variables had

direct effects, but uniqueness was affected indirectly by climate and

catchment level variables. The models showed direct effects of pre-

cipitation and land cover on species richness and community compo-

sition, indicating that large-scale variables tend to reflect the aquatic

conditions at longer time-scales than snapshot measures of local

variables, or large-scale effects are mediated through some unmea-

sured local environmental variable (Soininen & Luoto, 2012), and

thus, have a direct effect on communities. Our results indicate that

climatic and land cover variables may act as valuable proxies explain-

ing the variation on diatom species richness and community compo-

sition. Nevertheless, highlighting the importance of climate, GDD

can have a direct influence on stream diatoms via water tempera-

ture, which typically correlates with air temperature (Mohseni & Ste-

fan, 1999). This demonstrates not only the importance of indirect

effects of climate and land cover on stream biota, but also the fact

that large-scale variables may affect diversity and distributional pat-

terns of microbial stream biota also directly. This finding has impor-

tant implications also for practical biomonitoring purposes and

stream conservation that currently largely neglect large-scale vari-

ables (Heino, 2013).

For species richness, perhaps the most interesting finding was

that GDD had a strong negative direct effect on diatom richness.

This finding was surprising, as regions with higher GDD (energy

availability) typically have higher primary production and species

richness (Hawkins et al., 2003) and also nutrient availability (Rouse

et al., 1997). The found negative effect of GDD on diatom richness

may reflect the fact that in colder climates, water temperatures are

lower, and consequently, diatom richness higher. This finding is sup-

ported by previous experimental work, where diatom diversity was

higher at lower stream temperatures (Gudmundsdottir, Olafsson,

Palsson, Gislason, & Moss, 2011). The underlying reason could be

that high stream temperatures can decrease some diatom popula-

tions perhaps due to interspecific competition (Piggott, Salis, Lear,

Townsend, & Matthaei, 2015) thus resulting in lower diversity

through local extinctions. Also, the presence of priority effects (i.e.

the early colonizers pre-empt niche space) can result in resistant

communities comprising highly abundant species that can inhibit

later colonization of other species (Andersson, Berga, Lindstr€om, &

Langenheder, 2014; Louette & De Meester, 2007). In addition, Soini-

nen, Jamoneau, Rosebery, and Passy (2016) recently found that

there was a weak latitudinal increase in stream diatom richness glob-

ally suggesting a negative relationship between richness and temper-

ature, whereas Passy (2010) found a distinct U-shaped latitudinal

pattern in stream diatom richness. Collectively, these findings sug-

gest that, at the very least, there may not be a simple positive rela-

tionship between richness and energy availability in diatoms that

have been found in many other organism groups (Hillebrand, 2004).

The global and continental diatom richness patterns documented

by Soininen et al. (2016) and Passy (2010) were possibly linked to

corresponding patterns in catchment and stream characteristics (e.g.

distribution of wetlands and forests, soil composition) influencing

resource supply (i.e. DOC and iron concentrations increased with the

amount of temperate wetlands) (Passy, 2010) and water pH (Soini-

nen et al., 2016). However, in our data set, wetlands comprised

mainly boreal peatlands resulting in relatively high DOC concentra-

tions (indicated by brown water colour) and low pH and conductivity

of the stream water. Although wetlands had a positive effect on dia-

tom richness through elevated TP concentrations in present data,

the direct and overall effect of wetlands remained negative disagree-

ing thus with the conclusions of Passy (2010). Such a disagreement

probably indicates the differences between temperate and boreal

wetlands as the first may increase nutrient supply while the latter

typically decreases water pH, light availability and conductivity. Fur-

thermore, in naturally brown water streams rich with humic com-

pounds, iron that is important nutrient for diatoms can be bound

with chelated humic acids (Collier, Ball, Graesser, Main, & Winter-

bourn, 1990; Winterbourn & Collier, 1987) and thus its bioavailabil-

ity is uncertain.

Diatom community composition was strongly affected by GDD

and conductivity associated with anthropogenic land use (the nega-

tive end of the NMDS axis 1), and on the other hand, by the amount

of wetlands (the positive end) although to a much lesser degree. The

strong effect of anthropogenic land use on conductivity indicates

that, in present data, high conductivity is typically related to inten-

sive human impacts in the catchments. The unimodal direct effect of

GDD on community composition peaked at mean GDD values, rep-

resenting the region in the central Finland with plains, seasonal

floods and abundant peatlands, consistent with the effect of wet-

lands on diatom communities. The linkage between climate and

peatlands is evident as ecosystem functioning and the formation of

boreal peatlands rely on the critical connections between tempera-

ture, precipitation and permafrost (Lavoie, Par�e, & Bergeron, 2005).

For the uniqueness of species composition at sites, it was evi-

dent that both the southernmost and northernmost sited contributed

most to the overall beta diversity in the data and that such pattern

was clearly related to conductivity having positive effect on LCBD.

This finding agrees with Tonkin, Heino, Sundermann, Haase, and

J€ahnig (2016) who found that LCBD for stream macroinvertebrates

was mostly explained by local habitat conditions. Intuitively, large
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climatic and environmental variation would lead to more unique sites

near the ends of the gradients, thus overall increasing the number of

unique species. However, in our study, climatic factors or geographi-

cal coordinates had only indirect effects on LCBD indicating that

their effects were mediated by local variables. In our data, high con-

ductivity from anthropogenic sources indicates the presence of pol-

lutants and stream degradation, thus favouring species tolerant to

such conditions. This contributes to total beta diversity by including

unique species not found elsewhere in the study area. On the con-

trary, TP, increasing with energy availability (GDD) had a slight nega-

tive effect on the community uniqueness, indicating that slightly

more of the unique species were found in nutrient-poor streams

than in eutrophic streams, which tend to harbour more typical spe-

cies in the data. Such unique species tolerate well cold temperatures

and overall harsh and nutrient-poor conditions in higher latitudes

with low productivity and biomasses (Wang, Soininen, He, & Shen,

2012). Hence, we conclude that either strong anthropogenic impacts

or lack of available resources has selected specialist species that

have high contribution to beta diversity in our data set. Conversely,

at the intermediate productivity, generalists may out-compete these

more unique species.

The negative correlation between LCBD and species richness

indicated that high uniqueness of species composition was often

related to low number of species, highlighting that sites with high

LCBD were occupied with specialized species tolerant of harsh con-

ditions. In fact, according to Legendre and De C�aceres (2013), large

LCBD values together with low species richness may reveal sites

that have unusual species combinations having thus high conserva-

tion value, or on the contrary, it may indicate sites that have

degraded and need restoration. In our study area, both of these may

occur as uniqueness was highest in species-poor high conductivity

sites with strong human impact but also in harsh low-nutrient pris-

tine sites in remote regions. However, the occurrence of priority

effects cannot be entirely ruled out as species-poor sites are typi-

cally dominated by one or more abundant species.

When comparing the explanatory power of SEM models, com-

munity composition was best explained (r2 = .77) indicating the great

importance of included variables such as conductivity (Potapova &

Charles, 2003; Soininen et al., 2004), climate (Pajunen et al., 2016)

and human impact (Leland & Porter, 2000; Pan et al., 2004) on dia-

tom communities. Moreover, our analyses were conducted with

abundance data, which may increase the explanatory power com-

pared to presence–absence data (Heino et al., 2010). Uniqueness of

species composition was explained only moderately (r2 = .37), which

implies that some of the important factors governing beta diversity

were missing from our models. Finally, the explained variation of

species richness in SEM was the smallest (r2 = .13) suggesting that

microbial richness patterns are complex, driven by great number of

variables and are typically relatively stochastic in time and space due

to the small body size of microbes and their vulnerability to distur-

bances (Farjalla et al., 2012; Soininen, Korhonen, & Luoto, 2013).

Additionally, the richness estimates are also affected by sampling

effect as the sampling of relatively limited area in the field and

counting of mere 500 valves per sample may not detect all species

occurring at site, especially at sites with high diatom species richness

(Heino & Soininen, 2005).

In conclusion, we demonstrated using SEM models that stream

diatoms are affected by the wide range of environmental factors

operating at different spatial scales. The effect of climatic factors

and land cover can be strong even if the influence on biota may be

largely indirect and reflected through local factors, i.e. water chem-

istry. We emphasize, however, that climate may have also clear

direct effect on diatoms, regardless of local factors. Diatom species

richness was mainly governed by GDD and productivity increasing

with available nutrients but decreasing with temperature. Richness

was also low in extreme conditions such as in brown water or under

high human impact. The community composition on the other hand,

was affected by conductivity and human impact but also by the

unique stream conditions in the central Finland. The high uniqueness

of species composition was mainly found in gradient ends of the

study area with high number of unique species contributing most to

beta diversity at southernmost and northernmost study sites. The

present study revealed that not only local variables have direct

effects on diatoms but rather that large-scale variables may also

have direct causal influence on diatom communities regardless of

local factors. This is an important finding, especially due to the pro-

jected climate change, to consider not only in basic research of

macroecology and biogeography but also in freshwater bioassess-

ment and conservation programs that are typically guided only by

local variables.
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Stream diatom assemblages as predictors of climate

VIRPI PAJUNEN, MISKA LUOTO AND JANNE SOININEN

Department of Geosciences and Geography, University of Helsinki, Helsinki, Finland

SUMMARY

1. Benthic diatoms have been widely used as indicators of water quality in streams. New insights

that diatoms may also respond to large-scale drivers, such as climate or historical factors, highlight

the need to reassess the usefulness and the reliability of diatoms as bioindicators.

2. Using a suite of modelling techniques, weighted averaging (WA), weighted averaging partial least

squares, modern-analogue technique (MAT) and two machine learning techniques, boosted

regression trees (BRT) and random forests (RF), we calibrated models to infer water quality and

climatic variables using diatom abundance data collected from 227 stream sites in Finland.

3. Predictive ability was generally better for climatic variables [growing degree days (GDD) defined

as temperature >5 °C, summer precipitation and water balance] than for local environmental

variables (conductivity, water colour and total phosphorus). The strongest relationships were found

for GDD (r2 = 0.86, MAT) and conductivity (r2 = 0.82, RF). Using BRT, we also identified potential

indicator species for local environmental and climatic variables, based on relative importance species

in the models.

4. Our results show that diatoms could serve as efficient proxies for climatic variables and local

environmental conditions. Furthermore, new modelling techniques such as modern regression trees

can provide new insights into relationships between diatom assemblages and local water quality and

climate, and thus help to construct more reliable indices. These methods could also serve as

important tools to infer environmental variables in changing ecosystems.

Keywords: bioindicators, biomonitoring tools, climate, regression tree methods, stream diatoms

Introduction

Diatoms are considered to be ubiquitous, like many

other microbes, with their distributions largely gov-

erned by local environmental variables, mainly water

chemistry (Finlay, 2002; Soininen, Paavola & Muotka,

2004). An increasing number of studies have shown

that, not only local variables, but also large-scale fac-

tors related to climate (Vyverman & Sabbe, 1995;

Weckstr€om, Korhola & Blom, 1997; Leira & Sabater,

2005; Berthon et al., 2014), history (Vyverman et al.,

2007) and dispersal (Verleyen et al., 2009) influence

diatom species distribution. The effects of these factors

are related to spatial scale, with stronger effects at

broad geographical scales, while local environmental

variables become more predominant at smaller, regio-

nal scales (Martiny et al., 2006; Bennett et al., 2010;

Astorga et al., 2012).

Regional factors affect diatom assemblages through

indirect pathways that are often related to resources and

environmental stress (Stevenson, 1997; R€uhland, Pater-

son & Smol, 2015). For example, hydrological and ther-

mal regimes affect seasonality, flow conditions, runoff

and the rate of primary production and metabolism

(Allan & Castillo, 2007). Accordingly, benthic diatoms

adapt to prevailing conditions, by finding suitable habi-

tat, through efficient nutrient uptake and by their ability

to tolerate drought, low light and chemical conditions.

Hence, the effects of large-scale drivers on diatom

assemblages is complex and deserves further study, not

only because the current use of diatoms in biomonitor-

ing is based on their responses to physicochemical prop-

erties that are typically are highly variable (Bottin et al.,

2014) but also because of changing climate. The pro-

jected climate change can alter the thermal regimes in

streams by increasing in-stream temperatures directly
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(Isaak et al., 2010) and indirectly via impacts on flow

regimes through increasing precipitation or drought and

decreasing snow cover (IPCC, 2013). As climatic factors

can affect diatom assemblages indirectly via several local

environmental factors (Stevenson, 1997), these factors

could strengthen or alter the effect of local environmen-

tal variables, thus affecting the responses of indicator

species (R€uhland et al., 2015). Here, we suggest that new

methodological approaches based on the distribution of

individual species may provide novel insights into

diatom distribution along environmental and climatic

gradients.

There has been a long tradition of using diatoms as

indicators of past climatic conditions in palaeolimnologi-

cal studies, and more recently as indicators of changes

in mean annual temperature (reviewed in Smol, 2010).

Species-specific and community models have been used

to infer past environmental conditions by constructing

either quantitative statistical models, such as weighted

averaging (WA) and weighted averaging partial least

squares (WA-PLS), or models based on modern-analo-

gue matching (i.e. modern-analogue technique, MAT)

(Birks et al., 2010). Overall, these methods are relatively

good at modelling biological response variables (ex-

planatory and predictive power), although WA cannot

identify more complex response shapes (such as thresh-

olds) (De’ath, 2007).

Recently, machine learning techniques, such as

boosted regression trees (BRT) and random forests (RF),

have become more popular in ecological studies (e.g.

Leathwick et al., 2006; Cutler et al., 2007; Lewin et al.,

2014) and BRTs, in particular, have been used success-

fully in reconstructing palaeoclimate using pollen assem-

blages (Salonen et al., 2014). BRTs and RFs have been

shown to have many advantages, such as lower predic-

tion error, when compared to other methods such as

GLM and GAM (Elith et al., 2006; Leathwick et al., 2006;

Cutler et al., 2007; De’ath, 2007). Moreover, these regres-

sion tree methods: (i) can manage various types of pre-

dictor variables, (ii) do not require prior data

transformation, (iii) are able to fit complex nonlinear

relationships, (iv) automatically take into account inter-

action effects between predictors (Cutler et al., 2007;

Elith, Leathwick & Hastie, 2008) and (v) show the rela-

tive importance of each predictive variable (Cutler et al.,

2007; De’ath, 2007).

In this study, our aim was to determine the efficacy of

diatom assemblages for predicting climatic [growing

degree days (GDD), precipitation and water balance]

and local environmental [total phosphorus (TP),

conductivity and water colour] variables using diatom

assemblages from 227 streams and five calibration mod-

els: WA, WA-PLS, MAT, BRT and RF. We were particu-

larly interested to determine if stream diatoms could be

utilised as efficient proxies for local environmental con-

ditions as well as for large-scale environmental factors

related to climate. Finally, using BRT, we identified indi-

cator species for selected local stream characteristics and

climatic variables.

Methods

Data collection

An extensive data set of stream diatom assemblages

from 227 sites was obtained by combining data from

three different studies done in Finland (60°–70° N, 20°–

32° E) (Fig. 1). Between 1996 and 2001, diatoms were

sampled from 141 sites, comprising the five ecoregions

in Finland and covering broad gradients in conductivity,

pH, humic content and nutrient concentrations (Soininen

et al., 2004) (see Appendix Table S1 in Supporting Infor-

mation). Sites are described in detail by Soininen (2002)

and Soininen et al. (2004). The second data set comprised

56 fast-flowing rivers in central Finland sampled in 1986

by Eloranta (1995). These sites were included because

most of them represent near-pristine conditions, that is,

only slightly affected by agriculture and fish farming.

The third data set comprised 30 sites sampled in July

2004 in northern Lapland. We consider all samples to be

comparable as they were sampled using the same meth-

ods. In addition, Korhonen, K€ong€as & Soininen (2013)

demonstrated that diatom assemblages are robust indi-

cators of water chemistry variables even though assem-

blages vary in time.

Diatom sampling

Diatoms were sampled by brushing stones with a tooth-

brush, according to the recommendations of Kelly et al.

(1998). At least five replicate, pebble-to-cobble sized

stones (5–15 cm) were selected randomly from five to 10

cross-stream transects, and brushed for diatoms. The

diatom suspension was placed in a small plastic bottle

and preserved in ethanol (70%). All sampling was con-

ducted during low flow conditions in July and August.

In the laboratory, diatom samples were cleaned from

organic material by wet combustion with acid

(HNO3 : H2SO4; 2 : 1) and mounted in Naphrax or

Dirax. A total of 250–500 valves per sample were identi-

fied and counted using phase contrast light microscopy

(magnification 10009). Species were identified according

© 2016 John Wiley & Sons Ltd, Freshwater Biology, 61, 876–886
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to Krammer & Lange-Bertalot (1986–1991) and Lange-

Bertalot & Metzeltin (1996) by two analysts who har-

monised species identification.

Environmental variables

At most of the sites, water samples were taken simultane-

ously with the diatom samples and analysed for TP, pH,

conductivity and water colour. For less than 20% of the

sites, water chemistry data were taken from the national

water quality database, using results from the nearest

sampling occasion in space and time. Current velocity,

shading by the riparian vegetation and stream width were

measured at each site along 10 transects perpendicular to

the flow covering the whole sampling area.

Climate data (averages for the years 1981–2010) were

obtained from Finnish Meteorological Institute. As water

temperature can fluctuate strongly even at relatively

small temporal scales (Allan & Castillo, 2007), especially

in small streams, we used GDD (defined as temperature

>5 °C) as a proxy for overall productivity of the stream

and its catchment. Summer precipitation (sum from May

to September; PRECS) and water balance (WAB) were

used as measures of atmospheric water supply to the

whole catchment area and potential runoff, respectively.

WAB was calculated according to Skov & Svenning

(2004) by summing the monthly differences between

precipitation and potential evapotranspiration (PET).

Monthly PET was calculated as

PET ¼ 58:93� Tbio=12 ð1Þ
where Tbio is the Holdridge biotemperature, defined as

the annual mean of monthly temperatures with negative

monthly values adjusted to zero (Holdridge, 1967; Lugo

et al., 1999). Multiple linear regression was used to relate

climate data to latitude, longitude and altitude of each

study site, downscaling climate data from 10 9 10-km

resolution grid to the study site (Finnish Meteorological

Institute; Ven€al€ainen & Heikinheimo, 2002).

Principal component analysis (PCA), redundancy

analysis (RDA) and partial redundancy analysis (pRDA)

were used to correlatively explore interrelations between

Fig. 1 Location of the sampling sites

(n = 227) in Finland, northern Europe.

© 2016 John Wiley & Sons Ltd, Freshwater Biology, 61, 876–886
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climatic and local environmental variables and between

environmental variables and diatom abundance. In PCA,

the first two components collectively explained 57.6% of

variation in the original variables. GDD, mean January

temperature (TJan), TP and conductivity had high posi-

tive loadings on the first principal component, while pH

and conductivity had high positive loadings and precipi-

tation and water colour had high negative loadings on

the second component (see Fig. S1 and Table S2).

Covariance between the local and climatic variables was

assessed using Spearman’s rank correlation. The predic-

tor variables only exhibited moderate collinearity (maxi-

mum pairwise rs = 0.65; all other correlations ≤|0.63|),
and therefore all of the variables were retained for sub-

sequent modelling (see Fig. S2).

Based on results from PCA and RDA, we selected TP,

conductivity and water colour to represent local envi-

ronmental variables, and GDD, PRECS and WAB to rep-

resent climatic variables (see Table S3 and Fig. S3).

Variation partitioning confirmed the importance of these

variables as strong predictors of diatom abundance; joint

effects explained most of the explained total variation in

both partitions (10% with full set of variables and 8%

with six variables) (see Fig. S4). The explained variation

in local environment (8 and 7%) was higher than for cli-

matic variables (5%). PCA, RDA and pRDA were per-

formed in R (version 3.1.1; R Development Core Team,

2014) applying VEGAN package (Oksanen et al., 2015).

Inference models

Five different modelling approaches were used in cali-

bration: WA, WA-PLS, MAT, BRT and RF. In model cali-

bration, conductivity, TP, water colour, GDD, PRECS

and WAB were set as response variables and the diatom

abundance of 214 taxa from 227 sites as predictors. All

models were fitted using R software (version 3.1.1; R

Development Core Team, 2014).

The WA, WA-PLS and MAT models were run using

functions from the RIOJA package version 0.8–5 (Jug-

gins, 2013b) on square-root transformed species data

(Prentice, 1980). The WA technique is based on the

assumption of unimodal relationships between species

and environmental variables (ter Braak & van Dam,

1989). WA-PLS involves a weighted inverse deshrinking

regression (ter Braak & Juggins, 1993) and generally

shows improved performance compared with WA (Birks

et al., 2010). WA was run using monotonic deshrinking,

while WA-PLS was run using three-component models.

In MAT, an analogue is compared numerically to species

abundance data using a measure of dissimilarity. MAT

was based on the weighted mean of the k closest ana-

logues and squared chord distance (Overpeck, Webb &

Prentice, 1985). The screenplot function (R package

ANALOGUE version 0.10–0; Simpson & Oksanen, 2013)

was used to determine the optimal values for k. The k

values used for the response variables were 5.

The machine learning techniques BRT and RF were

also used to model diatom abundance. In BRTs, predic-

tions with minimised loss function (such as deviance)

are composed by a boosting method in which a

sequence of simple regression trees is gradually grown

fitting one tree at the time to the sequence (Friedman,

Hastie & Tibshirani, 2000; De’ath, 2007; Elith et al.,

2008). The BRT model was fitted using functions from

the GBM package version 1.6–3.1 (Ridgeway, 2014),

which is based on the Gradient Boosting Machine devel-

oped by Friedman (2001). The interaction depth in the

model was set to 6. The learning rate, that determines

the contribution of each tree to the growing model, was

set to 0.005. The maximum number of trees was set to

1000. A Gaussian distribution of errors was used to

model the six variables. In RF, designed to produce

accurate predictions that do not overfit the data, a large

number of trees (i.e. a forest) are grown with a ran-

domised subset of predictors (Breiman, 2001). The RF

model was run using the functions from the R package

randomForest. The number of trees (k) was set to 500

and the minimum size of terminal nodes was set to 5.

Leave-one-out cross-validation was used to assess the

performance of all five models. Model performance was

estimated by the coefficient of determination (r2) and the

root-mean-square error of prediction (RMSEP). In the

BRT model, the relative influence of the predictor vari-

ables was first estimated according to Friedman (2001)

and then scaled to sum up to 100. The higher value a

predictor variable gets, the stronger its influence on the

response variable.

Spatial autocorrelation, which may affect significance

and confidence levels of model estimates (Legendre

et al., 2002), was evaluated for each environmental vari-

able by generating spatial correlograms (R package pgir-

ness) using raw data and model residuals. Moran’s I

coefficients were calculated for 10 distance class

intervals. Significant values of Moran’s I indicate that

pairs of localities within a given distance are either simi-

lar (positive values) or dissimilar (negative values)

(Legendre & Legendre, 1998). As a correlogram visu-

alises the level of autocorrelation as a function of spatial

distance, it also describes the level of spatial dependence

and the shape of spatial structure of each environmental

variable in the data. The significance level of each Mor-

© 2016 John Wiley & Sons Ltd, Freshwater Biology, 61, 876–886

Diatoms as climatic predictors 879



an’s I coefficient was evaluated with 999 permutations

(Sokal & Oden, 1978a,b). A correlogram was considered

to be significant (P ≤ 0.05) if at least one of its coeffi-

cients was significant at P/k, where k is the number of

distance classes used (following the Bonferroni crite-

rion). Spatial autocorrelation was substantially smaller in

model residuals compared to raw data (see Fig. S5).

Results

Of the local environmental variables, predictive perfor-

mance was the highest for conductivity; coefficients of

determination between observed and diatom inferred

were >0.75 in all predictive models (RF, r2 = 0.82; BRT,

r2 = 0.80; WA-PLS, r2 = 0.80; MAT, r2 = 0.79; WA,

r2 = 0.75) (Fig. 2). Predictive performance was lower for

water colour [r2 values ranged from 0.34 (WA) to 0.52

(RF)] and for TP [r2 values from 0.54 (MAT) to 0.60 (WA

and WA-PLS)] in all models (Table 1, see Fig. S6).

Regression tree methods, BRT and RF, had the best

overall predictive performance. Both regression tree

methods and MAT models were, on average, better in

predicting climatic variables than the local environmen-

tal variables (Fig. 3). However, in WA and WA-PLS

models the average predictive performance was similar

for both local environmental and climatic variables. For

climatic variables, the predictive performance was best

for GDD (r2 values ranged from 0.67 for WA to 0.86 for

MAT) (Table 1). For WAB, r2 values ranged from 0.34

(WA) to 0.73 (RF) and for PRECS, r2 values ranged from

0.56 (WA) to 0.75 (BRT). There were differences in the

predictive performances (r2) of the models between the

variable groups; WA and WA-PLS were best at predict-

ing TP, while MAT and RF were best at predicting the

climatic variables. Prediction errors (RMSEP) were typi-

cally highest in WA and lowest in BRT and RF.

For all six predicted response variables, three to five

species were consistently found with a relative impor-

tance >5% based on BRT (Table 2). For TP, Nitzschia

palea was found to have the highest relative importance

(27%). Species that had high relative importance for con-

ductivity predictions were Surirella brebissonii (40.2%)

and Nitzschia levidensis (10.6%). The abundances of N.

levidensis and S. brebissonii increased with conductivity

(see Fig. S7). For water colour, the species with highest

relative importance was Eunotia meisteri (14.4%). For

GDD, the species with the highest relative importance

were Achnanthes pusilla (31.8%) and Caloneis tenuis

(10.6%), which showed high sensitivity to the length of

the growing season (see Fig. S7). For PRECS, the most

important species were A. pusilla (18.6%) and Fragilaria

capucina var. gracilis (14.2%). Finally, the species with

highest relative importance for WAB predictions was

Fragilaria exigua (9.6%).
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Fig. 2 Relationships between observed and diatom inferred values

for conductivity and growing degree days (GDD) using five differ-

ent calibration models: weighted averaging (WA), weighted averag-

ing partial least squares (WA-PLS), modern-analogue technique

(MAT), boosted regression trees (BRT) and random forests (RF).

Each plot shows the coefficient of determination (r2) and root-

mean-square error of prediction (RMSEP) and fitted linear models

presented as dashed lines. In WA and WA-PLS plots, linear models

have a slope very close to 1.
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Discussion

In bioassessment it is often desirable to use methods that

reflect abiotic conditions over extended periods of time,

that is, longer than the snapshot measure of a water

chemistry sample. Our results show that relative abun-

dances of diatoms can be reliably used to predict not

only local environmental conditions in streams but also

climatic variables. Indeed, one of the most important

findings of our study was that we could predict climatic

variables using diatoms more accurately than local envi-

ronmental variables. This finding shows that diatoms

respond strongly to large-scale climatic variables (Vyver-

man & Sabbe, 1995; Weckstr€om et al., 1997; Leira &

Sabater, 2005) and not only local factors (Vyverman

et al., 2007). In other words, although local environmen-

tal conditions (i.e. water chemistry and physical factors)

may govern diatom species distribution locally (Ver-

leyen et al., 2003; Soininen, 2007), distributions are also

affected by climate-driven processes via multiple path-

ways (Stevenson, 1997). This finding implies that cli-

matic variables reflect the influences of latent local

environmental variables that covary.

The observed high predictive performance for climatic

variables, compared to measures of stream physiochem-

istry, shows that long-term climatic data are robust in

predicting diatom abundance. As water chemistry and

diatoms were collected at the same time, this finding

suggests that diatoms are responding more to mean

water chemistry than in-stream conditions at the time of

sampling. Using snapshot measures of water chemistry

might therefore increase model uncertainty. Our study

suggests that climatic variables that can be easily

extracted from extensive data bases were found to be

robust and convenient proxy variables for more complex

models. However, a mechanistic understanding of the

species–environment relationship is needed to avoid

unreliable and misleading models (Juggins, 2013a).

Models for GDD had the highest predictive perfor-

mance, indicating the importance of temperature-related

processes (e.g. productivity) on diatom abundances. Ach-

nanthes pusilla and C. tenuis were strongly (inversely)

associated with GDD (see Fig. S7). Classified as nitro-

gen-autotrophs, these two species prefer habitats with

low levels of organic nitrogen, good water quality and

high oxygen concentrations (van Dam, Mertens &

Sinkeldam, 1994). Studies on lakes in subarctic regions,

where fresh water is typically cold and oligotrophic,

have also indicated that A. pusilla has a low temperature

optimum (Weckstr€om et al., 1997; Bigler & Hall, 2002).

Furthermore, Vyverman & Sabbe (1995) observed that

the occurrence of C. tenuis in the tropics was confined to

high altitude lakes, suggesting a preference for relatively

cold, harsh environmental conditions. The relatively

strong relationships between A. pusilla and C. tenuis and

GDD could be best explained by their responses to

organic material; GDD affects primary production which

increases organically bound nutrients. Enhanced pri-

mary production also increases the amount of organic

material and its decomposition consumes oxygen, with

decomposition accelerated at increased temperatures

(Allan & Castillo, 2007). Thus, GDD can affect benthic

diatoms via multiple pathways (e.g. overall in-stream or

catchment productivity, nutrient concentrations, amount

of organic material and dissolved oxygen and water

temperature).

The effect of climate on stream diatoms was further

emphasised by our finding that diatom- based models

for summer precipitation and WAB were robust, espe-

cially when using RF, BRT or MAT. Precipitation may

affect diatom abundances through hydrology and associ-

ated changes in water chemistry. The species that had

Table 1 The coefficient of determination (r2) and root-mean-square error of prediction (RMSEP) for five calibration models [weighted aver-

aging (WA), weighted averaging partial least squares (WA-PLS), modern-analogue technique (MAT) boosted regression trees (BRT) and ran-

dom forests (RF)] used to infer local environmental [total phosphorus (TP), conductivity and water colour] and climatic [growing degree

days (GDD), summer precipitation sum from May to September (PRECS) and water balance (WAB)] variables with diatom abundance data.

Response variable

WA WA-PLS MAT BRT RF

r2 RMSEP r2 RMSEP r2 RMSEP r2 RMSEP r2 RMSEP

TP (lg L�1) 0.60 20.2 0.60 20.2 0.54 22.0 0.54 21.6 0.58 20.9

Cond. (mS/m) 0.75 3.95 0.80 3.50 0.79 3.69 0.80 3.51 0.82 3.40

Colour (mg Pt L�1) 0.34 58 0.48 51.1 0.44 54 0.47 52 0.52 50

GDD (°C) 0.67 161 0.78 131 0.86 104 0.85 110 0.85 112

PRECS (mm) 0.56 16.7 0.66 14.7 0.74 12.8 0.75 12.6 0.74 13.4

WAB (mm) 0.34 31.4 0.45 28.5 0.72 20.5 0.68 21.9 0.73 21.3
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the highest relative importance for PRECS (A. pusilla

and F. capucina var. gracilis) and WAB (F. exigua) are eco-

logically similar, with a preference for harsh, oxygen-

rich, low-nutrient conditions (van Dam et al., 1994). Ach-

nanthes pusilla and F. capucina var. gracilis were most

abundant at sites with lowest sum of summer precipita-

tion, whereas F. exigua exhibited a more complex

response to WAB. Hydrological factors, such as current

velocity and flow regime, are known to influence stream

diatom assemblages via disturbance (Rott et al., 2006;

Passy, 2007). F. capucina var. gracilis has been classified

as a high profile species, sensitive to high current veloci-

ties and thus abundant in low current velocities (Passy,

2007). In our data, both A. pusilla and F. capucina var.

gracilis were most abundant at sites with moderate cur-

rent velocity (20–70 cm s�1). Increased precipitation may

also impair water quality by increasing nutrient loads

and fine sediments from the catchment (Allan & Castillo,

2007). However, precipitation can also have a dilutive

effect, depending on the characteristics of the catchment.

In agreement with previous work, our study identi-

fied a number of species responding to local environ-

mental conditions. For example, from the literature a

number of species have been identified as indicators

of eutrophic (N. palea, Melosira varians, S. brebissonii)

and mesotrophic (Fragilaria capucina, Gomphonema

parvulum) conditions (van Dam et al., 1994; Fore &

Grafe, 2002; Rimet et al., 2005). In our study, Surirella

brebissonii and M. varians showed a preference for both

high conductivity and phosphorus concentrations, con-

firming their use as indicators of pollution. Together

with Navicula gregaria, S. brebissonii and M. varians

have also been recognised as indicators for high con-

ductivity (Potapova & Charles, 2003; Urrea & Sabater,

2009). E. meisteri showed a preference for humic

conditions; abundant at sites with water colour

>80 mg Pt L�1.

Stream diatoms have previously been used to infer

nutrient concentrations using WA (e.g. Winter & Duthie,

2000; Soininen & Niemel€a, 2002). Our findings confirm

that WA is a superior technique when modelling TP

concentrations. However, WA assumes a unimodal rela-

tionship between species’ abundances and environmen-

tal, which is often too simplistic of an assumption as
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thresholds for species’ occurrences are common in fresh

water (Potapova et al., 2004; Soininen, Korhonen &

Luoto, 2013). As also shown in our study, diatom spe-

cies have clear thresholds along environmental or cli-

matic gradients. In our study, MAT and the regression

tree methods out-performed WA and WA-PLS when

modelling climatic variables. This might be due to the

ability of these modelling techniques to account for com-

plex nonlinear relationships related to large-scale cli-

matic variables. Compared to MAT and both WA

methods, BRT and RF had consistently good predictive

performance and lower prediction errors for most of the

inferred variables. Therefore, they could be regarded as

potentially superior methods compared to WA, WA-PLS

and MAT.

From an applied perspective, our results emphasise

the need to re-evaluate the accuracy of diatom indices

currently used in biomonitoring, as large-scale climatic

factors may have a strong influence on stream diatoms

via multiple local variables. Moreover, species responses

to environmental factors can be nonlinear and, therefore,

methods that are able to recognise more complex rela-

tionships are needed in the development of new indices.

The reliability of water quality is directly related to its

ability to reflect the prevailing local environmental con-

ditions. Some researchers have already questioned the

use of diatom indices in biomonitoring due to large dis-

crepancies between geographical regions (e.g. in the

trophic value scores and resilience of the communities

after environmental changes) (Rimet et al., 2005; Pota-

Table 2 The five most important predictors (di-

atom taxa) and their relative importance in BRT

for the local environmental [total phosphorus (TP),

conductivity and water colour] and climatic

[growing degree days (GDD), summer precipita-

tion sum from May to September (PRECS) and

water balance (WAB)] variables in streams.

Response

variable Taxon name

Relative

importance

Maximum

%

Mean

% Prevalence

TP Nitzschia palea 27.0 21.0 1.4 0.47

TP Melosira varians 9.2 71.5 1.5 0.21

TP Surirella brebissonii 6.3 44.7 1.0 0.23

TP Gomphonema

parvulum

3.6 31.2 2.4 0.64

TP Fragilarica capucina 3.5 43.6 4.4 0.62

Cond. Surirella brebissonii 40.2 44.7 1.0 0.23

Cond. Nitzschia levidensis 10.6 11.4 0.2 0.13

Cond. Navicula gregaria 9.0 12.9 0.4 0.15

Cond. Tabellaria flocculosa 7.7 69.4 7.4 0.88

Cond. Melosira varians 4.8 71.5 1.5 0.21

Colour Eunotia meisteri 14.4 11.2 0.7 0.33

Colour Fragilaria arcus 8.2 32.1 1.0 0.28

Colour Eunotia implicata 5.9 19.0 0.7 0.30

Colour Achnanthes

minutissima

5.6 75.0 17.7 0.96

Colour Eunotia bilunaris 4.8 30.8 1.5 0.70

GDD Achnanthes pusilla 31.8 44.9 1.4 0.30

GDD Caloneis tenuis 10.6 2.6 0.1 0.17

GDD Eunotia implicata 5.9 19.0 0.7 0.30

GDD Gomphonema gracile 4.2 9.1 0.3 0.33

GDD Eunotia arcus 3.7 3.2 0.1 0.13

PRECS Achnanthes pusilla 18.6 44.9 1.4 0.30

PRECS Fragilaria capucina

var. gracilis

14.2 47.4 0.8 0.11

PRECS Caloneis tenuis 7.1 2.6 0.1 0.17

PRECS Achnanthes linearis 6.3 24.4 1.5 0.56

PRECS Navicula

heimansioides

5.9 5.2 0.2 0.11

WAB Fragilaria exigua 9.6 3.2 0.1 0.10

WAB Eunotia rhomboides 7.0 15.3 0.2 0.12

WAB Navicula

heimansioides

6.1 5.2 0.2 0.11

WAB Achnanthes

biasolettiana

5.1 12.8 0.1 0.13

WAB Navicula

cocconeiformis

3.8 2.0 <0.1 0.14
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pova & Charles, 2007; Coste et al., 2009; Besse-Lotots-

kaya et al., 2011). To highlight the importance of our

results further, the methods used here might bring novel

applications for palaeoecology and climate change

research, for example, to reconstruct past climatic condi-

tions. Until now, the amount of fluvial diatom species in

sediments has been used to hindcast runoff. However,

the ability to successfully predict climatic variables from

stream diatom data could enable the inference of past

climatic conditions from fossil diatom assemblages

delivered from, for example, sediments of ancient stream

deltas.
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