
OR I G I N A L A R T I C L E

Seasonal and spatial variation of stream macroinvertebrate
taxonomic and functional diversity across three boreal regions

Nathan Jay Baker1,2 | Ellen A. R. Welti1,3 | Francesca Pilotto4 |

Jonas Jourdan5 | Burkhard Beudert6 | Kaisa-Leena Huttunen7 |

Timo Muotka7 | Riku Paavola8 | Emma Göthe9 | Peter Haase1,10

1Department of River Ecology and Conservation, Senckenberg Research Institute and Natural History Museum Frankfurt, Gelnhausen, Germany

2Laboratory of Evolutionary Ecology of Hydrobionts, Nature Research Centre, Vilnius, Lithuania

3Conservation Ecology Center, Smithsonian Conservation Biology Institute, Front Royal, Virginia, USA

4Norwegian Institute for Nature Research, Oslo, Norway

5Department of Aquatic Ecotoxicology, Johann Wolfgang Goethe University Frankfurt am Main, Frankfurt am Main, Germany

6Department of Conservation and Research, Bavarian Forest National Park, Grafenau, Germany

7Department of Ecology and Genetics, University of Oulu, Oulu, Finland

8Oulanka Research Station, University of Oulu Infrastructure Platform, Kuusamo, Finland

9Water Unit, County Board of Dalarna, Falun, Sweden

10Department of River and Floodplain Ecology, University of Duisburg-Essen, Duisburg, Germany

Correspondence

Nathan Jay Baker, Department of River

Ecology and Conservation, Senckenberg

Research Institute and Natural History

Museum Frankfurt, Clamecystrasse 12, 63571

Gelnhausen, Germany.

Email: nathan93baker@gmail.com

Funding information

Bernard and Ursula Plettner Foundation,

Grant/Award Number: T0083/30772/2017/

kg; eLTER PLUS project, Grant/Award

Number: 871128; Rudolf and Helene Glasser

Foundation

Editor: Christopher Hassall and

Associate Editor: Steve Yanoviak

Abstract

1. The exploration of biodiversity has predominantly been based on taxonomic

measures, whereas functional diversity, a key component of biodiversity, is compar-

atively understudied. Therefore, studies simultaneously investigating patterns of

taxonomic and functional diversity change in biological communities are of increas-

ing interest.

2. We collated high-resolution macroinvertebrate and environmental data from

70 boreal headwater stream sites across three European countries (Germany,

Finland, Sweden) to (1) investigate seasonal variation in taxonomic diversity, func-

tional diversity, and redundancy, and (2) identify their potential drivers of spatial

and seasonal variation.

3. Seasonal changes in boreal macroinvertebrate taxonomic diversity were decoupled

from changes in functional diversity. Seasonal shifts in environmental conditions,

including acidity and nutrient variability, drove fluctuations in taxonomic diversity

which were far more pronounced than those of functional diversity.

4. Seasonal shifts in environmental conditions including variation in the quantity, qual-

ity, and state of organic carbon (dissolved vs particulate) facilitate an exchange of

taxa, leading to taxonomically unique communities that exploit the pool of available
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seasonal resources. Thus, similar levels of functional diversity across seasons—even

as taxonomic diversity changes—suggest limited differences in interspecific changes

in community function, potentially indicating functional resistance rooted in

redundancy.

5. We highlight the spatial and seasonal discrepancies of freshwater communities,

emphasising the need for both taxonomic and functional diversity patterns to be

assessed in future biodiversity monitoring programmes.

K E YWORD S

biological traits, community ecology, environmental drivers, freshwater ecosystems, functional
redundancy, inter-regional analysis, multivariate statistics, organic carbon

INTRODUCTION

Interacting environmental conditions filter species by their unique

ecological requirements and tolerances, in turn shaping biological

community composition in terms of both taxonomic and functional

diversity. Here, taxonomic diversity describes the number and fre-

quency of species within a given community, while functional diver-

sity refers to the value and range of functional traits within said

community (Tilman, 2001). Additionally, at the intersect between tax-

onomic and functional diversity, functional redundancy (hereafter

‘redundancy’) describes the degree to which species within a given

community share similar traits (i.e., niche overlap) and may be linked

to ecosystem resilience (Micheli & Halpern, 2005; Rosenfeld, 2002).

While taxonomic diversity has historically been at the heart of ecolog-

ical inquiry, it has limitations since it treats each species equally and is

highly scale dependent (Borcard et al., 2018). Due to its use of traits

(e.g., life cycle descriptors, physiological strategy, etc.), functional

diversity aims to overcome these limitations and can be used to com-

pare biodiversity patterns at different scales, for example via the use

of null models (Múrria et al., 2020; Schmera et al., 2022). Conse-

quently, the combined and complementary use of taxonomic and

functional approaches has the potential to provide a more mechanistic

understanding of the processes governing global biodiversity and

holds weight for guiding policy and protection measures in the wake

of global environmental change (Dolédec et al., 2021).

Global change poses a significant threat to freshwater ecosys-

tems (Darwall et al., 2018; Dudgeon et al., 2006) which have

suffered disproportionally from biodiversity loss (Strayer &

Dudgeon, 2010). Changes in climate and nutrient availability have

strong impacts on freshwater communities (Verberk et al., 2013).

Shifting seasonal patterns and associated hydrological regimes, such

as the increased frequency of extreme events (e.g., droughts, floods,

extreme temperatures), exert pressure on freshwater communities

both directly (e.g., hard freezes or desiccation) and indirectly

(e.g., via altering resource availability; Dolédec et al., 2021). Nutrient

availability can have highly variable effects on freshwater communi-

ties; major elements like carbon, nitrogen, and phosphorus are

essential for life, but increases in their concentrations and ratios

often only benefit a subset of species (Baker & Greenfield, 2019). In

response to increased atmospheric carbon, allochthonous leaf litter

is becoming more recalcitrant (Tuchman et al., 2002; Welti

et al., 2020), leading to changes in food web nutrient pathways and

shifts in consumer feeding habits (Rooney et al., 2006; Sterner &

Elser, 2002). Consequently, both natural and anthropogenic environ-

mental stressors alter food web energy flow and ecosystem

functioning.

Freshwater macroinvertebrate communities display seasonal

turnover in community composition in response to food quantity and

quality, climate, and stream type (Mouton et al., 2020, 2022; Smol

et al., 2005). Boreal freshwaters experience particularly high seasonal

variation in temperature and resource quality and quantity (Frainer

et al., 2014). Accordingly, boreal freshwaters in forested regions

(i.e., headwaters) are particularly dependent on allochthonous energy

inputs (but see Brett et al., 2017), predominantly in the form of

organic matter from runoff and seasonal leaf fall (da Silva et al., 2021),

which are key factors responsible for shaping biological communities

and food webs further down the stream continuum (Vannote

et al., 1980; Woodward et al., 2010). By contrast, as global environ-

mental change alters the seasonal variation of temperature regimes

and allochthonous inputs (Woods et al., 2022), macroinvertebrate

communities in headwaters, which are evolutionarily adapted to pre-

dictable seasonal conditions, are increasingly more at risk of alteration

(Floury et al., 2018; Frainer et al., 2014; Tonkin et al., 2017).

Boreal freshwaters contain many rare, cold-adapted specialist

taxa (Heino, 2005), making them sentinels for understanding the

impacts of climate change and associated stressors (Bruno

et al., 2019; Woodward et al., 2010). In Europe, boreal ecosystems are

primarily confined to Finland, Sweden, and the Baltics. From a biogeo-

graphic standpoint, boreal ecosystems are restricted to northernly lati-

tudes (�50�N to �70�N), however, similar ecosystems are found

sporadically at lower latitudes, particularly at higher altitudes (>

�500 m a.s.l.). The Bavarian Forest National Park in Germany is one

such high-elevation region, characterised by high predictability and

seasonality, and harbouring a high number of glacial relicts and specia-

lised cold-adapted taxa. The Danube catchment, which drains the

headwaters originating in the Bavarian Forest, is a hotspot for boreal

and central and western European species (Tockner et al., 2009).

Thus, the overlap between boreal and temperate species facilitates

more diverse communities compared to Northern European boreal

streams (Grigoropoulou et al., 2022).

2 BAKER ET AL.
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Boreal freshwaters were particularly susceptible to nitrogen and

sulphur induced acidification during industrialisation in the 20th cen-

tury (Dangles et al., 2004). By contrast, more stringent environmental

policy and cleaner industrial processes have curtailed atmospheric pol-

lutants and freshwater ecosystems have begun to recover (Baker,

Pilotto, Haubrock, et al., 2021a; Baker, Pilotto, Jourdan, et al., 2021b;

van Looy et al., 2016). However, through acidification recovery and

other processes (Kritzberg et al., 2020), boreal freshwaters have expe-

rienced some of the most extreme cases of brownification, whereby

sustained increases (primarily) in dissolved organic carbon (DOC) and

iron (Fe) have significantly darkened waters, limiting light penetration.

Brownification processes affect thermal regimes, oxygen saturation,

periphyton growth, and the predation efficacy of visual-reliant organ-

isms (Arzel et al., 2020; Lehtovaara et al., 2014). Consequently, boreal

ecosystems and their freshwaters continue to be vulnerable to climate

change, which is more pronounced at northernly latitudes and higher

altitudes (Antão et al., 2022; Høye et al., 2013; Mouton et al., 2022;

Parmesan & Yohe, 2003).

Here, we examine macroinvertebrate communities from 70 sites

in boreal headwater stream networks in three European countries.

We use high-resolution macroinvertebrate and regionally coupled

environmental data from three boreal regions located in Germany,

Sweden, and Finland to (1) investigate how taxonomic diversity, func-

tional diversity, and redundancy vary between seasons (spring and

autumn) and (2) identify the potential drivers of variation in biodiver-

sity within these regions. Given the strong interaction between

regional and local richness (de Juan et al., 2013) as well as the unique

yet complimentary information provided by different diversity compo-

nents (Boyé et al., 2019; Chiantore et al., 2018), we explored taxo-

nomic and functional diversity via their alpha (α; local diversity),

gamma (γ; regional diversity), and beta (β; compositional differences

between α- and γ-diversity) decompositions. Although we tested for

the effects of season and environmental drivers within these three

boreal regions, we avoided direct comparisons of biodiversity

between countries as sampling methods were not identical.

Given the fine-scale environmental heterogeneity (Heino, 2005)

and predictably strong seasonal variation of boreal ecosystems (Frainer

et al., 2014), we hypothesised that (H1) taxonomic and functional diver-

sity (via a- and β-diversity) as well as redundancy would show strong

seasonal variations due to seasonal changes in abiotic conditions

(e.g., temperature, hydrological regimes, physico-chemistry; Woods

et al., 2022) and allochthonous inputs (Blaurock et al., 2021). In addition

to season, we expected taxonomic diversity, functional diversity, and

redundancy to be driven by regional differences in geography, acidity,

and nutrients and major ions (hereafter ‘nutrients’). First, through

regional habitat conditions associated with higher altitudes—for exam-

ple, faster flow, harsher floods, cooler temperatures, softer waters,

increased oxygen concentrations (Southwood, 1977; Townsend &

Hildrew, 1994)—we predicted that (H2a) higher altitudes will be nega-

tively correlated with taxonomic diversity and redundancy, but posi-

tively correlated with functional diversity, due to increased taxa

specialisation (Clarke et al., 2008; Finn et al., 2011). Second, through

the loss of acid-tolerant specialist taxa, we expected that (H2b) higher

pH conditions would be associated with higher taxonomic diversity and

redundancy but lower functional diversity (Baker, Pilotto, Haubrock,

et al., 2021a; Baker, Pilotto, Jourdan, et al., 2021b; Masters et al., 2007).

Last, given the reliance of boreal freshwaters on allochthonous energy

inputs (Woodward et al., 2010), we anticipated that (H2c) minor

increases to instream nutrients (allo- and autochthonous energy

resources) would be positively correlated with taxonomic diversity,

functional diversity, and redundancy.

METHODS

Sampling sites

Sampling was conducted at 70 stream sites from near-natural head-

water catchments in three densely forested areas: the Bavarian Forest

National Park in southwestern Germany, the upper Krycklan River

catchment in northern Sweden, and the Koutajoki catchment in north-

east Finland (Figure 1).

The German Bavarian Forest National Park is a �24,000 ha pro-

tected area with elevation ranging 650–1430 m a.s.l. and precipitation

ranging 1200–1800 mm/year (Müller et al., 2009). Habitats include

high montane forest (above 1150 m a.s.l.) dominated by Norway

Spruce Picea albies, in addition to European Beech Fagus sylvatica, and

Mountain Ash Sorbus aucuparia, and mixed montane forest (below

1150 m a.s.l.) of Norway Spruce, European Beech, and Silver Fir Abies

alba (Walentowski et al., 2004). Sites are situated on the southwest

section of the Bohemian Massif, composed of gneiss and granite, facil-

itating the formation of acidic soils (Müller et al., 2009).

The Swedish upper Krycklan River catchment ranges in elevation

from 130 to 369 m a.s.l. and has an average of 600 mm/year precipi-

tation, one third of which falls as snow (Löfvenius et al., 2003). The

catchment is dominated by mixed coniferous forests—mostly Scots

Pine Pinus sylvestris in the high, drier areas and Norway Spruce in the

wetter, lower-lying areas—and patchy, interspersed Sphagnum-

dominated wetlands (Buffam et al., 2007). Catchment geology is pri-

marily solid gneiss bedrock, with moraine and iron-podsol soils (Göthe

et al., 2013).

The Finnish Koutajoki catchment is mostly plateaued with eleva-

tions of 200–300 m a.s.l. and 520–550 mm/year precipitation, of

which one third falls as snow (Malmqvist et al., 2009). The catchment

is mostly forested with highly variable vegetation including old-growth

forests of Norway Spruce and Scots Pine, mixed deciduous wood-

lands, and wetlands (Heino et al., 2009). The geology is highly variable,

consisting of Proterozoic shists, nutrient-poor acidic rocks, and

moraine (Malmqvist et al., 2009).

Data collection

At each of the 70 sampling sites, macroinvertebrate community com-

position (i.e., a- and β-diversity) and environmental conditions were

determined in spring and autumn. In Sweden, sampling was conducted

SUPRAREGIONAL TAXONOMIC AND FUNCTIONAL DIVERSITY 3
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in 2009; in Germany and Finland, sampling was conducted in 2016.

Stream orders in each of the study regions ranged between one

(upstream) and three (downstream). The availability of environ-

mental data (i.e., explanatory variables) varied with region. To deal

with these differences and reduce complexity, we generated four

explanatory variable groups, namely: season (spring, autumn), geog-

raphy (altitude, geographic coordinates), acidity (pH), and nutrients

(region-specific nutrient and major ion concentrations). In addition

to the summaries below, see Supplement 1 for details regarding

regional macroinvertebrate sampling methods and Supplement 2

for descriptive statistics of region-specific environmental

variables.

In Germany, macroinvertebrates were sampled at eight stream

sites from five catchments within the Bavarian Forest National Park

(Table 1) using standardised multi-habitat kick-net sampling (Haase

et al., 2004) and taxonomic processing procedures (Haase

et al., 2006). Macroinvertebrate sampling surveys were conducted in

May (spring) and late August to early September (autumn). Stream-

specific environmental data at the time of macroinvertebrate sampling

were extracted from nearby gauging stations (on average 657 m away

F I GU R E 1 Map illustrating the sampling sites across the three study regions. Sampling sites are indicated by red dots (Germany N = 8;
Sweden N = 52; Finland N = 10). The coordinate system used was WGS 84/Pseudo-Mercator (Datum: World Geodetic System 1984). For site-

specific details, see Table 1.

4 BAKER ET AL.
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in stream distance) and included altitude (Alt), pH, dissolved

organic carbon (DOC), sulphate (SO4
2�), ammonium (NH4

+), and

nitrate (NO3
�).

In Sweden, macroinvertebrate and environmental data were col-

lected from 52 sites within the Krycklan River catchment (Table 1).

These sites were part of a previous study of cross-scale distribution of

feeding groups across seasons (Göthe et al., 2014). Macroinverte-

brates were collected using a Surber sampler as per the multihabitat

sampling methods described in Göthe et al. (2013). Sampling surveys

were conducted in May (spring) and October (autumn). Included envi-

ronmental data were: Alt, pH, total organic carbon (TOC), SO4
2�,

nitrate and nitrite as nitrogen (NO3
�-N + NO2

�-N), total nitrogen

(Tot-N), and total phosphorus (Tot-P).

In Finland, macroinvertebrate and environmental data were col-

lected from 10 sites within the Koutajoki catchment (Table 1). Macro-

invertebrates were collected using a hand net and followed

standardised multi-habitat sampling and processing procedures

(Mykrä et al., 2006). Sampling surveys were conducted in early June

(spring) and October (autumn). Included environmental data were: Alt,

pH, DOC, Tot-N, and Tot-P.

Species and trait data

Regional macroinvertebrate datasets had high taxonomic resolution

(mainly genus and species level). To ensure consistency with contem-

porary scientific nomenclature (Grenié et al., 2021, 2022), all taxon

names were harmonised using the Taxa Validation Tool (www.

freshwaterecology.info; Schmidt-Kloiber & Hering, 2015).

Functional trait data derived from Tachet et al. (2010) were

extracted from the online database www.freshwaterecology.info

(Schmidt-Kloiber & Hering, 2015). Eleven biological trait groups repre-

senting 62 trait modalities (sensu Schmera et al., 2015) were selected,

namely: maximal body size (size1:7), life cycle duration (life1:2), poten-

tial number of cycles per year (cycl1:3), aquatic developmental stages

(aqua1:4), reproductive technique (repr1:8), dispersal (disp1:4), resis-

tance forms (resi1:5), respiration technique (resp1:4), substrate

relation and locomotion (loco1:8), type of food (food1:9), feeding

habits (fhab1:8) (Tachet et al., 2010). For more details regarding trait

abbreviations and coding, see Supplement 1. When species-level trait

data were not available, species were unified to genus-level com-

plexes; if necessary, taxa were rarely moved to the sub-family or tribe

level. As a result, the number of taxa within each regional dataset

were reduced: Germany—from 138 taxa to 62 taxa-complexes,

Sweden—from 59 taxa to 26 taxa complexes, and Finland—from

91 taxa to 61 taxa-complexes. Despite these necessary taxonomic

adjustments, abundances remained unchanged. All trait data were

fuzzy coded following Chevenet et al. (1994).

Data analysis

All data analyses were conducted in the R statistical environment

version 4.2.1 (R Core Team, 2022).

Community indices

To explore macroinvertebrate diversity across seasons (H1), we com-

puted 10 taxonomic and functional community indices (Table 2): total

abundance (Abun), species richness (TRic), Shannon diversity (Shan),

Shannon evenness (TEve), taxonomic turnover between seasons

(Tturn), functional richness (FRic), functional evenness (FEve), func-

tional dispersion (FDis), functional turnover between seasons (Fturn),

and functional redundancy (FRed). Paired t-tests were used to test dif-

ferences in the community indices within regions between seasons.

Taxonomic diversity indices (i.e., TRic, TEve, Shan) were calcu-

lated using the ‘vegan’ R package (Oksanen et al., 2020). Regional tax-

onomic turnover between seasons (Tturn) was measured via the beta.

div.comp function in the ‘adespatial’ R package (Dray et al., 2021)

using Podani-family decompositions of Sørensen’s dissimilarity matri-

ces (i.e., percentage difference dissimilarity of quantitative data).

For the calculation of functional diversity indices, a supraregional

functional space (FS) was created using a taxa-trait matrix covering

T AB L E 1 Site details.

Region Drainage basin Catchment/sub-catchment Sites per catchment Site identity

Germany Danube Forellenbach 1 1–8 (spring), 9–16 (autumn)

Grosse Ohe 2

Kleine Regen 2

Kolbersbach 2

Sagwasser 1

Sweden Umeälven Krycklan 52 17–68 (spring), 69–120 (autumn)

Finland Koutajoki Kitkajoki 3 121–130 (spring), 131–140 (autumn)

Kuusinkijoki 2

Oulankajoki 4

Sovajoki 1

Note: Site identities correspond to the labels used in all further analyses.

SUPRAREGIONAL TAXONOMIC AND FUNCTIONAL DIVERSITY 5
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the combined pool of macroinvertebrate taxa collected within the

three regions in each season (hereafter the ‘global pool’). The global

pool included 93 taxa-complexes, with regional taxa-complex diversity

being 62 in Germany, 26 in Sweden, and 61 in Finland. For the suprar-

egional taxa-trait matrix, a Gower dissimilarity matrix adapted for

fuzzy-coded traits was generated and used to construct a principal

T AB L E 2 Definitions of the included community indices and the rationale behind their inclusion.

Community index Abbreviation Definition Rationale for inclusion

Total abundance Abun The summed total number of individuals across

all taxa within a given community.

A classical component of community ecology. Provides

more nuanced information compared to

presence-absence data.

Taxonomic richness TRic ‘The number of taxonomically distinct species

within a given community’.a
The simplest and most ubiquitously used component in

community ecology.

Taxonomic evenness TEve ‘The distribution of abundances across all species

within a given community’.a
A classical ecological measure used to identify whether

a given community is dominated by a few species.

Shannon diversity Shan A measure of taxonomic diversity, considering

both the number of species (richness) and

relative abundances of each species

(evenness) within a given community. In

other words, a dispersion measure based on

the relative abundance frequency of the

species within a given community.b

A classical ecological dispersion measure which

incorporates both richness and evenness

components to provide a general overview of the

diversity within a given community.

Taxonomic turnover Tturn The proportion of species gained or lost

between two time pointsc in this case

between spring and autumn.

A more sensitive measure of global change than classic

ecological indices such as richness and abundance.d

Functional richness FRic ‘The ratio between the hypervolume filled by each

community in the FS and that filled by all the

taxa occurring in the FS’.e In other words,

the amount of FS occupied by all the

species within a given community relative

to the supraregional FS.f

A functional diversity index complementary to

taxonomic richness. Provides information on the

size of a community’s FS and how it changes

through time and space.g

Functional evenness FEve ‘A measure of the regularity of taxa across the

FS’.e In other words, the distribution of

abundances across the FS (i.e., across the

traits).h

A functional diversity index complementary to

taxonomic evenness. Measures how common or

‘abundant’ certain traits are within the FS and

provides an indication of FS symmetry.g

Functional dispersion FDis ‘The mean distance of each taxon to the mean

community centroid within the FS’.e In other

words, a measure of how spread or

clumped the species are within the FS and

weighted by relative abundance.i

A functional diversity dispersal index complementary

to Shannon diversity. Assesses the differences

between species based on their traits to determine

how species are organised within the FS.g

Functional turnover Fturn The proportion of traits gained or lost between

two time points,a in this case between

spring and autumn. A measure of changes in

functional strategies between seasons.j

A functional diversity index complementary to

taxonomic turnover. Provides orthogonal

information to taxonomic turnover as to the loss

and/or gain of traits over time.

Functional redundancy FRed ‘The relative amount of taxonomically distinct

species that exhibit similar functions’.a,k
A key metric for describing the relationship between

taxonomic and functional diversity.l Provides an

understanding of ecosystem resilience to

perturbation.k

aBaker, Pilotto, Haubrock, et al. (2021a).
bBorcard et al. (2018).
cHallett et al. (2016).
dPilotto et al. (2020).
eMúrria et al. (2020).
fMason et al. (2005).
gMammola et al. (2021).
hPakeman (2014).
iMouillot et al. (2014).
jVilléger et al. (2008).
kMicheli and Halpern (2005).
lSchmera et al. (2017).
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coordinate analysis (PCoA) via the dudi.pco function in the ‘ade4’ R
package (Dray et al., 2022). For the supraregional FS, nine of the most

explanatory axes were retained based on their capacity to represent

the original taxa trait dissimilarity (Múrria et al., 2020). The

9-dimensional (D) supraregional FS explained 68.1% (mean squared

deviation = 0.008) of the Gower dissimilarity matrix covering the

global pool of taxa. Pearson correlation was used to assess which

traits were most important in driving each axis of the supraregional FS

(r ≥ 0.5). Then, to determine the probability of occurrence of different

trait combinations within the supraregional FS, we used the kernel

density estimation method via the ‘ks’ R package (Duong et al., 2022).

The kernel densities, computed for illustration purposes, were calcu-

lated based on the first two axes of the supraregional FS which

explained 23.4% of the variance (R2).

Using the convex hull method (Villéger et al., 2008), we estimated

functional diversity in each region, site, and season via distance-based

functional diversity indices. Using modifications of the functions

within the ‘FD’ R package (Laliberté et al., 2014), we calculated FRic,

FEve, and FDis per Múrria et al. (2020). To facilitate comparability

across sampling regions, the functional diversity indices for each site

and season were computed from the same supraregional FS encom-

passing the global pool of taxa and traits (Múrria et al., 2020). Due to

the computational errors derived from highly dimensional convex

hulls, the number of dimensions was restricted to six following Mouil-

lot et al. (2021). The selected functional diversity indices encompass

the richness, regularity (evenness), and divergence dimensions of

functional diversity (Mason et al., 2005; Mouchet et al., 2010;

Pavoine & Bonsall, 2011) and describe various facets of a commu-

nity’s niche through a multidimensional FS (Villéger et al., 2008). FRic,

constrained between 0 and 1, represents the ratio between the con-

vex hull filled by the taxa within a given community and the convex

hull filled by all the taxa within the supraregional FS (Villéger

et al., 2008). FEve represents the regularity of taxa across the FS and

was estimated via the minimum spanning tree method (Villéger

et al., 2008). FDis measures the mean distance between each taxon

and the group mean centroid in the FS (Laliberté & Legendre, 2010).

While FRic is unweighted (Villéger et al., 2008), FEve and FDis were

weighted by the abundances of taxa within the FS.

Additionally, we calculated trait community-weighted means

(CWMs) as a measure of functional community composition (Borcard

et al., 2018) via the dbFD function in the ‘FD’ R package. Following

Baker, Pilotto, Haubrock, et al. (2021a) and using the beta.div.comp

function (Dray et al., 2021), CWMs were used to measure functional

turnover between seasons (Fturn); Podani-family decompositions of

Sørensen’s dissimilarity of quantitative CWM data were used as the

input matrix. Thereafter, we calculated community-level functional

redundancy (FRed) using the uniqueness function in the ‘adiv’ R pack-

age (Pavoine, 2020); Euclidian distances bound between 0 and 1 were

used as the input distance matrix.

To assess whether the observed patterns of functional diversity

provide orthogonal information to taxonomic diversity, rather than an

analogue measure of taxonomic richness (i.e., functional diversity being

highly correlated to taxonomic richness; Gotelli & Graves, 1996),

functional diversity indices (FRic, FEve, FDis) were compared to

expected values using null models. The null models for the FDis index

were constructed using the name-shuffling approach, whereby taxon

names (from the site-by-taxa matrix) were randomly assigned to the

trait combinations of the original taxa-trait matrix (Swenson, 2014). By

contrast, for the null models of the FEve and FRic indices, we held con-

stant the size of the supraregional FS (i.e., the PCoA), and instead ran-

domly shuffled the position of the taxa within the FS (i.e., the

coordinates of each taxon within the FS). Null distributions were cre-

ated via 999 iterations of the shuffling procedures. The global taxa and

trait pool was used to calculate a standardised effect size (S.E.S.) of each

functional diversity index. S.E.S. at a site (i) is calculated as:

S:E:S:¼ FDiobs�μFDinullð Þ=σFDinull,

where FDobs is the observed functional diversity index value, μFDnull is

the mean of the null functional diversity index distribution, and σFDnull

is the standard deviation null functional diversity index distribution.

Positive S.E.S. values indicate that the observed functional diver-

sity is higher than expected given the taxonomic richness at a site;

negative S.E.S. values indicate a lower-than-expected observed func-

tional diversity. A two-tailed test was used to examine the position of

the observed index values within the null distribution and test for sig-

nificance. We report the observed (FRic, FEve, FDis) and standardised

(FRic.SES, FEve.SES, FDis.SES) functional diversity indices, but com-

parisons between taxonomic and functional diversity are based on

standardised functional diversity indices.

Drivers of taxonomic and functional diversity

To test the effects of environmental drivers on regional taxonomic

and functional diversity (H2a,b,c), we first conducted partial distance-

based redundancy analyses (dbRDA) using the capscale function in the

‘vegan’ R package; dissimilarity data were ordinated using metric scal-

ing and the ordination results were analysed through redundancy ana-

lyses (RDA; Legendre & Anderson, 1999). The inputted taxonomic and

functional dissimilarity matrices were based on percentage difference

dissimilarity (i.e., Bray-Curtis) with a Lingoes correction for negative

eigenvalues. We accounted for spatial autocorrelation by including a

conditioning factor which held constant the geographic distribution of

the sites (geographic coordinates). For each region, we analysed taxo-

nomic and functional composition separately.

First, we examined the influence of region-specific environmental

conditions on taxonomic composition (i.e., taxonomic β-diversity). For

each regional taxonomic dataset, we removed rare taxa (defined as

abundance <2 individuals and prevalence at <5% of sites) and pro-

duced an abundance weighted (i.e., quantitative) percentage differ-

ence dissimilarity matrix. Prior to analyses, all highly collinear variables

(r > 0.7) were removed. After initial analyses, included variables were

again tested for multivariate collinearity using variance inflation fac-

tors (VIF) and variables with high (>10) VIF values were removed. To

find the most parsimonious model, we forward selected predictor

SUPRAREGIONAL TAXONOMIC AND FUNCTIONAL DIVERSITY 7
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variables using the ordiR2step function in the ‘vegan’ R package. Once

model parsimony had been reached, we analysed the significance of

the model, predictors, and canonical axes using ANOVA with 999 permu-

tations (Supplement 3).

Second, we examined the influence of local environmental condi-

tions on intra-regional functional composition (i.e., functional β-diver-

sity) following Lindholm et al. (2020). For each regional functional trait

dataset, we removed rare taxa, generated a functional dissimilarity

matrix as described above, and then performed the same analyses as

were conducted for taxonomic composition.

Then, to assess the relative importance of season (H1), geography

(altitude, geographic coordinates) (H2a), acidity (pH) (H2b), and nutri-

ents (region-specific nutrients and major ion concentrations) (H2c) in

explaining the variation in taxonomic and functional α-diversity, we

used multiple linear regression analyses (Legendre, 2008). Separate

multiple linear regressions were conducted for abundance, each taxo-

nomic index (TRic, TEve, Shan), and their corresponding standardised

functional index (FRic.SES, FEve.SES, FDis.SES). We used the varpart

function in the ‘vegan’ R package to decompose the total variance of

the multiple linear regression among the predictor variable groups

(i.e., fractions): (a) variation uniquely explained by season, (b) variation

uniquely explained by geography, (c) variation uniquely explained by

acidity, and (d) variation uniquely explained by nutrients (Legendre, 2008).

As a measure of explained variance in each fraction, we used the

adjusted variation (adj. R2), an unbiased estimate (Heino et al., 2012).

Following Legendre (2008), negative adjusted R2 values were inter-

preted as zero as they occur in cases where the variable in question

explains less variance than random. The significance of each variable

group (i.e., fraction) was determined through ANOVA with 999 permuta-

tions. The results of each multiple linear regression are reported as the

proportion of explained variance (adj. R2) and significance (p-value) of

each fraction for each region. If multiple linear regressions indicated sig-

nificant drivers, driver directionality and effect size were determined via

individual linear regressions in the lm function in the ‘R Stats’ package
(R Core Team, 2022) (Supplement 4).

RESULTS

Taxonomic diversity

Across all regions, sites, and seasons, sampled macroinvertebrate

communities contained 150,040 individuals from 221 taxa, represent-

ing 78 families, 22 orders, and 5 Phyla. Average regional taxonomic

diversity was highest in Germany (gamma diversity [γ] = 138 taxa,

TRic = 43 taxa ± 8 SD, Shan = 15.01 ± 2.89 SD), followed by Finland

(γ = 91 taxa, TRic = 38 taxa ± 6 SD, Shan = 8.99 ± 3.86 SD), and then

Sweden (γ = 59 taxa, TRic = 15 taxa ± 4 SD, Shan = 6.83 ± 2.40 SD)

(Table 3, Figure 2a,c). In Germany and Finland, average a taxonomic

richness was higher in spring than autumn; in Sweden, a taxonomic

diversity was lower in spring than autumn (Figure 2a). Apart from

TEve in Finland being higher in autumn than spring, seasonal differ-

ences in TEve were not observed in Germany or Sweden (Figure 2b).

The dominant taxa (>10% overall regional abundance) in Germany

were Gammarus fossarum (Linnaeus, 1758), Leuctra sp., Limnius perrisi

(Dufour, 1843), Limnius sp., and Protonemura sp.; in Sweden, Nemoura

sp., Nemurella pictetii (Klapálek, 1900), Simuliidae Gen. sp.; and in

Finland, Baetis muticus (Linnaeus, 1758), B. niger (Linnaeus, 1761),

B. rhodani (Pictet, 1843), B. subalpinus Bengtsson, 1917, and Simulii-

dae Gen. sp. (Supplement 3). In Germany and Finland, average total

abundance of communities did not differ statistically between sea-

sons, whereas in Sweden, abundance was higher in spring than

autumn (Figure 2g). Average taxonomic turnover between seasons

(a measure of β-diversity) varied from 22% at sites in Finland (mean

Tturn = 0.22 ± 0.13 SD) to 28% at sites in Germany (0.28 ± 0.12 SD)

and Sweden (0.28 ± 0.17 SD) (Table 3, Figure 2h).

Functional diversity

The first two axes of the supraregional FS explained 12.1% and 11.3%

of the trait variation, respectively (Figure 3). The first PCoA axis was

mostly explained by traits associated with life cycle duration, voltin-

ism, food, and feeding habits, whereas the second axis was predomi-

nantly explained by traits related to voltinism, reproduction,

locomotion, food, and feeding habits (Figure 3a). The major macroin-

vertebrate orders were the Coleoptera, Diptera, Ephemoptera, Ple-

coptera, and Trichoptera (Figure 3b). The Coleoptera ordinated along

the first axis and were characterised by long-lived, predatory taxa that

feed on living microinvertebrates. Along the second axis, the Ephe-

meroptera, Plecoptera, and Trichoptera ordinated in the bottom right

quadrant of the FS (Figure 3b) and were represented by crawling taxa

with univoltine life cycles, isolated eggs cemented to substrate, which

feed on plant detritus ≥1 mm via scraping. Opposingly, the Diptera

mostly ordinated in the top left quadrant of the FS (Figure 3b) and

were defined by short-lived, multivoltine taxa which are temporarily

attached and feed on living microphytes via filtering. Considering the

supraregional FS constructed from the global taxa and trait pool

(Figure 3c), taxa in Germany occupied the largest proportion of the

niche space, followed by Finland, and then Sweden, with no apparent

differences in the FSs between seasons in each of the study regions

(Figure 3d).

Based on null models of the functional diversity indices correcting

for differences in taxonomic richness, average standardised functional

richness was highest in Sweden (mean FRic.SES = �0.49 ± 0.39 SD)

followed by Finland (�1.21 ± 0.46 SD), and then Germany (�1.27

± 0.68 SD), but in general lower than expected given the number of

taxa in the regional samples (Table 3, Figure 2d) thereby confirming a

high degree of redundancy (Figure 2i). Seasonal differences in FRic.

SES were most pronounced in Germany, with higher functional rich-

ness in autumn than spring. Conversely, communities in Sweden and

Finland were less functionally rich in autumn than spring (Figure 2d),

with only FRic.SES in Sweden significantly differing between seasons

(Table 3). Functional evenness (FEve.SES) was comparable across the

three sampling regions, with no observed seasonal differences

(Figure 2e). In general, the communities from Germany and Sweden

8 BAKER ET AL.
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had higher than expected functional dispersion (FDis.SES) given the

number of taxa in the regional samples, whereas communities in

Finland had lower than expected FDis.SES. Across all three regions,

FDis.SES was higher in spring than autumn (Figure 2f). Average func-

tional turnover between seasons varied from 13% at the sites in

Germany (mean Fturn = 0.13 ± 0.05 SD) and Finland (0.13 ± 0.08 SD)

to 16% at the sites in Sweden (0.16 ± 0.08 SD) (Table 3, Figure 2j).

Functional redundancy

Redundancy within the communities was similar across the three sam-

pling regions (Table 3). In Germany, communities were significantly

more redundant in spring than autumn, whereas in Sweden, communi-

ties were more redundant in autumn than spring (Figure 2i). No sea-

sonal differences in redundancy were detected in samples from Finland.

Taxonomic and functional composition

Seasonal differences in regional taxonomic composition (Figure 4a,c,e)

were more distinct than those of functional composition (Figure 4b,d,

f). In addition to season, altitude, pH, and nutrients explained variation

in regional taxonomic and functional composition (Figure 4).

There were strong seasonal differences in taxonomic composition

within each of the study regions (Figure 4a,c,e). The explained variation

of taxonomic dbRDA models was low: Germany adj. R2 = 0.09

(Figure 4a), Sweden adj. R2 = 0.08 (Figure 4b), and Finland adj. R2 = 0.03

(Figure 4c). The spatial distribution of the sites, which was partitioned out

of the dbRDA models, accounted for between 4.7% and 15.9% of the

variation in taxonomic composition within each region (Supplement 3). In

Germany, variation in taxonomic composition along axis 1 (R2 = 0.15,

p = 0.002) was driven by season (p = 0.003), whereas pH (p = 0.076)

was weakly linked with variation along axis 2 (R2 = 0.09, p = 0.087). In

Sweden, season (p= 0.001) was the most important predictor of the vari-

ation in taxonomic composition along axis 1 (R2 = 0.07, p = 0.001),

whereas variation along axis 2 (R2 = 0.02, p = 0.006) was attributed to

altitude (p = 0.001), SO4
2� (p = 0.018), and TOC (p = 0.014). In Finland,

variation in taxonomic composition on axis 1 (R2 = 0.09, p = 0.041) was

predominantly driven by pH (p = 0.041).

Seasonal variation in functional composition in each region was

less pronounced than that of taxonomic composition (Figure 4b,d,f),

with only the functional composition of the communities in Sweden

varying with collected environmental predictors (Figure 4d). In

Sweden, the dbRDA model explained 6% of total adjusted variation,

with variation along axis 1 (R2 = 0.05, p = 0.001) strongly linked to

season (p = 0.005) and axis 2 (R2 = 0.02, p = 0.087) to altitude

(p = 0.006), SO4
2� (p = 0.041), and TOC (p = 0.001). Site spatial dis-

tribution accounted for between 6% and 18.6% of the variation in

functional composition. For the sites in Germany (Figure 4b) and

Finland (Figure 4f), functional composition was not linked to any of

environmental predictors, and the amount of total explained variation

was low. For more nuanced information regarding the taxonomic and

functional composition in each region, see Supplement 3.

Drivers of taxonomic and functional diversity

Multiple linear regressions decomposing the importance of each

driver group (season, geography, acidity, nutrients) on taxonomic

T AB L E 3 Descriptive statistics of community indices for each region and season (Germany: N = 8 � 2; Sweden: N = 52 � 2, Finland:
N = 10 � 2).

Index

Germany Sweden Finland

Mean SD Spr/Aut Season Mean SD Spr/Aut Season Mean SD Spr/Aut Season

Abun 1743 1865 0.69 � 460 489 �3.30** Autumn 3715 3185 1.97 �
TRic 43 8 2.40* Spring 15 4 �5.46*** Autumn 38 6 �1.19 �
TEve 0.35 0.05 �0.92 � 0.47 0.15 0.71 � 0.24 0.10 �2.84* Autumn

Shan 15.01 2.89 1.05 � 6.83 2.40 �2.99** Autumn 8.99 3.86 �3.76*** Autumn

Tturn 0.28 0.12 � � 0.28 0.17 � � 0.22 0.13 � �
FRic 0.15 0.04 1.11 � 0.00 0.01 �4.01*** Autumn 0.17 0.06 �0.32 �
FEve 0.53 0.10 0.57 � 0.52 0.17 1.68 � 0.51 0.06 �0.06 �
FDis 0.22 0.03 1.70 � 0.18 0.05 3.69*** Spring 0.15 0.06 �1.37 �
FRic S.E.S. �1.27 0.68 �2.19 � �0.49 0.39 2.49* Spring �1.21 0.46 1.01 �
FEve S.E.S. 0.19 1.16 0.87 � �0.08 1.01 0.64 � 0.47 0.93 0.32 �
FDis S.E.S. 0.74 0.78 1.45 � 0.35 0.92 6.86*** Spring �0.26 0.80 1.97 �
FTurn 0.13 0.05 � � 0.16 0.08 � � 0.13 0.08 � �
FRed. 0.42 0.04 2.59* Spring 0.40 0.06 �2.38* Autumn 0.43 0.02 �0.86 �

Note: Mean, standard deviation (SD), t-value, and p-value significance indicated by asterisk of paired t-test results between seasons (Spr/Aut) and season in

which the mean index value was higher (season). p-value significance indicated as: *p < 0.05, **p < 0.01, ***p < 0.001. Abbreviations for indices are

provided in the materials and methods section. See Supplement 3 for further descriptive statistics of the community indices.

SUPRAREGIONAL TAXONOMIC AND FUNCTIONAL DIVERSITY 9

 17524598, 0, D
ow

nloaded from
 https://resjournals.onlinelibrary.w

iley.com
/doi/10.1111/icad.12623 by N

O
R

W
E

G
IA

N
 IN

ST
IT

U
T

E
 FO

R
 N

A
T

U
R

E
 R

esearch, N
IN

A
, W

iley O
nline L

ibrary on [05/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



diversity, functional diversity, and redundancy revealed regional varia-

tion in the drivers of stream macroinvertebrate communities (Table 4).

See Supplement 4 for individual drivers and directionality.

Season was a key driver of taxonomic diversity, functional diver-

sity, and redundancy across the considered study regions (Table 4). In

Germany, taxonomic diversity and redundancy were higher in spring

than autumn, whereas functional diversity was higher in autumn than

spring. Opposingly, in Sweden, functional diversity was higher in

spring than autumn, with taxonomic diversity and redundancy being

higher in autumn than spring.

Geographic variation, predominantly along an altitudinal gradient,

was a key driver of redundancy in each region and explained some

F I GU R E 2 Box-and-whisker plots illustrating the variation in (a) taxonomic richness [TRic], (b) taxonomic evenness [TEve], (c) Shannon
diversity [Shan], (d) standardised effect size of functional richness [FRic.SES], (e) standardised effect size of functional evenness [FEve.SES], (f)
standardised effect size of functional dispersion [FDis.SES], (g) log transformed abundance [log(Abund)], (h) taxonomic turnover [Tturn],
(i) functional redundancy [FRed], and (j) functional turnover [Fturn] between sampling seasons and regions. Aut, autumn; Fin, Finland;
Ger, Germany; Spr, spring; Swe, Sweden.

10 BAKER ET AL.
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F I GU R E 3 Visualisations of the supraregional, regional, and seasonal functional spaces (FSs). (a) The probability of occurrence of trait
combinations within the supraregional FS; (b) the distribution of major taxonomic groups across the FS; (c) the supraregional FS constructed from
the global taxa and trait pool; and (d) the degree to which regional and seasonal subsets of taxa fill the supraregional FS along functional axes
1 and 2. In (a), the 0.50, 0.95, and 0.99 probability quantiles (i.e., contour lines) are coloured according to the density of occurrence, with red
indicating high probability densities and light green/yellow representing lower densities. The weightiest traits (i.e., r ≥ 0.5 along axis 1 and 2) for
each axis are represented by vector arrows. Traits are coded as: Life cycle duration ≤1 year (life1) and 1 year (life2); potential number of cycles
per year = 1 (cycl2) and >1 (cycl3); reproductive technique via cemented, isolated eggs (repr3); substrate relation and locomotion by means of
crawling (loco4) and temporary attachment (loco7); preferred food type plant detritus ≥1 mm (food3), living microphytes (food4), and living
microinvertebrates (food8); and feeding habits such as scraper (fhab3), filter feeder (fhab4), and predator (fhab7). In (b), ‘d’ indicates the
proportion of the scale between PCoA axes 1 and 2, whereby a ‘d’ value of 0.2 signifies that the scale of axis 2 is five times greater than that of
axis 1. Taxonomic groups are coded as: Coleoptera (COL), Diptera (DIP), Ephemeroptera (EPH), Plecoptera (PLE), and Trichoptera (TRI). In (c) and
(d), black crosses represent the supraregional FS centroids, whereas red crosses represent regional and seasonal centroids. In light blue, the
supraregional FS combining all taxa from all regions and seasons. In yellow, the regional FS combining spring and autumn communities. In green,
the FS of regional spring communities. In dark blue, the FS of the regional autumn communities.

SUPRAREGIONAL TAXONOMIC AND FUNCTIONAL DIVERSITY 11
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variation in overall community abundance in Germany and Sweden

(Table 4).

Acidity drove taxonomic diversity and functional diversity in all

three sampling regions (Table 4). Acidity was significantly positively

correlated to TRic in Sweden, negatively correlated with FRic.SES in

Germany, and positively correlated with FRic.SES in Finland. Although

not significant, acidity additionally accounted for a substantial propor-

tion of TEve variation in Germany.

The effect of nutrients differed widely among regions (Table 4). In

Germany, nutrients significantly drove variation in abundance, with

DOC and NH4
+ being negatively correlated with abundance, while

SO4
2� exhibited a positive correlation. Additionally, nutrients

accounted for variation of taxonomic diversity (TRic and FEve) and

functional diversity (FRic.SES) in Germany. In Sweden, abundance,

functional diversity, and redundancy showed mixed responses to

nutrients; abundance was positively correlated with TOC, whereas

functional diversity and redundancy were positively correlated with

NO3
�-N + NO2

�-N. In Finland, nutrients drove functional diversity,

albeit not significantly, with FEve.SES and FDis.SES being negatively

correlated with DOC and Tot-N, respectively.

F I GU R E 4 Drivers of taxonomic and functional community composition in each of the three sampling regions based on partial distance-
based redundancy analyses (db-RDA). Germany: Taxonomic composition (a), functional composition (b); Sweden: Taxonomic composition (c),
functional composition (d); Finland: Taxonomic composition (e), functional composition (f). Species scores of the most important species in each
region (based on overall abundances across sampling sites) are indicated as red labels and vectors. When significant (p < 0.05), region-specific
environmental variables (see section ‘Sampling sites’ for abbreviations) are displayed as blue labels and vectors. Numbers correspond to sampling
site codes in Table 1. Taxon acronyms are coded as: Chironomidae Gen. sp. (chidaege), Baetis muticus (baetmuti), Baetis rhodani (baetrhod), Baetis
sp. (beatssp.), Baetis subalpinus (baetsuba), Elmis aenea/maugetii/rietscheli/rioloides (elmamrr1), Elmis sp. (elmisp.1), Gammarus fossarum (gammfoss),
Gammarus sp. (gammsp.), Leuctra nigra (leucnigr), Leuctra sp. (leuctrsp), Limnephilidae Gen. sp. (liphidge), Limnius perrisi (limperr1), Limnius
sp. (limnisp1), Nemoura sp. (nemoursp), Nemurella pictetii (nemupict), Oligochaeta Gen. sp. (olichgen), Protonemura sp. (protonsp), Psychodidae
Gen. sp. (psydidge), Simuliidae Gen. sp. (simugen.), Tanypodinae Gen. sp. (tannaege).
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DISCUSSION

Boreal freshwater communities are highly adapted to shifts in sea-

sonal environmental conditions. While taxonomic diversity was

regionally and seasonally variable, functional diversity maintained sim-

ilar levels across seasons, suggesting functional resilience rooted in

niche overlap and redundancy. The drivers of taxonomic diversity dif-

fered from those of functional diversity, and both varied regionally.

Apart from seasonality and associated abiotic variation, geographic

factors, pH, and nutrients all accounted for variation in boreal fresh-

water communities, albeit regionally contextualised. While variable

sampling methods did not allow for direct comparisons across regions,

our study highlights spatial and seasonal discrepancies of biological

communities across similar ecosystems and the importance of asses-

sing both taxonomic and functional diversity in future monitoring

(Mouton et al., 2022; Múrria et al., 2020; Pilière et al., 2016).

Seasonal and regional variation in taxonomic diversity,
functional diversity, and redundancy

Over seasonal temporal scales, changes in taxonomic diversity pat-

terns were decoupled from changes in functional diversity, with high

taxonomic diversity cooccurring with periods of increased functional

redundancy. Interestingly, these patterns were consistent across all

three boreal regions and agree with Bêche et al. (2006) and Frainer

et al. (2014) who found similar patterns of taxonomic and functional

diversity from Mediterranean and boreal streams in North America

and Europe, respectively. The decoupling of taxonomic and functional

diversity in boreal freshwater ecosystems has been attributed to

strong abiotic filters which filter taxa by the environmental conditions

to which they are best adapted (Bêche et al., 2006) and are known to

lead to trait under-dispersion and increasing trait similarity between

seasons (Statzner et al., 2004). As boreal freshwaters are charac-

terised by predictably strong shifts in environmental conditions

between seasons (Tonkin et al., 2017; Woods et al., 2022), it is

highly likely that seasonal environmental variation drives abiotic filter-

ing and taxa turnover.

Frainer et al. (2014) argued, along with others (e.g., Dangles &

Malmqvist, 2004), that taxonomic evenness has a larger effect on

functional diversity than taxonomic diversity. While our null model

analysis accounted for variations in taxonomic diversity among sites

and seasons (i.e., scale dependence), it did not consider differences in

taxonomic evenness. By contrast, and apart from TEve in Finland,

none of the other study regions exhibited strong seasonal differences

in evenness. In response to global change (e.g., warming temperatures,

shifting seasonal patterns, biotic homogenisation; Olden, 2006;

Tonkin et al., 2017), it is expected that ‘slow’, consistent shifts in

community taxonomic a- and β-diversity will eventually lead to aggre-

gated changes in functional diversity and ecosystem functioning

(Baker, Pilotto, Haubrock, et al., 2021a; Dangles & Malmqvist, 2004;

Frainer et al., 2014).

Given that the number of sites (Sweden > Finland > Germany) and

catchments (Germany > Finland = Sweden) differed in each of the

considered regions, spatial comparisons of biodiversity patterns were

difficult. We found no generalised patterns of taxonomic and functional

α- and β-diversity across the three boreal regions. By contrast, there

were similar seasonal responses between northern (Finland and

Sweden) and southern (Germany) boreal regions. In agreement with

the habitat template theory (Southwood, 1977; Townsend &

Hildrew, 1994), local factors (e.g., microhabitats, microclimates, precipi-

tation loads, etc.) structure boreal freshwater communities. Harsh biotic

and abiotic conditions in boreal regions result in high β-diversity (Clarke

et al., 2008; Finn et al., 2011) and, though local adaptation and

T AB L E 4 Drivers of macroinvertebrate taxonomic and
standardised functional diversity indices in Germany, Sweden, and
Finland using multiple linear regression.

Season Geography Acidity Nutrients

Germany

Log(Abund) 0 0* 5.70 10.36*

TRic 21.92** 5.14 0 13.62

TEve 0 4.75 24.12 18.29

Shan 1.74 15.64 0 0

FRic.SES 22.18** 0 11.16* 0.64*

FEve.SES 0 8.81 0 0

FDis.SES 0.76 18.01 0 0

FRed 21.83* 22.87 0 0

Sweden

Log(Abund) 6.79 17.21*** 0.70 13.41

TRic 20.34 0 6.59* 4.28

TEve 0 2.77 0 1.91

Shan 5.63 0.96 4.72 1.60

FRic.SES 5.18 0 5.91 0

Feve.SES 0 0.66 0 3.77

FDis.SES 26.68*** 0 4.57 7.83

FRed 2.90 8.67** 0 5.49

Finland

Log(Abund) 11.93 0 0 0

TRic 0 0 4.67 0

TEve 17.63 0 0 0

Shan 27.71 0 5.30 0

FRic.SES 0 0 16.46 0

FEve.SES 0 0 2.69 18.50

FDis.SES 0.19 0 0 12.27

FRed 0 25.36 10.33 0

Note: Adjusted R 2 values are reported as percentage (%) of explained

variance (i.e., adjusted R 2 � 100). p-Value is highlighted in bold and

indicated by asterisk when significant (*p < 0.05; **p < 0.01; ***p < 0.001).

Variable groups: Season = spring, autumn; geography = altitude,

longitude, latitude; acidity = pH; and nutrients = region specific

combinations of nutrient and major ion variables (DOC, TOC, SO4
2�,

NH4
+, NO3

�-N + NO2
�-N, Tot-N, Tot-P). Significant driver directionality

and effect sizes are presented in Supplement 4.
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speciation, β-diversity tends to increase proportionally to the scale of

sampling considered. Therefore, the vast differences in taxonomic diver-

sity between the three sampling regions was unsurprising.

Contrastingly, our null model approach showed that functional

diversity was in fact comparable between regions, but in general

lower than expected given regional taxonomic pools. Consequently,

each of the considered boreal communities exhibited redundancy, the

amount of which differed between regions. Additionally, redundancy

was seasonally variant, implying that higher redundancy is associated

with more favourable environmental conditions. Redundancy is a

proxy for ecological resilience (Micheli & Halpern, 2005), with more

resilient communities containing an increased number of taxa with

similar traits (i.e., higher redundancy). In a study using the same

52 sites within the Swedish Krycklan catchment, Göthe et al. (2014)

attributed seasonal differences in redundancy to seasonal hydrological

regimes, with a higher frequency and intensity of extreme events in

spring leading to a lower redundancy compared to autumnal base-

flow conditions. In our study, this interpretation holds for Sweden and

Finland, but not Germany. The observed heterogeneity in redundancy

patterns resulted from differences in spatial factors between regions

and increased with the spatial extent considered (Göthe et al., 2014).

While a degree of redundancy is expected in any community, should

it be driven by a gradual replacement of specialists with generalists

(Olden, 2006), ecosystem resilience may eventually become nega-

tively impaired (Belmar et al., 2019).

Drivers of taxonomic diversity, functional diversity,
and redundancy

Season—an overarching driver of taxonomic and functional diversity

in the here-considered boreal freshwaters—is associated with changes

in many abiotic conditions, including hydrological, thermal, and light

regimes (Mustonen et al., 2016). In response to varying abiotic condi-

tions, seasonal pulses in the quality and quantity of resources drive

biological communities (Verberk et al., 2013). Multiple linear regres-

sions and redundancy analyses confirmed that seasonal variation, in

association with its changes to the quality and quantity of organic car-

bon (DOC and TOC), had mixed effects on taxonomic diversity, func-

tional diversity, and redundancy (partial support for H1a). More

specifically, periods of high organic carbon availability coincided with

periods of high taxonomic diversity and redundancy, though there

were regional inconsistencies regarding the season in which high car-

bon availability occurred. In Germany, it was in spring, coinciding with

runoff and snow-melt-induced increases in DOC and fine particulate

organic matter (FPOM). These spring conditions favoured taxa such as

plecopterans (e.g., Protonemoura sp. and Leuctra sp.) which tend to

feed on decomposing plant detritus (see Supplement 3). In contrast,

autumnal leaf fall and subsequent increases in DOC and coarse partic-

ulate organic matter (CPOM) likely drove high taxonomic diversity

and redundancy in Sweden and Finland. This would have favoured

taxa such as Chironomids and Nemoura sp. in Sweden and Baetis spp.

in Finland (see Supplement 3) which feed on larger organic material

(e.g., CPOM). A possible explanation for this observation could be that

seasonal shifts in biotic conditions (i.e., thermal and hydrological

regimes), and their associated effects on organic carbon dynamics,

facilitate taxonomic turnover, leading to more functionally redundant

communities which exploit the available pool of resources regardless

of season. In agreement with the predictable shifts in macroinverte-

brate community composition and function along a longitudinal car-

bon continuum (Vannote et al., 1980), our results support the concept

of a seasonal carbon continuum, whereby community functioning is

resilient to environmental change and exhibits predictable responses

to shifts in seasonal carbon resources (Frainer et al., 2014; Smol

et al., 2005; Verberk et al., 2013; Woods et al., 2022).

Albeit inconsistent throughout the boreal regions considered,

geographic drivers—defined by altitudinal differences—decreased

functional diversity but increased redundancy. In agreement with

Statzner et al. (2004), altitudinal gradients—and their direct

(e.g., discharge relief energy, low temperatures) and indirect impacts

(e.g., water chemistry)—have the capacity to alter macroinvertebrate

diversity and function. Due to their position high up in the catchment,

which often (but not always) corresponds to higher altitudes, we pre-

dicted (H2a) that, through high specialisation, functional diversity

would increase with altitude, reflecting low redundancy. Contrarily,

our results support Bêche et al. (2006) and Frainer et al. (2014) in their

notion that strong abiotic filters at higher altitudes give rise to more

similar trait combinations, thereby increasing redundancy.

Variations in acidity drive changes in macroinvertebrate diversity

and function through time (Baker, Pilotto, Haubrock, et al., 2021a;

Baker, Pilotto, Jourdan, et al., 2021b; Dangles & Malmqvist, 2004).

Accordingly, and in partial support of our hypothesis that lower acidity

(higher pH) would be associated with higher taxonomic and functional

diversity (H2b), we found that pH drove taxonomic α-diversity (linear

regression) and β-diversity (redundancy analyses), but not functional

diversity. Boreal freshwaters, through their underlying geology and

poor buffering capacity, have highly dynamic pH conditions

(Dangles & Malmqvist, 2004) and each of the considered boreal

regions had starkly different mean pH conditions; mean pH was 6.63

in Germany, 5.17 in Sweden, and 7.8 in Finland. Thus, through pro-

tracted exposure to these dynamic conditions, the effects of pH on

taxonomic diversity might be reflecting the specific tolerances of dif-

ferent taxonomic groups to variations in pH (Dangles et al., 2004; Hall

et al., 1987).

Nutrient fluctuations drove variation in abundance and functional

richness. This result reflects the functional constraints taxa have to

the pool of available resources. Most nutrients entering boreal head-

waters stem from allochthonous sources (but see Brett et al., 2017),

and although essential for life, variations in their quality and quantity

can impact freshwater communities (Baker & Greenfield, 2019;

Huttunen et al., 2022). In our study, the most important nutrient shap-

ing macroinvertebrate communities was organic carbon, and as dis-

cussed above, it is essential for defining diversity and function across

seasonal and longitudinal (river) gradients (e.g., Frainer et al., 2014;

Vannote et al., 1980; Verberk et al., 2013). Nevertheless, a plethora of

other nutrients (and major ions) have important roles in freshwater

14 BAKER ET AL.
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ecosystems, with each of these nutrients being either directly or indi-

rectly linked to organic carbon and microbial activity (Brookshire

et al., 2005; Webster, 2007). By contrast, in each of the consi-

dered boreal regions, mean concentrations of PO4
3�, SO4

2�, and

NO3
� were very low, and while we do not negate their importance in

freshwater environments (Ensign & Doyle, 2006), we did not find con-

clusive evidence linking them to changes in taxonomic and functional

diversity. Thus, we reject our final hypothesis (H3c) but acknowledge

the well-known importance and impact nutrient fluctuations can have

on freshwater ecosystems (Baker & Greenfield, 2019). Although we

understand the limitations of funding, future monitoring efforts

should consider broader spatial and temporal scales. Moreover, a

wider and more consistent suite of environmental variables, particular

water chemistry parameters, are needed to make more informed con-

servation decisions as they have been found to be critical drivers of

local biodiversity (Magliozzi et al., 2020).

CONCLUSIONS

Questions of how and why biological communities are both taxo-

nomically and functionally structured remain critical for under-

standing biodiversity change and for guiding conservation policy

and protection (Dolédec et al., 2021). A growing body of research

suggests that trait-based approaches hold more promise in realisti-

cally assessing how changes in the environment might affect eco-

system functioning (McGill et al., 2006; Múrria et al., 2020;

Verberk et al., 2013). In accordance with Magliozzi et al. (2020),

our study confirms that taxonomic and functional diversity are

often decoupled, and that the resultant redundancy provides eco-

systems with a degree of resilience to changes in environmental

conditions. Despite the dependence of boreal systems on seasonal

predictability (e.g., phenological synchronisations, predator prey

interactions, pollination cycles, growth periods, etc.), seasonally

induced shifts in environmental conditions, including the state and

availability of carbon, facilitate an exchange of taxa which leads to

taxonomically unique communities that exploit the pool of avail-

able seasonal resources. By contrast, if changes to seasonality and

environmental conditions become more pronounced through

future climate projections (IPCC, 2021), the ability of freshwater

systems and their biological communities to maintain ecological

functioning may become impaired. More experimental and empiri-

cal studies explicitly focussed on stressor impacts on α and β taxo-

nomic and functional diversity are needed, particularly in

ecosystems at higher latitudes and altitudes which act as sentinels

for ongoing environmental change (Woodward et al., 2010).
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