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Abstract

Aim: We propose a novel approach that considers taxonomic uniqueness, functional
uniqueness and environmental uniqueness and show how it can be used in guid-
ing conservation planning. We illustrate the approach using data for lake biota and
environment.

Location: Lake Puruvesi, Finland.

Methods: We sampled macrophytes and macroinvertebrates from the same 18 litto-
ral sites. By adapting the original “ecological uniqueness” approach, we used distance-
based methods to calculate measures of taxonomic (LCBD-t), functional (LCBD-f) and
environmental (LCEH) uniqueness for each site. We also considered the numbers and
locations of the sites needed to protect up to 70% of total variation in taxonomic,
functional or environmental features in the studied part of the lake.

Results: Relationships between taxonomic (LCBD-t), functional (LCBD-f) and en-
vironmental (LCEH) uniqueness were generally weak, and only the relationship be-
tween macrophyte LCBD-t and LCBD-f was statistically significant. Overall, however,
if the whole biotic dataset was considered, macroinvertebrate LCBD-f values showed
a consistent positive relationship with macrophyte LCBD-f. Depending on the meas-
ure of site uniqueness, between one-third to one half of the sites could help protect
up to 70% of the ecological uniqueness of the studied part of Lake Puruvesi.

Main conclusions: Although the dataset examined originated from a large lake sys-
tem, the approach we proposed here can be applied in different ecosystems and at
various spatial scales. An important consideration is that a set of sites has been sam-
pled using the same methods, resulting in species and environmental matrices that
can be analysed using the methodological approach proposed here. This framework
can be easily applied to grid-based data, sets of islands or sets of forest fragments. We
suggest that the approach based on taxonomic, functional and environmental unique-
ness will be a useful tool in guiding nature conservation and ecosystem management,

especially if associated with meta-system ideas or network thinking.
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1 | INTRODUCTION

Prioritization for nature conservation can be based on non-living (i.e.,
abiotic) or living (i.e., biotic) features of the environment (Whittaker
& Ladle, 2011). Typically, conservation research has focused on biotic
diversity, where the underlying basis is measuring the diversity and
composition of ecological assemblages (Gaston, 1996a). However,
all nature conservation frameworks should ideally consider both
biotic and abiotic environmental characteristics (Astudillo-Scalia
et al., 2021; Faith & Walker, 1996). This is important for two main
reasons. First, biotic diversity builds on information on the species
occurrences, yet one of its main drawbacks is that species presences
are often temporally variable. Second, one cannot typically detect
all species present at a site owing to a limited sampling effort (e.g.,
Beck et al., 2018), which is especially true for small, cryptic and rare
species (e.g., McCabe, 2011). Abiotic diversity instead provides in-
formation on the physical and chemical habitat conditions for a set
of different species, is typically temporally more stable than species
occurrences at a site and can thus be used as a surrogate for biotic
diversity (e.g., Beier & Albuquerque, 2015). For example, physical
landforms are likely to remain relatively unchanged compared with
distributions of species occurrences over the same period. Hence,
conservation planning, in general, should contrast the composi-
tional, functional and environmental basis of conservation (Cadotte
& Tucker, 2018; Gillson et al., 2011).

The measures used to describe biotic diversity range from
(1) simple counts of the numbers of taxa (e.g., Gaston, 1996b)
to (2) those considering the relative levels of species rarity (e.g.,
Rabinowitz, 1981) and (3) to more recent indices measuring the de-
gree of ecological uniqueness (e.g., Legendre & De Caceres, 2013).
The measure of the ecological uniqueness of a site is compared with
other sites in a study area (i.e., local contribution to beta diversity,
LCBD). In other words, LCBD measures the contribution of each site
to the total compositional variation among assemblages in the area
under study and, therefore, it can be used in ranking sites based on
their compositional uniqueness (Legendre & De Caceres, 2013). The
set of compositionally most unique sites representative of the natural
state of ecosystems should thus be prioritized for nature conserva-
tion. This measure can be considered particularly useful for guiding
biodiversity assessment, conservation and restoration schemes be-
cause it helps distinguish the sites that differ most from other sites in
assemblage composition (Legendre & De Caceres, 2013). Therefore,
it is not surprising that the use of this approach has recently come to
the fore in biodiversity assessment and conservation research (e.g.,
Benito et al., 2020; Heino & Groénroos, 2017; Hill et al., 2021; Tan
et al., 2019).

Most studies using the LCBD approach for evaluating ecological
uniqueness have been based on taxonomic data (e.g., Vilmi et al.,

2017). However, a few recent studies have also expanded the orig-
inal approach to include phylogenetic (e.g., Shooner et al., 2018)
and environmental information (e.g., Castro et al.,, 2019), which
could provide further insights into different aspects of ecological
uniqueness. In addition, one could also extend the LCBD approach
to analysing functional trait composition because functional traits
can be considered proxies for ecosystem functions (e.g., McGill
et al,, 2006). In this sense, the traditional ecological uniqueness
(LCBD) approach provides information about taxonomic uniqueness
of ecological assemblages, whereas the approach we suggest here
also includes functional uniqueness of ecological assemblages and en-
vironmental uniqueness of sites. To our knowledge, however, no study
to date has simultaneously assessed ecological uniqueness based on
taxonomic, functional and environmental features and used result-
ing information in guiding freshwater conservation planning. Our
approach could thus be an important addition to the existing tools
that aim at freshwater conservation prioritization based on different
facets of biotic and abiotic diversity (e.g., Brumm et al., 2021).

Freshwater biodiversity is declining faster than that in the ma-
rine or terrestrial realms (Wiens, 2015), which has been attributed
to the small areal extent, high degrees of isolation and vulnerability
of freshwater ecosystems (Dudgeon et al., 2006). They are severely
threatened by environmental impacts at different spatial and tem-
poral scales (Birk et al., 2020; Reid et al., 2019). Recent accounts
have emphasized that the situation is dire, as extinction rates and
ecosystem degradation are increasing in freshwater ecosystems due
to anthropogenic development and overuse of natural resources
(Albert et al., 2021; Jahnig et al., 2021). For example, lakes have suf-
fered from anthropogenic development in recent decades because
of land-use change (e.g., Anderson et al., 2013), nutrient enrichment
(e.g., Downing et al., 2021; Zhang et al., 2019) and introduction of
exotic species (e.g., Hall & Mills, 2000), to name a few major anthro-
pogenic factors acting at local and landscape levels (for a review,
see Heino et al., 2021). At the same time, lakes are also important
for recreation and provide supplies of drinking water and fish, as
well as harbour rare species of particular conservation concern (e.g.,
Schallenberg et al., 2013). This background of conflicting pressures
and values underscores the importance of assessing freshwater lake
sites based on different measures of biotic and abiotic nature, which
should in turn be used in guiding the conservation and restoration of
the structure, function and biota of lakes.

Here, we expand upon contemporary approaches to measure
a site's ecological uniqueness based on its taxonomic, functional
and environmental features. We apply the approach to a primary
producer group in lakes (here, macrophytes) and a taxonomi-
cally and functionally highly diverse group of consumers (here,
macroinvertebrates). Macrophytes are key players that contrib-
ute to nutrient cycling and primary production (e.g., Carpenter &



HEINO ET AL.

Lodge, 1986), and provide multiple habitats that other organisms,
such as fish (e.g., Quirino et al., 2021) and macroinvertebrates (e.g.,
Tolonen et al., 2001), can use for foraging and shelter (e.g., Heino &
Tolonen, 2017). Macroinvertebrates, in turn, contribute to various
ecosystem processes through herbivory, detritivory and predation,
acting as key links from autochthonous and allochthonous produc-
tion to secondary and primary consumers, such as benthivorous fish
(Wallace & Webster, 1996).

By focusing on macrophytes and macroinvertebrates sampled
at the same sites in a large boreal lake system, we addressed two
main questions in this study. (1) How do taxonomic, functional and
environmental uniqueness of sites correspond to each other? To an-
swer this question, we calculated taxonomic (LCBD-t), functional
(LCBD-f) and environmental (i.e., local contribution to environmen-
tal heterogeneity, LCEH) uniqueness of sites. We assumed that these
three measures of site uniqueness should be positively correlated
because environmental conditions affect the distributions of both
macrophytes (e.g., Alahuhta et al., 2021) and macroinvertebrates
(e.g., Heino & Tolonen, 2017), which are also connected via direct
and indirect interactions (e.g., Garcia-Girén et al., 2020). (2) Will the
same subsets of sites be most valuable for conservation of lake na-
ture based on taxonomic, functional and environmental uniqueness?
We addressed this question by testing the congruence between
different uniqueness measures and by ranking the sites based on
their taxonomic, functional and environmental uniqueness values.
Subsequently, we examined how the total beta diversity in the focal
lake system was covered by 1, 2, 3... n sites with highest uniqueness
values in our dataset. This simple and heuristic process to select a
set of sites for strict conservation was done separately for macro-
phytes and macroinvertebrates as well as environmental unique-
ness, which is also one of the main novelties of our study (Figure 1).
To examine these questions, we used survey data from littoral areas
of Lake Puruvesi, Finland. This lake is an important location for bo-
real freshwater biodiversity and conservation, as most of the lake
area is covered by the protected areas belonging to Natura 2000
network.

2 | MATERIALS AND METHODS

2.1 | Studyarea

Lake Puruvesi is one of the large sub-basins of the large Lake Saimaa
system (4400km?), the largest lake in Finland. Lake Puruvesi is an
oligotrophic and transparent lake with low phytoplankton produc-
tivity and high diversity of littoral habitats (Table 1). The lake is a
highly important site from a conservation point of view for several
reasons. First, Lake Puruvesi harbours diverse fauna and flora with
many threatened species. For example, the endangered Saimaa
ringed seal (Pusa hispida saimensis) has started to re-colonize sites
in the lake, from where it disappeared in the 1950s. Second, in a
national classification, Lake Puruvesi is classified to belong to a near-
threatened habitat type of large humus-poor lakes and designated
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a Natura 2000 site as a representative example for the lake habitat
type “Oligotrophic waters containing very few minerals of sandy
plains" (type “Littorelletalia uniflorae”). Third, altogether 320km? of
the 420km? total surface area of the lake is thus protected as part
of the EU's Natura 2000 network (Evans, 2012). As an important
location for recreational and inland professional fisheries, multiple
water-related recreational activities and tourism, Lake Puruvesi is
locally important for regional economy and employment. Our study
area (the Hummonselk3 subbasin) is situated in the north-eastern
part of Lake Puruvesi, where we surveyed macrophytes, macroin-
vertebrates and environmental features at the same 18 sites in 2017
(Supplementary Information Appendix S1, Figure S1). Most of these
18 sites are near-natural, but five of them were affected by summer

cottages or agricultural fields close to the shore.

2.2 | Field sampling and laboratory analyses
Biological samples were collected within 100-m-wide, pre-selected
strips of the shoreline (hereafter, referred to as “sites”) at depths
from O to 7 m for macrophytes and from O to 3 m for macroinver-
tebrates between August and September in 2017. Sites for mac-
rophyte mapping were selected using systematic sampling for the
mainland shoreline to distribute sites evenly along the shoreline of
the study area. Also, the sampling was supplemented with a few
sites with underrepresented habitat type (i.e., sandy and soft bottom
types) to match the numbers of sites representing main littoral habi-
tat types (i.e., stony, sandy and soft bottom shores). A few additional
sites located along the shorelines of islands were selected based on
a stratified random sampling scheme. In practice, some of the study
sites were randomized to be located on islands classified into five
groups based on surface area (0.1-1, 1-5, 5-10, 10-40 and >40ha).
Macrophyte records were pooled at each site to include
15x4 m? squares, that is, 60 m? in total area. Five squares were
investigated at each depth zone: 0-0.5 m, 0.5-2 m and>2 m. At
each site, four macrophyte mapping transects with the minimum
distance of 20m were established from the shoreline to the depth
of seven metres (maximum colonization depth of macrophytes in
Lake Puruvesi). The transects were marked with a sinking rope
with markings at 1-m intervals, and weights and buoys attached
to each end. Mapping plots of 2x2 m were assigned along the
transects based on criteria presented below. Macrophyte species
covers were mapped by wading from the shoreline to the depth
of approximately 1.3 m using an aquascope, placing the first plot
at the shoreline (0 m). The deeper plots from the depth of 1.3 m
to 7 m were surveyed by scuba-diving. Diving was started from
the deep end of the transect, placing the first square at the deep
end. A new plot was assigned when the following criteria were
met: (a) the depth change from the beginning of the previous plot
was 0.5 m, (b) the distance from the beginning of the previous
plot was 20m, and none of the other criteria were met (c) after a
non-vegetated plot was met again, and (d) when Littorella uniflora,
the key indicator plant species for the oligotrophic lake habitat
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FIGURE 1 Conceptualillustration of
our novel approach to guide freshwater
conservation planning by joint evaluations
of each site's ecological uniqueness

based on taxonomic, functional and
environmental measures. In this example,
(a) four near-natural littoral sites from
Lake Puruvesi were surveyed focusing on
their biotic and abiotic components. For
clarity, we only included (b) taxonomic

(a site-by-species matrix synthesizing
community composition) and (c) functional
features (charts representing community-
level functions; Mori et al., 2018) of
benthic macroinvertebrate communities,
as well as the (d) environmental conditions
of the sites (here, Secchi depth, total
phosphorous [TP] and substratum size).
Based on taxonomic, functional and
standardized environmental data (see
Figure 2 for details), we obtained (e)
taxonomic (LCBD-t), functional (LCBD-f)
and environmental (LCEH) uniqueness
values for each site (0-1 range). In our
illustrative example, protecting both

“site 1” and “site 2” would contribute
towards protecting up to three quarters
of the biotic uniqueness of Lake Puruvesi.
However, the environmental component
expanded the number of potential
conservation sites to “site 3,” emphasizing
that different sets of uniqueness indices
could provide complementary information
for guiding conservation planning

type, was found in the transect. However, at least 1-m distance
was always left between two subsequent plots to avoid overlap
between the plots. The species that remained unidentified in the
field were preserved in plastic bags for later identification. The
total number of squares investigated within a site varied from 25
to 74, depending on the bathymetric profile and abundance of
vegetation. For further analyses, a total of 15 squares, that is, five
squares from each depth zone: 0-0.5 m, 0.5-2 m and>2 m, were
randomly drawn from each site to harmonize sample schemes of
macrophyte and macroinvertebrate data and to standardize sam-
ple sizes among depth zones. The data from each site were pooled
for the data analysis.

A pooled sample of macroinvertebrates included an area of
9% 1590cm? (=1.431m?) sampled from each site. In other words,
three macroinvertebrate samples were taken at each of the follow-
ing depth zones: 0-0.5 m, 0.5-2 m and >2 m. Macroinvertebrates
were sampled using a centrifugal pump with a combustion en-
gine as a power source. Each sampled area was outlined with a

1

20-cm-high oblong metal frame (1590cm?). On stony bottoms,
the stones were brushed with a dish brush to detach attached
macroinvertebrates, and invertebrates were drawn into the pump
through metal funnel attached to the inlet hose of the pump.
Samples were drained to a 0.5-mm sieve through the outlet hose
of the pump. After sieving, samples were preserved in ethanol.
At sandy and soft bottom vegetated areas, a stiff fibreglass pipe
with a 143cm? metal funnel at the end of pipe was attached to
the end of inlet hose of the pump. The sampled area was closed
from surface to bottom by a 0.45-mm mesh net fixed to the metal
frame. Each sample was taken from surface to bottom by stirring
the water column with a pipe to detach invertebrates attached to
macrophytes and to draw them to the pump through the funnel.
In the end, sediment was sampled through the funnel. As such,
the sampling methods described here are a slightly modified ver-
sion of the methods described in Tolonen et al. (2001, 2003).
Macroinvertebrates were sorted, identified usually to species or
genus, and individuals were later counted under the microscope.
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TABLE 1 Information on the selected whole-lake and site-level
morphometric and water chemistry parameters of Lake Puruvesi

Whole-lake parameters
Surface area (km?)
Shoreline length (km)
Mean depth (m)
Maximum depth (m)
Site-level parameters
Bottom slope (%, 0-2 m)
Wind fetch (m)

Stony substrate (%)
Sandy-gravelly substrate (%)
Fine or organic substrate
Secchi depth (m)

Total phosphorus (pug LY
Total nitrogen (pgL™)
Chl-a (pgLY)

Turbidity (FNU)

pH

Colour (mg Pt L)

Value

420

962

8.76

61

Mean (range)
9.7 (0.7-32.8)
1253 (85-3623)
37.6 (0.0-87.3)
29.2(0.0-75.0)
32.4(1.3-98.0)
6.4 (3.8-8.3)
3.6 (1.5-7.0)
199 (170-240)
1.4 (1.0-3.0)
0.45 (0.27-0.70)
7.3(7.0-7.4)

6.8 (2-10)

Note: Means and ranges (in parentheses) of water chemistry parameters
are given for summer (June-August) values in 2007-2017. Here, only
near-natural sites of Lake Puruvesi were studied, referring to site-level
parameters. Abbreviation: Chl-a refers to chlorophyll-a of water.

However, some taxa were identified to a higher level (Oligochaeta,
Hydracarina, Chironomidae and Ceratopogonidae).

We estimated coverages (%) of different substratum sizes from
each sampling frame based on Wentworth (1922) classes, includ-
ing rock, boulders, cobbles, pebbles, gravel, sand, fine inorganic
sediment, mud and peat. These original classes were subsequently
summed into three different categories, including (1) rock, boulders,
cobbles and pebbles as stony bottom (%), (2) gravel and sand as
gravelly-sandy bottom (%), and (3) fine sediment, mud and peat as
fine-organic sediment (%). Wind fetch (m), as a site-specific variable
representing whole 100-m-wide littoral strip, was measured from
the middle point of each strip using Fetch Model (Finlayson, 2005)
in ArcGIS Desktop 10 (Environmental Systems Research Institute
[ESRI], 2015). Specifically, this variable refers to effective wind fetch
weighted with local wind conditions (method “SPM,” see Rohweder
etal.,, 2012). Bottom slope (%) was another site-specific variable that
was measured from the shoreline to the depth of 2 m. Because the
water chemistry of the study lake is temporally and spatially fairly
homogenic, we measured only two water chemistry parameters,
that is, turbidity and water colour, at each sampling site.

To obtain data for values of average and maximum current ve-
locity (m/s) and bottom shear stress (N m?) at the sampling sites,
we used a 3-D hydrodynamic model of Lake Puruvesi based
on the COHERENS V2.11.2 code (Luyten, 2013). COHERENS
solves the 3-D equations using the finite difference method, as-
sumes vertical hydrostatic equilibrium and uses the Boussinesq
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buoyancy approximation. The rectangular model grid resolution was
50mx 50m with 16 vertical variable thickness layers. The model has
a minimum depth of 0.5 m and maintains a constant 0.5-m surface
and bottom layer thickness in areas deeper than 8 m. The model
input data included lake bathymetry, open boundary data (lake
surface height at northern and southern boundaries) and weather
(temperature, precipitation, wind speed and direction, humidity,
air pressure and cloudiness). Measurement data used to create the
depth grid for the computational model were a combination of open
data retrieved from TrafiCom (https://www.traficom.fi/en/news/
open-data) and new data measured by Geological Survey of Finland.
Open boundary data were obtained from the Finnish Environment
Institute  (https://www.syke.fi/en-US/Open_information)  and
weather data from the Finnish Meteorological Institute (https://
en.ilmatieteenlaitos.fi/open-data). The model was run for the time
period between May 2017 and November 2017. Current velocity
and bottom shear stress values were extracted for each macrophyte
vegetation plot from spatial raster layers using custom code adapted
from rSDM R package functions developed by Francisco Rodriquez-
Sanchez (Species distribution and niche modelling in R, rSDM; pakil
lo.github.io). For sites with macrophyte plots not covered by cells of
the layers, a macrophyte grid cell was assigned the value of the near-
est raster cell containing data. Current velocity and bottom shear
stress values were finally averaged at each site.

2.3 | Functional traits of macrophytes and
macroinvertebrates

We selected three functional trait groups representing features
of aquatic macrophytes that are directly related to key ecosystem
functions, that is, growth form, perennation and potential size.
These functional trait groups are associated with light intercep-
tion, plant architecture, organ turnover and use of niche space in
canopy (Willby et al., 2000). They are important functional features
of aquatic macrophytes (Gothe et al., 2017), including those inhab-
iting boreal lakes (Lindholm et al., 2020). We followed Toivonen
and Huttunen (1995) and Schmidt-Kloiber and Hering (2015) to
classify species into six different growth form categories: cerato-
phyllids, elodeids, helophytes, isoetids, lemnids and nymphaeids.
Perennation (annual, biennial/short-lived perennial and perennial)
was based on information available from the attribute-based clas-
sification of Willby et al. (2000), whereas potential size information
(cm; i.e., the potential length of an individual omitting the root or
rhizome length; Dolédec & Statzner, 1994) was based on Hamet Ahti
et al. (1998), complemented by information derived from Mossberg
and Stenberg (2012) and other public repositories (e.g., Online Atlas
of the British and Irish Flora; https://www.brc.ac.uk/plantatlas/).
We also selected three functional trait groups for macroinver-
tebrates, including functional feeding habits (i.e., scrapers, gather-
ers, filterers, shredders and predators), substratum associations (i.e.,
burrowers, crawlers, sprawlers, sessiles, semi-sessile and swimmers)

and body size (i.e., dry mass). The individual traits in these three
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functional trait groups are directly associated with ecosystem func-
tions, such as decomposition and recycling of organic material, hab-
itat use and sensitivity of macroinvertebrates to fish predation in
lakes (Heino & Tolonen, 2017; Tolonen et al., 2003). The information
for functional feeding habits, substratum associations and body size
was derived from the literature. Estimates of dry mass were fur-
ther based on body-length regressions. The lists of original litera-
ture sources have largely been reported in Tolonen et al. (2017) and
Rocha et al. (2018).

2.4 | Uniqueness measures

We applied the local contribution to beta diversity (LCBD) approach
(Legendre & De Caceres, 2013) to calculate a measure describing the
ecological uniqueness of each site in our lake system. This method
was originally used for taxonomic site-by-species data, but it can be
extended to applications based on functional (this study) and phylo-
genetic features (e.g., Shooner et al., 2018) of biotic assemblages or
abiotic environmental conditions (e.g., Castro et al., 2019). For taxo-
nomic data, we used Jaccard index to calculate each site's contribu-
tion to taxonomic beta diversity (LCBD-t) in the focal lake system.

For functional data, we used two different frameworks, that is, a
standard one inspired by the original approach of Villéger et al. (2013)
and a modified approach that explicitly controls for the optimal
number of dimensions of species trait space (Mouillot et al., 2021).
This latter framework is slightly more demanding than various well-
established methods proposed to measure species trait dissimilarity
and functional diversity (e.g., Laliberté & Legendre, 2010; Villéger
et al., 2013). Yet, this framework has the merit that it can be adapted
to any data types, and it can provide comparable trait space fea-
tures across datasets, especially when functional reconstructions
differ among different organismal groups (see Mouillot et al., 2021).
In brief, both frameworks require a metric that measures trait dif-
ferences between species, resulting in subsequent calculation of a
functional tree to produce the functional site-by-site community
dissimilarity matrix and associated functional LCBD values (LCBD-f).
Overall, our standard data analysis routine comprised four steps
(Figure 2): (i) computing a species-by-species distance matrix, (ii)
using a hierarchical clustering analysis on the resulting species-by-
species distance matrix for obtaining the functional tree, (iii) using
this functional tree along with the site-by-species matrix to calcu-
late the functional community distance matrix based on the Jaccard
index, and (iv) computing the LCBD-f values based on the resulting
functional site-by-site community dissimilarity matrix.

Several measures of multi-trait dissimilarity have been proposed
over the years (e.g., Gower, 1971; Laliberté & Legendre, 2010). Here,
we chose a novel analytical approach (R function “gawdis”) devised
by de Bello et al. (2021) that shows key properties that solve the
problem of unbalanced contribution of different traits when calcu-
lating species-by-species distances (see Supplementary Information
Appendix S2 for details). More specifically, we applied the “gawdis”
function to minimize differences in the correlation between the

dissimilarity of each individual trait and the multi-trait matrix (de
Bello et al., 2021), thereby making each single trait to have a com-
parable influence on the final species-by-species distance matrix.
Moreover, to investigate the quality and intrinsic dimensionality
of multi-trait space under the parsimonious method of Mouillot
et al. (2021), we further (i) identified the orthogonal axes along
which species-by-species distances are decomposed using prin-
cipal coordinate analysis (PCoA; Legendre & Legendre, 2012), and
(ii) determined the cumulative number of PCoA axes needed to ob-
tain a reasonable position of species in the lower dimensional space
through the application of the elbow inflection point method for the
area under the curve (AUC) criterion (see Mouillot et al., 2021 for de-
tails). Comparing the more standard framework (see above) with the
elbow-based AUC optimal dimensionality routine showed consistent
results (Supplementary Information Appendix S3). Thus, for simplic-
ity, we focused on findings based on the more standard approach
without trait space dimensionality reduction.

For environmental data, we first calculated standardized (i.e.,
each environmental variable was standardized to zero mean and unit
variance) between-site Euclidean distance to obtain a site-by-site
environmental distance matrix (see also Castro et al., 2019). To calcu-
late local contributions to environmental heterogeneity (LCEH), this
distance matrix was submitted to the “LCBD.comp” function avail-
able from “adespatial” R package (Dray et al., 2021). The main steps

of our statistical approach are shown as a flow diagram in Figure 2.

2.5 | Correlation between taxonomic,
functional and environmental uniqueness

Since tests based on Moran's | coefficients found no spatial au-
tocorrelation for the different measures of site uniqueness
(Supplementary Information Appendix S4), we tested for the cor-
relations between LCBD-t, LCBD-f and LCEH using Spearman's rank
correlation. For significant relationships, we further evaluated the
importance of linear vs. non-linear trends with Akaike's Information
Criterion (AIC) and visualized the presence and location of break-
points using a combination of Davies tests (Davies, 2002) and seg-

mented linear regressions (Muggeo, 2003).

2.6 | How many and which sites to conserve?

To determine how many and which sites to conserve based on single
and combined evaluations of LCBD-t, LCBD-f and LCEH, we used
two different approaches: (i) a cumulative uniqueness threshold of 0.7
(70% of cumulative unigueness covered by n sites), and (i) an inflection
point criterion based on the elbow-based method (Thorndike, 1953).
The idea behind the elbow-based method is to maximize cumulative
uniqueness gains while reducing the cost (here, the number of sites
to be conserved). In other words, this algorithm calculates an inflec-
tion point that corresponds to the cumulative uniqueness value above
which the conservation benefit becomes lower than the cost (Nguyen
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FIGURE 3 Graphical representation of the correlations between different measures of site uniqueness for macrophytes (a) and
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as well as local contribution to environmental heterogeneity (LCEH). The correlations between different uniqueness measures between
macrophytes and macroinvertebrates are also shown (c). The size of the circle denotes the strength of the correlation, and the colours
represent the sign of the correlation along a range from positive (blue) to negative (red). Values inside each circle denote the correlation
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& Holmes, 2019). The first approach is not very objective, but it has the All statistical analyses were run in R version 4.0 (R Development
merit of providing a comparable and standardized cumulative unique- Core Team, 2020). The list of R packages and computational routines
ness value across measurements and organismal groups. are available in Supplementary Information Appendix S5.
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3 | RESULTS

Associations between taxonomic (LCBD-t), functional (LCBD-f) and
environmental (LCEH) uniqueness were relatively weak (Figure 3).
For macrophytes, only the relationship between LCBD-t and
LCBD-f was statistically significant (r, = 0.68, p = .002), whereas
no significant association was recorded between any site unique-
ness measure of benthic macroinvertebrate communities. However,
when the entire biotic dataset was considered (i.e., macrophyte
LCBD-t or LCBD-f values vs. macroinvertebrate LCBD-t or LCBD-f
values), macroinvertebrate LCBD-f values showed a consistent lin-
ear trend in response to increasing macrophyte LCBD-f (r, = 0.73,
p = .001; Figure 4b). The relationship between macrophyte LCBD-t
and LCBD-f was quadratic, however, and seemed to be virtually in-
dependent of LCEH (Figure 4a). Davies tests suggested a statistically
significant (p = .04) inflection point at LCBD-t = 0.067 (Figure 4a),
with a 95% confidence interval ranging between 0.063 and 0.071,
and the slopes being positive and negative below and above the
inflection point, respectively (1.2 vs. -2.6). This suggests reduced
diversity of trait combinations and concomitant increase in species
similarity in macrophyte communities that showed highly unique

species combinations.
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FIGURE 4 Scatter plots showing the non-linear relationship
between LCBD-t and LCBD-f for macrophytes (a), and the linear
relationship between macrophyte LCBD-f and macroinvertebrate
LCBD-f (b)

Based on our dataset, between one-third to one half of the sites
studied could help protect up to three quarters of the ecological
uniqueness of the studied part of Lake Puruvesi, accounting for
more than 90% of observed macrophyte (n = 36) and macroinverte-
brate (n = 143) species. Of the five site uniqueness measurements
(i.e., macrophyte LCBD-t, macrophyte LCBD-f, macroinverte-
brate LCBD-t, macroinvertebrate LCBD-f and LCEH), we obtained
the number of lake sites studied with high conservation potential
ranging between six and nine using the elbow-based approach
and between nine and 12 using the cumulative threshold of 0.7
(Figure 5a-e). For all site uniqueness measures, the more objective
elbow-based inflection points were within the limits of the 0.7 cu-
mulative uniqueness threshold (Figure 5a-e), thereby reducing the
number of lake sites to be included in explicit conservation schemes
(Figure 5f-i vs. Figure 5j-m). For instance, selecting only relatively
few areas (Figure 5f-i) would contribute efforts towards protecting
more than 50% of the ecological uniqueness of Lake Puruvesi lit-
toral area (Figure 5a-e). More specifically, a certain degree of con-
gruence was found when it comes to identifying potential sites to
be prioritized based on macrophyte (Figure 5f,j) and macroinverte-
brate (Figure 5g,k) uniqueness measures. However, incorporating
the abiotic environmental component in the analyses (i.e., LCEH;
Figure 5h,l) impaired the spatial correspondence among the three
dimensions of ecological uniqueness by half (Figure 5i,m), constrain-
ing the number of potential conservation sites that consider all site
uniqueness measures combined to three to five sites (based on the

elbow-based and threshold-based approaches, respectively).

4 | DISCUSSION

Here, we proposed an approach that exemplifies how taxonomic
uniqueness, functional uniqueness and environmental uniqueness
can be used in guiding conservation planning. This approach was il-
lustrated using data for lake biota and littoral environment. The nov-
elty of this study, therefore, lies in the joint assessment of a site's
ecological uniqueness (sensu Legendre & De Caceres, 2013) based
on the taxonomic and functional features of macrophyte and mac-
roinvertebrate communities, as well as environmental features. We
found that although the correlations between the different meas-
ures of site uniqueness were typically not significant, the numbers
of sites required for the conservation of ecological uniqueness and
hence most of total beta diversity were relatively low. In practice,
protecting one-third to half of the sites could help accounting for
about 70% of the total beta diversity and apparently more than
90% of species of macrophytes and macroinvertebrates in the focal
lake ecosystem. However, while this finding is promising, the sets of
sites to be prioritized varied depending on the measured ecological
uniqueness considered. This obstacle could be overcome if conser-
vation of lake sites was based on a combined measure of the biotic
uniqueness of organisms and abiotic uniqueness of the environ-
ment. Below, we will consider the lack of match between the eco-
logical uniqueness of sites based on different measures and discuss
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and (c, d) macroinvertebrates, as well as for (e) the environmental conditions of lake sites. Black and grey dots and dotted lines represent

the elbow-based and threshold-based breakpoints for each ecological uniqueness measure, respectively. (f-m) Locations of potential sites
for conservation in Lake Puruvesi considering the following: facets of taxonomic and functional uniqueness of (f, j) macrophytes and (g, k)
macroinvertebrates, (h, I) local contributions to environmental heterogeneity (LCHE), and (i, m) combined evaluations of LCBD-t, LCBD-f and
LCEH (only lake sites showing high conservation value for all measures combined, that is, high local contributions to taxonomic, functional
and environmental uniqueness). Coloured circles in (f to i) indicate potential sites for conservation based on the elbow-based approach,
whereas coloured squares (j to m) represent lake sites with high conservation value based on the threshold-based analysis

alternative avenues to improve the use of ecological uniqueness
measures in conservation planning. We will specifically focus on
correlations among macrophytes, macroinvertebrates and the envi-
ronment, as they were generally higher and more ecologically mean-
ingful than LCBD-t and LCBD-f correlations within macrophytes or
macroinvertebrates only.

The match between the uniqueness values of macrophytes and
macroinvertebrates was variable and generally low. While macro-
phytes obviously are important for macroinvertebrates by providing
habitats (e.g., Tolonen et al., 2003) and through mediating spatially
explicit biotic interactions (e.g., Garcia-Giron et al., 2020), we could
also have expected stronger correlation between their uniqueness
measures. Cross-taxon congruence between taxonomic uniqueness
measures was especially weak, which may be due to problems in de-
tecting all species occurring at a site or that strong spatial dynam-
ics within a large lake obscured species-environment associations
(e.g., Tolonen et al., 2017). Only one correlation, that is, LCBD-f of

macrophytes and LCBD-f of macroinvertebrates, provided evidence
of strong enough cross-taxon congruency (Caro, 2010) potentially
useful for conservation applications (r>0.7; Heino, 2010). This find-
ing suggests that LCBD-f could potentially be a suitable proxy for
lake biodiversity, especially if functional diversity and maintenance
of ecosystem functions is the main target of conservation. This is
particularly relevant considering that the relationship between
LCBD-t and LCBD-f was statistically significant for macrophytes,
although seemingly non-linear (Figure 4a), suggesting that main-
taining sites with species combinations that have relatively high
uniqueness should protect most plant forms and functions. This
could also have repercussions for protecting other organisms relying
on macrophyte beds during parts of their life cycles, such as many
species of invertebrates (e.g., Tolonen et al., 2003), fish (e.g., Cowx &
Welcomme, 1998) and waterfowl (e.g., EImberg et al., 1993).
Degree of match between bioticand abiotic measures of unique-
ness was surprisingly weak. It is possible that the environmental
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variables used did not effectively capture the biologically rele-
vant dimensions of the environmental uniqueness. However, as
already proposed above, the lack of strong correlations may also
be related to strong effects of dispersal on the composition of
littoral macroinvertebrate communities, which has been noticed
in large lakes previously (Tolonen et al., 2017). Dispersal-related
mass effects (Leibold et al., 2004) may result in seemingly weaker
species-environment associations than expected because some
species may occur at sites where they cannot have self-sustaining
populations (Pulliam, 1988). This may be a particularly important
consideration in large lake systems where dispersal is not strongly
prevented by physical barriers (Heino et al., 2021). In our current
scenario, it is possible that mass effects via high dispersal rates
homogenize species composition among sites, thereby weakening
the LCBD and LCEH relationship. This may also hinder selecting
sites based on LCBD because sites are not independent of each
other but rather there is a continuous exchange of organisms be-
tween nearby sites. While such metacommunity dynamics may be
considered as a nuisance factor when selecting a set of sites, it
also underscores the importance to protect certain sites for strict
conservation. These sites, if comprising a network of “stepping-
stones,” could act as havens for organisms and facilitate coloni-
zation of other sites in a lake (Heino et al., 2021). In practice, a
set of sites selected using cumulative LCBD values could serve
well because it helps maintain and protect beta diversity, that is,
the variation of assemblage compositional variation across sites
(Anderson et al., 2011).

Given that single measures of uniqueness suggested different
sets of sites for strict protection, we also considered an overall
measure of ecological uniqueness. The benefits of this combined
approach include that it is not based on a single organism group nor
biotic or abiotic diversity alone. A general drawback may be that the
selected sites may be too far from each other considering the disper-
sal distances of a focal organism group, for example, when it comes
to frequency of dispersal of macroinvertebrates between sites (see
also Heino et al., 2017). This consideration is important if the aim is
to protect sites to account for as much total beta diversity and guar-
antee a suitable network of sites facilitating natural meta-system
dynamics. In practice, also the matrix, that is, the intervening areas
surrounding the littoral sites to be protected, should be evaluated
because large expanses of non-natural littoral areas preventing dis-
persal may result in a set of isolated sites. Such isolated sites may, in
the long term, act as extinction traps for species if anthropogenic
impacts in the matrix are not regulated. Specifically, for lakes, strictly
protected sites could also provide dispersing organisms via “spill-
over” effects to the matrix areas, where biodiversity, fish stocks and
other ecosystem services would benefit from the vicinity of strictly
protected unique littoral sites, as has been suggested in marine sys-
tems (Russ & Alcala, 2011).

While the present study illustrated the use of LCBD and LCEH
as the basis of selecting sites for conservation, the practical appli-
cations of the approach need to be fully considered in further stud-
ies. First, one needs to be sure that the number of sites considered

is large enough to allow trustworthy propositions for conservation
planning. In the present case, we had data from only 18 sites where
intensive mapping of macrophytes was done and large-sized macro-
invertebrate samples were taken. This number of sites is obviously
too low to facilitate conservation planning in practice, and more
sites should be surveyed, scaled with the extent of the study area.
Second, the presentation of habitat types in the surveys should cor-
respond to that occurring in nature. In the current case, the sampling
was stratified to incorporate the main littoral habitat types in Lake
Puruvesi, that is, vegetated, stony and sandy shores. While there
are significant differences in macroinvertebrate assemblages among
these habitats (Tolonen et al., 2001, 2003), environmental variation
is continuous and no strictly compartmentalized habitats really exist.
This makes it important to consider LCBD and LCEH as continuous
variables describing biotic and abiotic uniqueness, respectively,
rather than assume a priori that a given habitat type always shows
high ecological uniqueness. Third, in practical conservation plan-
ning, the matrix intervening the sites presumably in close-to-natural
conditions should be considered because the biotic assemblage at
a site may be strongly affected by nearby sites. This is especially
plausible in open systems, such as large lakes, where dispersal is not
prevented by obvious physical barriers (Heino et al., 2021). Finally,
when beginning to survey sites for nature conservation, it is of ut-
most importance to focus on pristine or near-natural sites. In the
case of randomly sampling large numbers of sites, the naturalness of
sites should be carefully considered because sites that have suffered
from moderate-to-high levels of anthropogenic impacts may show
“unique” assemblages when compared to more natural sites. If so,
those impacted yet unique sites could be instead considered candi-
dates for ecological restoration (Legendre & De Caceres, 2013).

Five of the 18 sites studied had rather intensive land use close
to the shoreline, such as near-shore farming, summer cottages and
a holiday village. However, only one of these sites, with near-shore
farming, was included in the subsets of potential conservation sites
for LCBD-t, LCBD-f and LCEH. This site was the same in all three
cases, but its littoral habitat was seemingly not much affected by
the surrounding agricultural fields. Whether such a site should be
included in the subset of sites for conservation planning is an open
question. It depends on deciding if near-natural littoral habitats har-
bouring unique biota and environmental conditions are the target
or if land use adjacent to the littoral site should also be considered.
Nature conservation typically focuses on pristine and near-pristine
sites and targets at preservation of natural ecosystems per se.
However, freshwater ecosystems in urban and rural landscapes may
also harbour highly valuable biotas, which requires ranking of sites
based on their conservation value (e.g., Hill et al., 2021). It might thus
be advisable to prioritize sites in natural and human-affected land-
scapes using separate data analyses.

To conclude, we proposed an approach to select a set of sites
based on their ecological uniqueness. We suggest that rather than
focusing only on taxonomic uniqueness, we should also consider
functional uniqueness and environmental uniqueness because they

provide information about different features of nature that are
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important in guiding conservation planning (e.g., Gillson et al., 2011).
While our exemplary dataset originated from a large lake system,
the data analysis approach we proposed here is highly amenable for
applications in different ecosystems and at various spatial scales.
However, a key consideration is that a set of sites (or a set of areas)
have been sampled using the same methods, resulting in species
and environmental matrices that can be analysed using the data
analysis routines detailed in this paper. For example, the approach
can be easily applied to grid-based data, sets of islands or sets of
forest fragments, whereby the sets of sites needed to account for
a specific amount of total beta diversity in the focal study region
can be identified. We anticipate that the approach based on eco-
logical uniqueness can be a useful conservation tool (Legendre &
De Caceres, 2013), especially if associated with meta-system ideas
or network thinking in guiding nature conservation and ecosystem
management (Heino et al., 2021). Our hope is thus that the proposed
approach be used widely in different ecological and geographical
settings to prove its suitability in practice.

ACKNOWLEDGEMENTS

The work for this study was supported by Freshabit IP LIFE (LIFE 14
IPE/F1/023) and the Academy of Finland for the project GloBioTrends
(grant no. 331957). Silhouettes used in the artwork of this paper are
from http://phylopic.org/ and © Wikimedia Commons courtesy of
Didier Descouens (modified and vectorized by T. Michael Keesey,
under CC BY-SA.3.0, https://creativecommons.org/licenses/by-
sa/3.0/) and Gareth Monger (under CC BY 3.0, https://creativeco
mmons.org/licenses/by/3.0/).

CONFLICT OF INTEREST

The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT

List of computational routines and essential statistical func-
tions are in Supplementary Material Appendix S5, where open
code, vignettes and detailed manuals can be found freely using
citations. The biological and environmental datasets used in the
analyses are available on Dryad: https://doi.org/10.5061/dryad.
tgjg2bw2k.

PEER REVIEW
The peer review history for this article is available at https://publo
ns.com/publon/10.1111/ddi.13598.

ORCID
Jani Heino "= https://orcid.org/0000-0003-1235-6613

Janne Ropponen "= https://orcid.org/0000-0002-8770-3125

REFERENCES

Alahuhta, J., Lindholm, M., Bastrup-Spohr, L., Garcia-Girén, J., Toivanen,
M., Heino, J., & Murphy, K. (2021). Macroecology of macrophytes
in the freshwater realm: patterns, mechanisms and implications.
Aquatic Botany, 168, 103325.

Coierit i istibutions EYMTR VR

Albert, J. S., Destouni, G., Duke-Sylvester, S. M., Magurran, A. E.,
Oberdorff, T., Reis, R. E., Winemiller, K. O., & Ripple, W. J. (2021).
Scientists’ warning to humanity on the freshwater biodiversity cri-
sis. Ambio, 50, 85-94.

Anderson, M. J,, Crist, T. O., Chase, J. M., Vellend, M., Inouye, B. D.,
Freestone, A. L., Sanders, N. J., Cornell, H. V., Comita, L. S., Davies,
K. F., Harrison, S. P,, Kraft, N. J. B., Stegen, J. C., & Swenson, N. G.
(2011). Navigating the multiple meanings of p diversity: a roadmap
for the practicing ecologist. Ecology Letters, 14, 19-28.

Anderson, N. J,, Dietz, R. D., & Engstrom, D. R. (2013). Land-use change,
not climate, control organic carbon burial in lakes. Proceedings of the
Royal Society B, 280, 1278.

Astudillo-Scalia, Y., Albuquerque, F., Polidoro, B., & Paul Beier, P. (2021).
Environmental diversity as a reliable surrogacy strategy of ma-
rine biodiversity: A case study of marine mammals. Perspectives in
Ecology and Conservation, 19, 429-434.

Beck, J., Takano, H., Ballesteros-Mejia, L., Kitching, I. J., & McCain, C.
M. (2018). Field sampling is biased against small-ranged species of
high conservation value: A case study on the sphingid moths of East
Africa. Biodiversity and Conservation, 27, 3533-3544.

Beier, P., & Albuquerque, F. S. (2015). Environmental diversity is a reli-
able surrogate for species representation. Conservation Biology, 29,
1401-1410.

Benito, X., Vilmi, A., Melina Luethje, M., Carrevedo, M. L., Lindholm, M.,
& Fritz, S. C. (2020). Spatial and temporal ecological uniqueness of
Andean diatom communities are correlated with climate, geodi-
versity and long-term limnological change. Frontiers in Ecology and
Evolution, 8, 260.

Birk, S., Chapman, D., Carvalho, L., Spears, B. M., Andersen, H. E.,
Argillier, C., Auer, S., Baattrup-Pedersen, A., Banin, L., Beklioglu,
M., Bondar-Kunze, E., Borja, A., Branco, P., Bucak, T., Buijse, A.
D., Cardoso, A. C., Couture, R. M., Cremona, F., de Zwart, D., ...
Hering, D. (2020). Impacts of multiple stressors on freshwater
biota across spatial scales and ecosystems. Nature Ecology and
Evolution, 4, 1060-1068.

Brumm, K. J., Hanks, R. D., Baldwin, R. F., & Peoples, B. K. (2021).
Accounting for multiple dimensions of biodiversity to assess sur-
rogate performance in a freshwater conservation prioritization.
Ecological Indicators, 122, 107320.

Cadotte, M. W., & Tucker, C. M. (2018). Difficult decisions:
Addressing non-congruence in taxonomic, phylogenetic and
functional measures for site priority. Biological Conservation, 225,
128-133.

Caro, T. M. (2010). Conservation by Proxy. Island Press.

Carpenter, S. R.,, & Lodge, D. M. (1986). Effects of sub-
mersed macrophytes on ecosystem processes. Aquatic Botany, 26,
341-370.

Castro, E., Siqueira, T., Melo, A. S., Bini, L. M., Landeiro, V. L., & Schneck,
F. (2019). Compositional uniqueness of diatoms and insects in sub-
tropical streams is weakly correlated with riffle position and envi-
ronmental uniqueness. Hydrobiologia, 842, 219-232.

Cowx, I. G., & Welcomme, R. L. (1998). Rehabilitation of rivers for fish: A
study undertaken by the European Inland Fisheries Advisory commis-
sion of FAO. Fishing News Books.

Davies, R. B. (2002). Hypothesis testing when a nuisance parameter is
present only under the alternative: Linear model case. Biometrika,
89,484-489.

de Bello, F., Botta-Dukat, Z., Leps, J., & Fibich, P. (2021). Towards a more
balanced combination of multiple traits when computing functional
differences between species. Methods in Ecology and Evolution, 12,
443-448.

Dolédec, S., & Statzner, B. (1994). Theoretical habitat templets, spe-
cies traits and species richness: 548 plant and animal species in
the Upper Rhéne River and its floodplain. Freshwater Biology, 31,
523-538.


http://phylopic.org/
https://creativecommons.org/licenses/by-sa/3.0/
https://creativecommons.org/licenses/by-sa/3.0/
https://creativecommons.org/licenses/by/3.0/
https://creativecommons.org/licenses/by/3.0/
https://doi.org/10.5061/dryad.tqjq2bw2k
https://doi.org/10.5061/dryad.tqjq2bw2k
https://publons.com/publon/10.1111/ddi.13598
https://publons.com/publon/10.1111/ddi.13598
https://orcid.org/0000-0003-1235-6613
https://orcid.org/0000-0003-1235-6613
https://orcid.org/0000-0002-8770-3125
https://orcid.org/0000-0002-8770-3125

HEINO ET AL.

il—Wl || 2A%m Diversity and Distributions

Downing, J. A., Polasky, S., Olmstead, S. M., & Newbold, S. C. (2021).
Protecting local water quality has global benefits. Nature
Communications, 12, 2709.

Dray, S., Blanchet G, Borcard D, Guenard G, Jombart T, Legendre P, &
Wagner H. (2021). Package adespatial: Multivariate multiscale spatial
analysis. Version 0.3-14. https://cran.r-project.org/web/packages/
adespatial/adespatial.pdf

Dudgeon, D., Arthington, A. H., Gessner, M. O., Kawabata, Z.-I., Knowler,
D. J., Lévéque, C., Naiman, R. J,, Prieur-Richard, A.-H., Soto, D.,
Stiassny, M. L. J., & Sullivan, C. A. (2006). Freshwater biodiversity:
importance, threats, status and conservation challenges. Biological
Reviews, 81, 163-182.

Elmberg, J., Nummi, P., Poysa, H., & Sjoberg, K. (1993). Factors affect-
ing species number and density of dabbling duck guilds in North
Europe. Ecography, 16, 251-260.

Environmental Systems Research Institute. (2015). ArcGIS Desktop:
Release 10.

Evans, D. (2012). Building the European Union's Natura 2000 network.
Nature Conservation, 1, 11-26.

Faith, D., & Walker, P. (1996). Environmental diversity: on the best-
possible use of surrogate data for assessing the relative biodiversity
of sets of areas. Biodiversity and Conservation, 5, 399-415.

Finlayson, D. (2005). Waves Toolbox for ArcGIS 10.x. https://www.umesc.
usgs.gov/management/dss/wind_fetch_wave_models_2012u
pdate.html

Garcia-Girén, J., Heino, J., Garcia-Criado, F., Fernandez Aldez, C., &
Alahuhta, J. (2020). Biotic interactions hold the key to understand-
ing metacommunity organisation. Ecography, 43, 1180-1190.

Gaston, K. J. (1996a). What is biodiversity? In K. J. Gaston (Ed.), Chapter
1 in Biodiversity. A biology of numbers and difference (pp. 1-12).
Blackwell Science.

Gaston, K. J. (1996b). Species richness: Measure and measurement. In K.
J. Gaston (Ed.), Chapter 4 in Biodiversity. A biology of numbers and
difference (pp. 77-113). Blackwell Science.

Gillson, L., Ladle, R. J., & Araujo, M. (2011). Baselines, patterns and pro-
cess. InR. J. Ladle & R. J. Whittaker (Eds.), Chapter 3 in Conservation
biogeography (pp. 31-44). Wiley-Blackwell.

Gothe, E., Baattrup-Pedersen, A., Wiberg-Larsen, P., Graeber, D.,
Kristensen, E. A., & Friberg, N. (2017). Environmental and spatial
controls of taxonomic versus trait composition of stream biota.
Freshwater Biology, 62, 397-413.

Gower, J. C. (1971). A general coefficient of similarity and some of its
properties. Biometrics, 27, 857-874.

Hall, S. R., & Mills, E. L. (2000). Exotic species in large lakes of the world.
Aquatic Ecosystem Health and Management, 3, 105-135.

Hamet Ahti, L., Suominen, J., Ulvinen, T., & Uotila, P. (1998). Field Flora of
Finland. Luonnontieteellinen keskusmuseo, kasvimuseo.

Heino, J., Alahuhta, J., Ala-Hulkko, T., Antikainen, H., Bini, L. M., Bonada,
N., Datry, T., Erés, T., Hjort, J., Kotavaara, O., Melo, A. S., & Soininen,
J. (2017). Integrating dispersal proxies in ecological and environ-
mental research in the freshwater realm. Environmental Reviews, 25,
334-349.

Heino, J., Alahuhta, J., Bini, L. M., Cai, Y., Heiskanen, A. S., Hellsten, S.,
Kortelainen, P., Kotamaki, N., Tolonen, K. T., Vihervaara, P., Vilmi,
A., & Angeler, D. G. (2021). Lakes in the era of global change:
Moving beyond single-lake thinking in maintaining biodiversity and
ecosystem services. Biological Reviews, 96, 89-106.

Heino, J. (2010). Are indicator groups and cross-taxon congruence use-
ful for predicting biodiversity in aquatic ecosystems? Ecological
Indicators, 10, 112-117.

Heino, J., & Gronroos, M. (2017). Exploring species and site contribu-
tions to beta diversity in stream insect assemblages. Oecologia, 183,
151-160.

Heino, J., & Tolonen, K. T. (2017). Ecological drivers of multiple facets
of beta diversity in a lentic macroinvertebrate metacommunity.
Limnology and Oceanography, 62, 2431-2444.

Hill, M. J., White, J. C., Biggs, J., Briers, R. A, David Gledhill, D., Ledger,
M. E., Thornhill, ., Wood, P. J., & Hassall, C. (2021). Local contribu-
tions to beta diversity in urban pond networks: Implications for bio-
diversity conservation and management. Diversity and Distributions,
27,887-900.

Jahnig, S., Baranov, V., Altermatt, F., Cranston, P., Friedrichs-Manthey, M.,
Geist, J., He, F., Heino, J., Hering, D., Hélker, F., Jourdan, J., Kalinkat,
G., Kiesel, J., Leese, F., Maasri, A., Monaghan, M. T., Schifer, R.
B., Tockner, K., Tonkin, J., & Domisch, S. (2021). Revisiting global
trends in freshwater insect biodiversity. Wiley Interdisciplinary
Reviews Water, 8, e1506.

Laliberté, E., & Legendre, P. (2010). A distance-based framework for
measuring functional diversity from multiple traits. Ecology, 91,
299-305.

Legendre, P., & De Caceres, M. (2013). Beta diversity as the variance of
community data: Dissimilarity coefficients and partitioning. Ecology
Letters, 16, 951-963.

Legendre, P., & Legendre, L. (2012). Numerical ecology (3rd ed.). Elsevier.

Leibold, M. A., Holyoak, M., Mouquet, N., Amarasekare, P., Chase, J.
M., Hoopes, M. F.,, Holt, R. D., Shurin, J. B., Law, R,, Tilman, D.,
Loreau, M., & Gonzalez, A. (2004). The metacommunity concept:
a framework for multi-scale community ecology. Ecology Letters, 7,
601-613.

Lindholm, M., Alahuhta, J., Heino, J., & Toivonen, H. (2020). No biotic
homogenisation across decades but consistent effects of land-
scape position and pH on macrophyte communities in boreal lakes.
Ecography, 43, 294-305.

Luyten, P. (2013). COHERENS—A coupled hydrodynamic-ecological model
for regional and shelf seas: User documentation. Version 2.5.1.
RBINS-MUMM Report.

McCabe, D. J. (2011). Sampling biological communities. Nature Education
Knowledge, 3, 63.

McGill, B. J., Enquist, B. J., Weiher, E., & Westoby, M. (2006). Rebuilding
community ecology from functional traits. Trends in Ecology &
Evolution, 21, 178-185.

Mori, A. S., Isbell, F., & Seidl, R. (2018). B-diversity, community assem-
bly, and ecosystem functioning. Trends in Ecology & Evolution, 33,
549-564.

Mossberg, B., & Stenberg, L. (2012). Suuri Pohjolan kasvio. Tammi.

Mouillot, D., Loiseau, N., Grenié, M., Algar, A. C., Allegra, M., Cadotte,
M. W., Casajus, N., Denelle, P., Guéguen, M., Maire, A., Maitner,
B., McGill, B. J., McLean, M., Mouquet, N., Munoz, F., Thuiller, W.,
Villéger, S., Violle, C., & Auber, A. (2021). The dimensionality and
structure of species trait spaces. Ecology Letters, 24, 1988-2009.

Muggeo, V. M. (2003). Estimating regression models with unknown
breakpoints. Statistics in Medicine, 22, 3055-3071.

Nguyen, L. H., & Holmes, S. (2019). Ten quick tips for effective dimen-
sionality reduction. PLoS Computational Biology, 15, e1006907.
Pulliam, H. R.(1988). Sources, Sinks, and Population Regulation. American

Naturalist, 132, 652-661.

Quirino, B. A., Lansac-Téha, F. M., Thomaz, S. M., Heino, J., & Fugi, R.
(2021). Macrophyte stand complexity explains the functional o« and
B diversity of fish in a tropical river-floodplain. Aquatic Sciences, 83,
12.

R Development Core Team. (2020). R: A language and environ-
ment for statistical computing. R Foundation for Statistical
Computing.

Rabinowitz, D. (1981). Seven forms of rarity. In H. Synge (Ed.), The bio-
logical aspects of rare plant conservation (pp. 205-217). John Wiley
& Sons.

Reid, A. J., Carlson, A. K., Creed, I. F., Eliason, E. J.,, Gell, P. A., Johnson,
P. T. J,, Kidd, K. A., MacCormack, T., Olden, J. D., Ormerod, S. J,,
Smol, J. P, Taylor, W. W., Tockner, K., Vermaire, J. C., Dudgeon, D.,
& Cooke, S. J. (2019). Emerging threats and persistent conserva-
tion challenges for freshwater biodiversity. Biological Reviews, 94,
849-873.


https://cran.r-project.org/web/packages/adespatial/adespatial.pdf
https://cran.r-project.org/web/packages/adespatial/adespatial.pdf
https://www.umesc.usgs.gov/management/dss/wind_fetch_wave_models_2012update.html
https://www.umesc.usgs.gov/management/dss/wind_fetch_wave_models_2012update.html
https://www.umesc.usgs.gov/management/dss/wind_fetch_wave_models_2012update.html

HEINO ET AL.

Rocha, M. P, Bini, L. M., Domisch, S., Tolonen, K. T., Jyrkdnkallio-Mikkola,
J., Soininen, J., Hjort, J., & Heino, J. (2018). Local environment and
space drive multiple facets of stream macroinvertebrate beta diver-
sity. Journal of Biogeography, 45, 2744-2754.

Rohweder, J., Rogala, J. T., Johnson, B. L., Anderson, D., Clark, S.,
Chamberlin, F., Potter, D., & Runyon, K. (2012). Application of wind
fetch and wave models for habitat rehabilitation and enhancement proj-
ects—2012 Update. Contract report prepared for U.S. Army Corps
of Engineers' Upper Mississippi River Restoration—Environmental
Management Program. https://umesc.usgs.gov/documents/publi-
cations/2012/rohweder_a_2012.html

Russ, G. R., & Alcala, A. C. (2011). Enhanced biodiversity beyond marine
reserve boundaries: The cup spillith over. Ecological Applications, 21,
241-250.

Schallenberg, M., de Winton, M. D., Verburg, P., Kelly, D. J., Hamill, K.
D., & Hamilton, D. P. (2013). Ecosystem services of lakes. Pages
203-225 in J. R. Dymond, editor. Ecosystem services in New
Zealand: conditions and trends. Manaaki Whenua Press, Lincoln,
New Zealand.

Schmidt-Kloiber, A., & Hering, D. (2015). www.freshwaterecology.in-
fo—An online tool that unifies, standardises and codifies more than
20,000 European freshwater organisms and their ecological prefer-
ences. Ecological Indicators, 53, 271-282.

Sculthorpe, C. D. (1967). The biology of aquatic vascular plants. Edward
Arnold Publishers.

Shooner, S., Davies, T. J., Saikia, P., Deka, J., Bharali, S., Tripathi, O. P.,
Singha, L., Latif Khan, M., & Dayanandan, S. (2018). Phylogenetic
diversity patterns in Himalayan forests reveal evidence for environ-
mental filtering of distinct lineages. Ecosphere, 9, €02157.

Tan, L., Fan, C., Zhang, C., & Zhao, X. (2019). Understanding and pro-
tecting forest biodiversity in relation to species and local contri-
butions to beta diversity. European Journal of Forest Research, 138,
1005-1013.

Thorndike, R. L. (1953). Who belongs in the family? Psychometrika, 18,
267-276.

Toivonen, H., & Huttunen, P. (1995). Aquatic macrophytes and ecological
gradients in 57 small lakes in southern Finland. Aquatic Botany, 51,
197-221.

Tolonen, K. T., Hdméldinen, H., Holopainen, . J., & Karjalainen, J. (2001).
Influences of habitat type and environmental variables on littoral
macroinvertebrate communities in a large lake system. Archiv fiir
Hydrobiologie, 152, 39-67.

Tolonen, K. T., Hamaéldinen, H., Holopainen, I. J., Mikkonen, K., &
Karjalainen, J. (2003). Body size and substrate association of lit-
toral insects in relation vegetation structure. Hydrobiologia, 499,
179-190.

Tolonen, K. T., Vilmi, A., Karjalainen, S.-M., Hellsten, S., Sutela, T., &
Heino, J. (2017). Ignoring spatial effects results in inadequate mod-
els for variation in littoral macroinvertebrate diversity. Oikos, 126,
852-862.

Villéger, S., Grenouillet, G., & Brosse, S. (2013). Decomposing functional
p-diversity reveals that low functional p-diversity is driven by low
functional turnover in European fish assemblages. Global Ecology
and Biogeography, 22, 671-681.

Vilmi, A., Karjalainen, S. M., & Heino, J. (2017). Ecological uniqueness of
stream and lake diatom communities shows different macroecolog-
ical patterns. Diversity and Distributions, 23, 1042-1053.

Wallace, J. B., & Webster, J. R. (1996). The role of macroinvertebrates
in stream ecosystem function. Annual Review of Entomology, 41,
115-139.

Coierit i itibutions EYMTR VRS

Wentworth, C. K. (1922). A scale of grade and class terms for clastic sed-
iments. Journal of Geology, 30, 377-392.

Whittaker, R. J., & Ladle, R. J. (2011). The roots of conservation bio-
geography. In R. J. Ladle & R. J. Whittaker (Eds.), Chapter 1 in
Conservation biogeography (pp. 3-13). Wiley-Blackwell.

Wiens, J. J. (2015). Faster diversification on land than sea helps explain
global biodiversity patterns among habitats and animal phyla.
Ecology Letters, 18, 1234-1241.

Willby, N. J., Abernethy, V. J., & Demars, B. O. L. (2000). Attribute-based
classification of European hydrophytes and its relationship to habi-
tat utilization. Freshwater Biology, 43, 43-74.

Zhang, Y., Cheng, L., Li, K., Zhang, L., Cai, Y., Wang, X., & Heino, J. (2019).
Nutrient enrichment homogenizes taxonomic and functional di-
versity of benthic macroinvertebrate assemblages in shallow lakes.
Limnology and Oceanography, 64, 1047-1058.

BIOSKETCH

The group of authors is broadly interested in biological, environ-
mental and anthropogenic phenomena associated with aquatic
ecosystems.

Author Contributions: J.H. devised the original study idea and led
the writing. J.H. and J.G.G. planned the flow of the data analy-
ses. J.G.G. ran the analyses and drew the figures. A.T. and K.T.T.
prepared the data for the analysis and combined the abiotic and
species data. J.G.G. and K.T.T. compiled macrophyte and mac-
roinvertebrate trait information, respectively. J.K., K.N., KT.T,,
J.I.and H.H. planned the field sampling, J.K. and J.I. led the field-
work, and S.H. trained the macrophyte survey team. T.M. identi-
fied most of the macroinvertebrate samples, supported by K.T.T..
J.R. built the hydrodynamic model for current data. All authors
commented on the drafts of the manuscript and gave final ap-
proval for publication.

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Heino, J., Garcia Girdn, J.,
Hamalainen, H., Hellsten, S., limonen, J., Karjalainen, J.,
Mékinen, T., Nyholm, K., Ropponen, J., Takolander, A., &
Tolonen, K. T. (2022). Assessing the conservation priority of
freshwater lake sites based on taxonomic, functional and
environmental uniqueness. Diversity and Distributions, 00,
1-13. https://doi.org/10.1111/ddi.13598



https://umesc.usgs.gov/documents/publications/2012/rohweder_a_2012.html
https://umesc.usgs.gov/documents/publications/2012/rohweder_a_2012.html
https://doi.org/10.1111/ddi.13598

	Assessing the conservation priority of freshwater lake sites based on taxonomic, functional and environmental uniqueness
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Study area
	2.2|Field sampling and laboratory analyses
	2.3|Functional traits of macrophytes and macroinvertebrates
	2.4|Uniqueness measures
	2.5|Correlation between taxonomic, functional and environmental uniqueness
	2.6|How many and which sites to conserve?

	3|RESULTS
	4|DISCUSSION
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT
	PEER REVIEW

	REFERENCES
	BIOSKETCH


