
Science of the Total Environment xxx (xxxx) xxx

STOTEN-151496; No of Pages 11

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Research paper
Determining macrophyte species richness and dark diversity sources – A
novel approach to improve the biodiversity estimation based on species
traits
Krzysztof Szoszkiewicz a, Anna Budka b,⁎, Agnieszka Łacka b, Karol Pietruczuk c

a Department of Ecology and Environmental Protection, Poznan University of Life Sciences, Piątkowska 94C, 60-649 Poznań, Poland
b Department of Mathematical and Statistical Methods, Poznan University of Life Sciences, Wojska Polskiego 28, 60-637 Poznań, Poland
c Provincial Environmental Inspectorate, Czarna Rola 4, 61-625 Poznań, Poland
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• A novel approach to improve diversity
estimates and ecological assessment

• Increasing effectiveness of river assess-
ment through extrapolation approach

• Dark diversity and species rich traits
• Biological inventory based on a limited
number of sampling units
⁎ Corresponding author.
E-mail address: anna.budka@up.poznan.pl (A. Budka).

https://doi.org/10.1016/j.scitotenv.2021.151496
0048-9697/© 2021 The Authors. Published by Elsevier B.V

Please cite this article as: K. Szoszkiewicz, A. B
approach to improve the..., Science of the To
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 20 July 2021
Received in revised form 2 November 2021
Accepted 3 November 2021
Available online xxxx

Editor: Fernando A.L. Pacheco
Biodiversitymeasures deliver valuable ecological information by reflecting a range of ecosystemprocesses. How-
ever, the accuracy of environmental assessment based on species patterns may often be affected by insufficient
survey details. The comprehensive evaluation of plant taxa richness in rivers requires an extensive sampling ef-
fort. The use of Hill numbers and Chao estimators improves species diversity assessment based on a feasible num-
ber of samples. The aim of this work was to identify macrophyte groups, associated with various species traits,
which are rich in species, as well as those whose detection is particularly difficult as it requires an exceptional
sampling effort (sources of dark diversity). Analyses were performed with the use of Hill numbers and Chao es-
timators. It was shown that the field identification of all estimated macrophytes is particularly difficult for low
trophy indicators and generally submerged plants, as well as for small-leaved species. A field survey
encompassing the full (expected) macrophyte diversity encountered within a river is easiest to perform in the
case of free-floating plants and large-leaved macrophytes, as well as for species with high trophic tolerance.
The study proved that ecological assessment of rivers based on a small number of sampling units may lead to in-
correct diversity estimates. Conversely, the estimation of diversity patterns at the level of the Shannon and
Simpson indices does not require extensive sampling, and the extrapolation approach is not needed. The effec-
tiveness of diversity assessment in fluvial ecosystems can be increased by extrapolation of gray diversity which
can be considered in planning of monitoring programs. Moreover even estimated dark diversity bight be already
efficient to identify ecological pattern and when comparing biodiversity across regions and ecosystems.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Biodiversity is inherently multidimensional, encompassing taxo-
nomic, functional, landscape-related and many other elements of the
variability of life on Earth. However, this fundamental multidimension-
ality is rarely reflected in research, whereas precise methods of biodi-
versity evaluation for all groups of species are crucial for the
identification of environmental degradation processes triggered by di-
rect human activity (Vitousek et al., 1997; Chappin et al., 2000; Poff,
1997; García-Girón et al., 2020, 2021), including climate changes
(European Parliament, 2012). Loss of biodiversity results in the modifi-
cation of ecosystem functions, which has significant environmental,
economic and social consequences (Magurran, 2004; Magurran and
McGill, 2011).

Aquatic ecosystems are of high importance to the environment and
bring significant benefits when their functioning is undisturbed and
they are rationally used; however, they are susceptible to degradation
(Dudgeon et al., 2006; Moss et al., 2008). Environmental assessment
and biological inventories of aquatic ecosystems are always difficult be-
cause they are hard to access, especially in the case of fluvial systems.
River vegetation has always been recognized as a distinctive macro-
phyte community which is relatively poor in species (Haslam, 1978;
Haslam andWolseley, 1987; Holmes, 1999; Ahmad et al., 2020). Never-
theless, determination of the species richness is extremely difficult,
since the detection of every river plant and evaluation of full biodiver-
sity is very time-consuming and requires a huge sampling effort
(Budka et al., 2018, 2019). To improve the species richness comparisons
from the results of sampling the use of contemporary mathematical
tools of such as rarefaction and extrapolation is recommended (Chao
et al., 2014). Rarefaction is a method that adjusts differences between
compared communities with variable sample size regarding sample
complexness. Extrapolation predicts diversity measures in larger sam-
ples.

Species and trait composition, aswell as various biodiversitymetrics,
are key components of ecological investigation, since these measures
reflect a range of ecosystem processes (Gray, 2000). Since most indices
of species diversity are dependent on sample size (Hill, 1973), the accu-
racy of environmental assessment based on species patternmight be af-
fected by the incompleteness of species inventories due to insufficient
field sampling. Complete inventories are regarded as prohibitively ex-
pensive for various types of ecosystems (Beck and Schwanghart,
2010). Undersampling, i.e., failure to record all taxa, resulting in false di-
versity estimates, is a common situation in ecological surveys (Standen,
2000; Beck and Schwanghart, 2010), including those of aquatic plants
(Madsen andWersal, 2017). A solution used to obtain comparable bio-
diversity metrics is standardization; for example, with the use of Hill
numbers (Jost, 2007; Jost et al., 2010; Chao et al., 2010, 2014).

In such cases, biodiversity indices are standardized by particular
values, which may be any real number equal to or greater than zero,
reflecting the sensitivity of the indicator between species richness and
relative abundance. The measure at value 0 treats all species equally, ir-
respective of their relative abundance, and thus directly reflects species
richness. For increasing real number values, the importance of relative
abundance increases; at value 1 the measure corresponds to the expo-
nential of Shannon's entropy index (referred to here as Shannon diver-
sity or Shannon index) dependent on the species' relative abundance in
the assemblage, and at value 2 it corresponds to the inverse of the
Simpson concentration, referred to here as Simpson diversity, which is
strongly dependent on the relative abundance of common species
(Shannon, 1948; Simpson, 1949; Hill, 1973; Chao et al., 2014).

The use of Hill numbers and Chao estimators can also increase the
accuracy of biodiversity estimation when utilized in rarefaction and ex-
trapolation methodology (Chao et al., 2014). This approach has been
used in studies involving various organisms, including macrophytes in
Germany (Steffen et al., 2013), in Brazil (Moro et al., 2014), and in
Argentina (Schneider et al., 2015). Rarefaction and extrapolation have
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also been used for macrophyte biodiversity estimation for a single
catchment in Poland (Budka et al., 2018) and for richness inventories
on a national scale (Budka et al., 2019).

A diagram of Hill numbers for real numbers equal to or greater than
zero, as a continuous diversity profile, reflects graphically the biodiver-
sity of an ecosystem better than a single index or even several indices,
due to the inherent multidimensionality of biodiversity (Jost et al.,
2010; Chao and Jost, 2015). This kind of plot reflects standard biodiver-
sity indices converted to Hill numbers, such as the species richness and
Shannon and Simpson indices. This approach enables community or-
dering, taking into account both the full estimated species richness
and the relative abundance dimension of variability (Hill, 1973; Jost
et al., 2010). Such an approach allows a visual presentation of diversity,
while taking into account the complexity of the species composition of a
set of organisms and their comparison (Chao and Jost, 2015; Colwell
and Coddington, 1994). The profile reflects a range of values from 0 to
2 or 3 (beyond which the changes are usually limited).

An empirical biodiversity profile curve does not completely reflect di-
versity, especially for species richness. This is due to limitations on the
sampling effort in wildlife inventories, where the identification of
every species in the ecosystem is in most cases not possible. To reduce
this underestimation a bootstrap method has been proposed, enabling
the obtaining of approximate variances of diversity profiles and the con-
struction of related confidence intervals for various diversity measures
(Chao et al., 2009). Chao and Jost (2015) discussed an analytical
method, which enables improvement of the whole biodiversity profile
as a continuous curve.

This paper refers to the biodiversity assessment approach for river
plants with the use of Hill numbers, which was applied in our earlier
studies (Budka et al., 2018, 2019). Here, the former approach to the
usage of biodiversity profiles based on estimated values of diversity
was developed to enable the precise identification of patterns of river
plant diversity. The species diversity of various plant groups was com-
pared with estimated total expected diversity. The intention was to
identify a diversity pattern in rivers to increase the accuracy of planned
environmental inventories and evaluations. Use of this approachmay be
especially important in European Union countries following the Water
Framework Directive (WFD) and theHabitats Directive (HD), where es-
timates of biological metrics are fundamental to surfacewater monitor-
ing, habitat assessment and environmental impact assessment.

The aim of the studywas to determine a novel trait-based pattern of
macrophyte diversity to improve ecological assessment of rivers. We
attempted to identify macrophyte groups, representing various species
traits, which are species-rich, as well as those whose detection is partic-
ularly difficult since they require an exceptional sampling effort, and
which are often underestimated in inventories (dark diversity, in the
terminology of Pärtel et al., 2011). Analyses were performed based on
extrapolated complete diversity information. It was hypothesized that:
(a) macrophyte diversity components' values are trait-dependent;
(b) the sampling effort necessary tomeasure diversity components de-
pends on trait-based plant functional groups; (c) extrapolation of diver-
sity measures can serve as a surrogate for empirical estimations of
undersampled data.

2. Material and methods

2.1. Survey sites and sampling

Themacrophyte surveywas carried out at 100 river sites in the low-
land area of Poland (Fig. 1). All of the sampled sites belong to a fairy uni-
form abiotic type: small and medium lowland rivers with sandy
substrate according toWater Framework Directive (European Commis-
sion, 2000). Geologically these are rivers of siliceous type,flowing in val-
leys dominated by fine-grained sand and sometimes clay and loess. All
of the sites were less than 200 m above sea level, and the catchment
areas were smaller than 1000 km2. During the selection of survey



Fig. 1. Location of selected survey sites for lowland area (below 200 m above sea level).

Table 1
Analyzed species traits and trait categories of the river macrophytes.

Trait Trait categories

Trophic
tolerance

L < 4 (evident eutrophic), L = 4 (slightly eutrophic), L = 5
(eutrophic/mesotrophic), L = 6 (mesotrophic), L > 6
(oligotrophic)

Growth
forms

Structural algae and bryophytes, submerged, floating-leaved rooted,
free-floating, emergent, terrestrial

Leaf area Leaf area I (≤0.03 cm2), leaf area II (0.03–20 cm2), leaf area III
(20–60 cm2), leaf area IV (60–130 cm2), leaf area V (>130.1 cm2)

Dispersal
strategy

Autochory (self-dispersal), anemochory (dispersal by wind),
hydrochory (by water), zoochory (by animals), anthropochory (by
humans)
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sites, the national monitoring data were analyzed to ensure the inclu-
sion of sites representing a wide trophic gradient.

Themacrophyte surveyswere carried out between2010 and 2013 in
the summer period, from July to early September. Each river site was
100 m long, and all groups of plants were recorded, including sub-
merged, free-floating, amphibious and emergent species. The Polish
river macrophyte survey approach was used (Szoszkiewicz et al.,
2020), requiring the recording of every species, which is submerged
or at least rooted in substrata, which are likely to be submerged for
more than 10 months in a year. Plants rooted in the bank were not re-
corded, even those with stems and leaves floating on the water. Mono-
cotyledonous and dicotyledonous plants were recorded, as well as
pteridophytes, mosses, liverworts and filamentous algae. Taxonomic
identification was performed to species level, except for the case of
macro-algae, which were distinguished to genus level.

2.2. Species traits

Species groupswere defined based on four species traits: trophic tol-
erance, growth form, leaf area, and dispersal strategy (Table A1,
Supporting Information). In the case of trophic tolerance we defined
five trait categories, referring to index values (L) according to a
10-point scale developed by Szoszkiewicz et al. (2010, 2020), where 1
denotes indicator species for extreme eutrophication, and 10 denotes
those for oligotrophic waters (Table 1). Since in the lowland of Poland,
extreme trophic degradation and oligotrophic waters are absent
(Szoszkiewicz et al., 2010), species associated with the extreme condi-
tions are rare, and therefore the L scale was simplified to five trait cate-
gories, presented in Table 1.

The growth forms were assigned based on the LEDA Traitbase
(Kleyer et al., 2008; Steffen et al., 2013). In total, seven trait categories
3

were defined for growth forms, including six for typical macrophytes:
emergent, submerged, floating-leaved, free-floating, bryophytes and
filamentous algae. Moreover, for the studied riverswe identified the pro-
portion of plants, which might not be regarded as typical macrophytes,
as they are related to the terrestrial habitat, but were recorded at least
rooted in the water of the analyzed river. This group was called terres-
trial plants.

For leaf area, five trait categories were defined; the size ranges for
each group are given in Table 1. The leaf area for vascular plants was
based on the LEDA Traitbase (Kleyer et al., 2008; Steffen et al., 2013)
and for bryophytes the data were taken from Jusik (2012). The catego-
ries leaf area II to V refer to the area of typical leaves of vascular plants.
The category leaf area I includes bryophytes and also all algae, which
did not have distinct leaves but onlyminute thallus blades. An exception
was Enteromorpha sp., which has larger blades and was categorized as
leaf area II.
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The species trait categories for dispersion strategy were defined
based on Barrat-Segretain (1996). We included five trait categories
(Table 1).

2.3. Biodiversity estimates

The species records across sampling units were used to calculate Hill
numbers as a unified family of biodiversity indices (Hill, 1973) for spe-
cies groups indicating differentiated species traits. Hill numbers were
defined in the following way (Chao et al., 2014):

qΔ ¼ ∑
S

i¼1
pqi

 !1= 1−qð Þ
; q≥0; q≠1 ð1Þ

where S denotes the number of all species, and pi denotes the relative
frequency of the ith species in the plant group (pi ¼ πi=

PS
j¼1 π j , the

probability of occurrence of that species divided by the sum of
probabilities for all species). The parameter q defines the sensitivity of
the diversity metric to the richness and to the relative frequency of
species in the environment (i.e. relatively rare versus abundant). The
measure at q = 0 directly reflects species richness. With increasing q
values, the importance of relative abundance increases; at q = 1 the
measure corresponds to the Shannon entropy, and for q = 2 it
corresponds to the Simpson index (the inverse of the Simpson index
was applied) (Gotelli and Chao, 2013; Chao et al., 2014; Budka et al.,
2018, 2019).

Usingmethods developed by Chao et al. (2014), values of indices for
the reference sample (sample collected within the surveyed sites) and
their extrapolated values for the doubled reference sample (double
number of surveyed sites), aswell as the estimated full expected species
richness, were calculated for every identified plant group. On the basis
of the asymptotic species richness estimator Chao2 for incidence date
(Chao et al., 2009) the actual sampling effort necessary to detect full ex-
pected diversity (or 80%–90% of species) was estimated (Colwell and
Coddington, 1994).

Continuous diversity profiles in the form of a diagram of Hill num-
bers for q ≥ 0 were plotted for various species traits. This approach
helped to visualize and compare the complexity of composition of
many plant groups and evaluate the even distribution of their relative
richness (Chao and Jost, 2015).

Biodiversity profiles were defined by means of an upgraded Good–
Turing frequency formula considering the participation of unidentified
species in the samples (Chao and Jost, 2015). To construct such a profile,
we had to reformulate Hill numbers for q=0, 1, 2 in categories of indi-
ces of the discovery of new species in relation to the sample size, which
represented different slopes of the species accumulation curve based on
the sample size. Hill numbers were presented in the following way:

qΔ ¼ ∑s
i¼1

πi

∑S
j¼1π j

2
4

3
5q0

@
1
A

1= 1−qð Þ

¼ ∑S
j¼1π j

� �q= 1−qð Þ
∑∞

t¼0
q−1
t

� �
−1ð ÞtΔ tð Þ

� �1= 1−qð Þ
; q≥0; q≠1 ð2Þ

where ΔðtÞ ¼ Sðtþ1Þ−SðtÞ
ðtþ1Þ−t ¼ ∑S

i¼1πið1−πiÞt denotes the gradient of a line
passing through two adjacent points (t,S(t)) and (t + 1,S(t + 1)),
where S(t) is the expected number of species when t sampling units
are taken (with iteration) from the assemblage.

Slopes of the curve showed the expected rate of new species indica-
tion in the sampling process. The slopeΔ(t) is a decreasing function of t,
whichmeans that the expected rate drops slightly as the sample size in-
creases. The slopeΔ(k) is also defined as the “coverage deficit” (Appen-
dix S7 in Chao and Jost, 2015).

The analyses were performed in accordance with the procedure im-
plemented in the R 3.6.1 environment (The R Foundation for Statistical
Computing Platform, 2019). The results presented in Tables 1 and 2
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were determined using R code from the Supplement of Chao et al.
(2014) and of Chao et al. (2009). Biodiversity profiles were determined
on the basis of Appendix S7 of Chao and Jost (2015). The ggplot2 and
UpSetR packages for the R environmentwere used for the graphical pre-
sentation of results (Villanueva and Chen, 2019; Lex et al., 2014).

3. Results

The representation of categories within the analyzed species traits is
presented in Fig. 2. In total, 127 taxa were identified, mostly to the spe-
cies level (119) also in case of algae it was a genus level (8), see Appen-
dix A1. For the traits of trophic tolerance and leaf size, each species
represented a single trait category only. In the case of growth form,
most of the plants (100 taxa) represented a single category of this
trait, but in 25 cases two categories were identified, due to diverse leaf
forms.

Two species (Sagittaria sagittifolia, Sparganium emersum) produce
three leaf forms: emergent, submerged and floating-leaved. In the case
of the dispersal strategy trait, most species represented numerous trait
categories.

Table 2 shows thevalues of biodiversity indices (q=0, 1, 2) obtained
for the reference sample (100 sites) as well as their estimates for a dou-
bled reference sample of 200 sites (SEst200) and for full (expected)
diversity (SEst full). Empirical and extrapolation estimates of diversity
are presented graphically in Fig. 3, showing the ordering of various
species trait categories in terms of their species diversity. Each curve
on the diagram represents the estimation of a continuous profile of
biodiversity, from q = 0 (species richness) via q = 1 (Shannon), q =
2 (Simpson) up to q = 3, for four considered trait categories. The
points of intersection of the profiles indicate the change of diversity
ordering between species trait representation, which is not easy to
detect based on tabular data with reference to SEst full (Table 2).
Intersection was detected between large-leaved macrophytes repre-
senting the leaf area V profile (low species richness, numerous common
species) and the curve for small bryophytes and structural algae repre-
senting leaf area I (high species richness but low number of common
species). The diagrams of continuous biodiversity profiles extend the in-
formation about the variability of these indices for the reference sample
(empirical; Fig. 3a) and for estimates for the full (expected) diversity
case (Fig. 3b). It was noted that the estimated number of species
(SEst200 and SEst full) for many plant groups was much higher than the
empirical evaluation (Sobs), especially when species richness was
considered (q = 0). We observed broadening confidence intervals
with an increasing number of extrapolated species.

In the case of species richness estimation (q=0), calculations for the
doubled reference sample (SEst200) in most categories were lower than
for full estimate diversity (SEst full), except for free-floating plants and
plants with the largest leaves (leaf area V). However, taking into
account the size of the confidence interval, the estimation based on a
doubled reference sample was accurate.

The analyses showed that the data collected in the field were suffi-
cient to estimate the Shannon and Simpson indicators in most cases.
For estimation at q > 0, sampling completeness was nearly attained by
the reference sample and further field studies are not required. More-
over, low variability was detected (shorter confidence intervals).

Estimation of the full (expected) species richness (Fig. 3) enabled
the observation of real macrophyte diversity patterns in relation to par-
ticular species traits. Extrapolation of the diversity pattern in relation to
tolerance towater trophy demonstrated that the largest number of spe-
cies belonged to themedium trophy level, with L in the range 4–6. Itwas
especially high for L=4(27 species). Among the plants associatedmost
strongly with eutrophied rivers (L = 3 and lower) a large number of
species was estimated (27). Species indicating less eutrophied water
(L = 7 and higher) proved to be the least numerous.

As regards growth forms, the survey showed that themost frequent
species group found in rivers was emergent macrophytes, whose full



Table 2
Extrapolation estimates, presented as a function of the sample size, for: species richness S, Shannon index 1Δ and inverse Simpson index 2Δ (Obs – for the reference sample, Est200 – for a
doubled reference sample, Est full – for full expect diversity).

Species traits Diversity metrics qΔ

Species richness (q = 0) Shannon index (q = 1) Simpson index (q = 2)

S Obs S Est200 S Est full
1Δ Obs

1Δ Est200
1Δ Est full

2Δ Obs
2Δ Est200

2Δ Est full

L < 4 25(±2.19) 26.3(±3.71) 26.9(±4.64) 16.3(±0.88) 16.5(±0.90) 16.6(±1.12) 13.0(±0.99) 13.1(±1.00) 13.2(±0.96)
L = 4 26(±2.08) 26.9(±3.14) 27(±3.84) 17.4(±1.04) 17.6(±1.06) 17.7(±1.02) 14.5(±0.78) 14.7 ± (0.79) 14.7(±0.87)
L = 5 19(±4.06) 21.5(±4.62) 22.9(±7.15) 10.6(±1.25) 10.9(±0.96) 11.1(±2.37) 8.0(±0.92) 8.1(±0.94) 8.2(±0.94)
L = 6 16(±2.25) 16.6(±3.66) 16.7(±4.28) 9.8(±1.70) 10.3(±1.91) 10.4(±1.82) 7.1(±1.49) 7.3(±1.58) 7.4(±1.51)
L > 6 10(±3.61) 13.4(±6.56) 16.1(±14.3) 4.3(±1.60) 4.8(±1.87) 5.2(±2.15) 2.6(±1.00) 2.7(±1.06) 2.7(±0.98)
Structural algae 7(±2.02) 8.3(±3.34) 8.9 (±4,28) 4.5(±0.77) 4.7(±0.84) 4.8(±0.84) 3.8(±0.79) 3.9(±0.54) 3.9(±0.77)
Bryophytes 7(±2.65) 8.6(±4.40) 9.2 (±7.33) 4.7(±1.73) 5.4(±2.21) 5.8(±2.84) 3.7(±1.53) 3.9(±1.82) 4.2(±2.15)
Submerged 30(±3.72) 33.4(±6.24) 36.2(±17.9) 16.2(±1.24) 16.5(±1.25) 16.8(±1,57) 12.5(±0.97) 12.6(±0.99) 12.7(±1.21)
Floating-leaved 14(±2.16) 15.3(±3.62) 15.9(±5.35) 7.4(±0.79) 7.6(±0.86) 7.7(±1.03) 5.5(±0.68) 5.6(±0.69) 5.6(±0.77)
Free-floating 5(±0.00) 5.0(±0.00) 5.0 (±0.00) 4.0(±0.31) 4.0(±0.30) 4.0(±0.30) 3.3(±0.44) 3.3(±0.00) 3.3(±0.44)
Emergent 51(±3.51) 53.5(±5.56) 54.1(±9.84) 31.0(±1.53) 31.5(±1.46) 31.7(±1.46) 24.7(±1.13) 24.9(±1.15) 25.0(±1.28)
Terrestrial 42(±4.52) 47.4(±8.27) 49.9(±16.3) 23.5(±2.03) 24.4(±2.14) 24.9(±2.25) 17.1(±1.73) 17.3(±1.78) 17.5(±1.35)
Leaf area I 13(±2.46) 15.1(±4.52) 15.6(±6.41) 7.8(±1.36) 8.2(±1.49) 8.5(±1.59) 6.0(±1.29) 6.2(±1.4) 6.3(±1.28)
Leaf area II 57(±5.24) 62.8(±6.59) 65.2(±13.2) 31.1(±2.17) 31.2(±1.94) 32.6(±1.99) 22.7(±1.60) 23.0(±1.63) 23.2(±1.74)
Leaf area III 29(±2.82) 31.5(±4.81) 32.9(±12.5) 15.6(±1.25) 16.0(±1.29) 16.2(±1.30) 11.0(±1.0) 11.1(±1.02) 11.2(±1.19)
Leaf area IV 17(±2.25) 18.3(±3.44) 18.9(±4.79) 10.1(±0.89) 10.2(±0.91) 10.3(±0.92) 7.9(±0.71) 7.9(±0.73) 8.0(±0.81)
Leaf area V 11(±1.64) 11.4(±2.28) 11.4(±2.28) 8.3(±0.62) 8.4(±0.63) 8.4(±0.63) 7.6(±0.5) 7.7(±0.44) 7.7(±0.44)
Autochory 49(±4.35) 53.9(±6.90) 55.7(±14.3) 29.3(±2.13) 30.2(±1.73) 30.7(±1.58) 22.6(±1.83) 22.9(±1.89) 23.1(±1.92)
Anthropochory 35(±3.83) 38.3(±5.89) 39.4(±11.4) 17.9(±1.67) 18.4(±1.72) 18.7(±1.67) 11.9(±1.38) 12.0(±1.40) 12.1(±1.49)
Anemochory 30(±2.59) 33.3(±6.20) 34.4(±10.8) 15.3(±1.33) 15.8(±1.39) 16.1(±1.64) 10.2(±1.31) 10.3(±1.37) 10.4(±0.95)
Hydrochory 127(±6.40) 139.0(±9.95) 143.8(±19.3) 71.1(±3.06) 72.9(±3.15) 73.9(±3.01) 52.9(±2.27) 53.4(±2.34) 53.8(±2.54)
Zoochory 93(±4.99) 101.3(±8.18) 105.1(±17.7) 53.5(±2.03) 54.7(±2.08) 55.4(±2.200) 40.5(±1.78) 40.9(±1.81) 41.2(±0.90)

Fig. 2. Visualizing Intersecting Sets (UpSetR) type diagram showing the representation of species trait categories among identified macrophytes. Horizontal lines reflect frequencies of
single trait categories, and vertical lines consider multiple trait of species (description in Table 1).
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Fig. 3. Biodiversity profiles for q between 0 and 3 with 95% confidence interval (shaded areas based on a bootstrap method with 1000 replications): (a) empirical diversity profiles; in
particular: for q = 0 corresponding to species richness SObs, for q = 1 the Shannon index (Ahmad et al., 2020)ΔObs, and for q = 2 the inverse Simpson index (Barrat-Segretain,
1996)ΔObs; (b) estimated diversity profile; in particular: for q = 0 corresponding to species richness SEst full, for q = 1 the Shannon index (Ahmad et al., 2020)ΔEst full, and for q = 2 the
inverse Simpson index (Barrat-Segretain, 1996)ΔEst full.
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(expected) species richness (SEst full) was estimated at approximately 54
species. Smaller richness was observed in the group of terrestrial plants
(50 species); for submerged macrophytes it was 36 species and for
floating-leaved plants it was 16 species. For bryophytes and structural
algae the full (expected) species richness was small (9 taxa per
group), and the smallest species diversity was found for free-floating
macrophytes (5 species).

As regards the species richness of macrophyte types with reference
to the leaf area, the group of vascular plants with the smallest leaves
(leaf area II) was the largest, with 65 estimated species. The richness
of successive leaf size groups (leaf area III, IV, I and V) gradually de-
creased (33, 19, 16 and 11 species respectively).

The diversity of species richness of macrophyte typeswith reference
to their dispersion strategy was most noticeable; almost all recorded
species were assigned to hydrochory, with an estimated species richness
of 144 taxa. The estimated number of zoochoric species was 105. The es-
timated numbers of the remaining groups were smaller: 56 for
autochoric, 39 for anthropochoric and only 34 for anemochoric macro-
phytes.

Further analyses enabled identification of the number of unrecorded
species (missing species) during the field survey of the reference sam-
ple (n = 100 survey sites). The numbers of additional samples needed
to reach 100% (G100), 90% (G90) and 80% (G80) are given in Table 3,
with regard to various species traits: trophic tolerance, growth form,
leaf area, and dispersal strategy.

Comparing plant groups representing varying ecological tolerance to
water quality, the survey showed that among the missing species there
were especially many plants associated with the low trophic level
(L > 6), among which, after sampling of 100 sites, 6 species were not
identified. Based on the reference group, only 61.8% of species from
this group were found. The extrapolation method showed that identifi-
cation of all expected species (full expected richness) with the tolerance
level L > 6 required 514 additional sites, and less for L = 5 (361), and
L < 4 (269).

Considering growth forms, the survey showed the largest number of
unidentified species among terrestrial plants (8 species), followed by
submerged macrophytes (6). Relatively large proportions of species
were identified among emergent plants (94.3%) and floating-leaved
plants (87.6%). The plant group whose identification required the
greatest sampling effort was the submerged macrophytes – it was esti-
mated that identification of all expected species (full expected richness)
would require an additional 514 survey sites.

Analyzing the groups of plants differing by leaf size, we observed the
largest number of missing species in the group of vascular plants with
the smallest leaves (leaf area II) – 8 species. In the case of the other
groups these numbers were significantly smaller (0–4), even in the
group of non-vascular plants (leaf area I), for which only 3 species
were missing. The sampling effort required for full expected richness
detection corresponded to the number of missing species; it was
Table 3
The number of additional samples (sites), Gx, needed to reach x% of estimated number of
species for plant groups representing 22 species trait categories for n = 100 survey sites.

Trait category G80 G90 G100 Trait category G80 G90 G100

L < 4 0 0 269 Leaf_area_I 0 35 217
L = 4 0 0 107 Leaf_area_II 0 19 381
L = 5 0 54 361 Leaf_area_III 0 18 361
L = 6 0 0 64 Leaf_area_IV 0 4 269
L > 6 80 167 514 Leaf_area_V 0 0 0
Structural_algae 10 79 269 Autochory 0 14 327
Bryophytes 14 66 223 Anthropochory 0 9 289
Submerged 0 67 514 Anemochory 0 19 289
Floating-leaved 0 21 269 Hydrochory 0 12 439
Free-floating 0 0 0 Zoochory 0 12 440
Emergent 0 0 217 – – – –
Terrestrial 0 42 407 – – – –
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greatest in the case of leaf area II (381 survey sites) and smallest for
leaf area V (all plants identified on the basis of the reference sample).

On analysis of macrophyte species in terms of their dispersal strat-
egy, it was found that the survey of 100 sites did not enable the identi-
fication of 17 plant species dispersed by water (hydrochoric), and their
identification would require further sampling at 439 sites. In the case
of plants dispersed by animals (zoochoric) 12 species were missing,
and their evaluation required as many as 440 survey sites. The best
identified groups were those with dispersal by wind (anemochoric)
and by human action (anthropochoric), with only 4 species undetected
in the reference sample.

4. Discussion

4.1. General recommendations for river macrophyte monitoring

The presented analysis shows that the precision of estimates of bio-
logical indices for rivermacrophytesmight be biased by undersampling.
During sampling only a proportion of the total number of species in an
ecosystem is detected, and the risk of strongly incomplete inventories
has been shown in various ecological field studies (Beck and
Schwanghart, 2010; Madsen and Wersal, 2017). To solve this problem,
use of the methods developed by Chao et al. (2014) is proposed,
where diversitymetrics can be extrapolated basing on limited sampling.
Based on knowledge of the total number of species in the river ecosys-
tem, whether estimated or measured, the processes in ecological eco-
systems of ecological ecosystems can be understood, and reliable
biodiversity comparisons across watercourses or other ecosystems can
be obtained (Pärtel et al., 2011).

The macrophyte trait approach for river assessment has already
been found to be promising with regard to macrophyte autoecology
and lake ecosystem functioning (García-Girón et al., 2020). It has been
proved that functional traits evolve independently of macrophyte phy-
logeny worldwide, and that macrophyte traits match many environ-
mental drivers, such as water transparency and phosphorus
concentration (Poff, 1997). Taking into account species traits for biodi-
versity assessments is additionally justified by the environmental filter-
ing, which assumes that abiotic factors select species with particular
traits to establish and persist (Lozada-Gobilard et al., 2019). Our study
provides another implementation of the trait approach that can im-
prove diversity estimation and ecological assessment of rivers. Using
our approach, the quality of ecological assessments can be verified,
based on both biodiversity indicators and indicator species.With regard
to diversity indicators, survey results can be corrected according to full
expected diversity estimates. Instead of choosing one or several indices
independently to describe a diversity pattern, we have presented a con-
tinuous diversity profile based on Hill numbers for q ≥ 0. This approach
helped to visualize and compare various dimensions of diversity. The
prepared profiles, in a range of q values between 0 and 3, cover most
of the biodiversity, and for higher values of q the changes are not signif-
icant (Chao and Jost, 2015). The detected profile intersections show the
change in ordering of organism sets according to the value of q.

Our analyses resulted in the identification of plant groups, which
have a strong influence on diversity metrics (species-rich), as well as
those whose identification requires a particularly great effort (dark di-
versity) (Fig. 4). This information may be useful for various types of en-
vironmental assessment. Biodiversity estimates made in previous years
on the basis exclusively of field surveys in Poland (Jusik et al., 2015) and
on lowland European rivers (Szoszkiewicz et al., 2006) present a partly
different macrophyte diversity pattern in terms of species richness and
participation of particular macrophyte groups than those estimated in
the current paper.

Numerous former studies, showed that the sampling effort was too
small to identify full expected diversity, basing on the field data from
various ecosystems and taxonomical groups, including grassland plants,
rainforest fauna or lake fish and many other (Pärtel et al., 2011). It was



Fig. 4. Synthetic presentation of full expected richness estimates for differentmacrophyte groups (diversity richness at the top) andmissing species (dark diversity at the bottom) as the number of species unidentified in a reference sample (bars) and
their percentage share of full expected richness (point).
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proved that even if estimated rather than measured, estimation of dark
diversity is needed to identify ecological pattern and when comparing
biodiversity across regions and ecosystems and estimating the relative
loss of local diversity(Pärtel et al., 2011).

It was also shown that for most macrophyte groups the identifica-
tion of all species, and thus the empirical determination of diversity, is
practically impossible, especially in the case of species richness. It
would require several hundred survey sites, even exceeding 600 in
some cases. This number is unrealistic, as it exceeds the scale of the en-
tire nationalmonitoring system in Poland,where every year around220
sites is evaluated for all types of rivers (Chief Inspector of Environmental
Protection, 2015). The problem of biodiversity estimates being affected
by the incompleteness of species inventories due to insufficient field
sampling has also been identified in other ecosystems, where full inven-
tories are regarded as prohibitively expensive, and therefore alternative
approaches to sampling organisms are frequently used in monitoring
(Beck and Schwanghart, 2010; Standen, 2000).

Our study shows that biological evaluation based on a limited num-
ber of survey sites can lead to false conclusions regarding the species
richness of river ecosystems, and we have confirmed that extrapolation
is a useful solution to solve this problem. This technique has previously
been applied to reveal the diversity pattern of running waters in other
types of ecosystems (Colwell et al., 2012; Chao et al., 2014). The com-
pleted study shows that the rarefaction/extrapolation method enables
various comparisons of plant diversity, considering full expected diver-
sity including estimates of rare species, without the necessity of
expanding the field survey program.

The range of estimates of the species richness calculated in our study
seems to correspond well with the overall river plant biodiversity re-
sources of lowland Poland. The total aquatic flora of these watercourses
is about 115 vascular plant species, and another 63 terrestrial vascular
plants may potentially develop in the river bank zone (Rutkowski,
2008). The list of aquatic bryophytes contains 10 liverworts and 15
mosses (Jusik, 2012) and an additional 15 semi-aquatic mosses are reg-
ularly recorded in lowland rivers with sandy substrate (mainly
Bryopsida and Mnium species) (Jusik, 2012). Moreover, nine filamen-
tous algae may potentially be found in watercourses of this type
(Szoszkiewicz et al., 2010). The predicted number of species corre-
sponds well with the river flora resources estimated for the European
Lowlands by Szoszkiewicz et al. (2006), and with the results of estima-
tion of full diversity with the use of Hill numbers (Budka et al., 2019).

The plotted diversity profiles indicate differences between q = 0
(full estimated richness) and q > 0 (Shannon and Simpson diversities,
depending to a large extent on frequent species). Full species richness
(q = 0) was substantially higher than the number of common species
(q ≥ 1) especially for the category terrestrial, for plants sensitive to deg-
radation (L > 6), for vascular plants with small leaves (leaf area II), and
for hydrochoric and zoochoric taxa. On the other hand, themost horizon-
tal curves are found for the floating-leaved, free-floating and structural
algae categories. Here the full species richness (q = 0) exceeds to a
small extent the number of species that are relatively common (q ≥ 1).
It should be noted that in some cases these curves intersect.

The research showed that the diversity metrics for q > 0 (Shannon
and Simpson diversities) are precise when estimated on the basis of
the reference sample, and generally do not change with an increase in
the sampling effort. The additional sampling delivered only minor (sta-
tistically insignificant) changes in the diversitymetric estimates. Thus, it
was proven that the reference sample was reliable for the estimation of
these indices and no further field survey was required. It was therefore
shown that empiricalmeasurements are not sensitive to undersampling
(i.e. incomplete inventories). This situation is not surprising, since for
calculation of the Shannon and Simpson diversities, relatively abundant
and very abundant species are the most important. For inventory prac-
tice, thismeans that the identification of common species is sufficient to
estimate the Shannon and Simpson indices, and therefore a limited field
survey delivers precise estimation. These results show, therefore, that to
9

estimate Shannon and Simpson diversities inmacrophyte inventories of
lowland rivers, an extrapolation approach is not necessary.

The Chao2 approach, enabling estimation of the necessary additional
sampling effort required for the identification of respectively 80% or 90%
of species, or for estimation of the completeness of the sampling, based
on doubled reference sampling, may be helpful in planning programs
for species richness evaluation and in the interpretation of results
based on the reference sample. The study showed that evaluation of
the full species richness is a difficult task, but for almost every plant
group the identification of 90% of species seemsmanageable. The statis-
tical analysis (confidence intervals) additionally confirmed that evalua-
tions of full richness are subject to high uncertainty. Measuring
biodiversity is a key component in its investigation, but many methods
are known to be biased by undersampling (i.e., incomplete inventories),
a common situation in ecological field studies (Preston, 1962; Chao
et al., 2009).

The research was conducted on very common river habitat: small
and medium lowland rivers with sandy substrate. This is the principal
type of rivers in the lowlands that cover the vast majority of Poland
and many other countries. Our results are therefore well applicable to
many European countries.

4.2. Top species richness

The survey enabled analysis of the biodiversity of river macrophytes
according to various species traits: trophic tolerance, growth form, leaf
area and dispersal strategy. Thanks to the extrapolation approach, anal-
yses could be made based on the estimated full diversity of the plant
groups. It also enabled the identification of themost species-rich groups
of macrophytes.

It was found that the full expected species richness of emergent and
ecotone plants (terrestrial) significantly exceeds that of submerged
plants and other growth forms. Vascular plants with small leaves are
identified as a species-rich group, whereas the groups consisting of
plants with large leaves and nonvascular plants with small thalli
(mosses and structural algae) are the poorest in species. Moreover, the
number of species associated with advanced trophy (L ≤ 4) exceeds
the number of plants associated with lower trophic levels. Regarding
dispersal strategy, the groups of hydrochoric and zoochoric plants were
the most rich in species.

4.3. Dark diversity risk

The use of extrapolation made it possible to estimate the full ex-
pected species richness of various plant groups, and by comparing
those results with the reference sample, the number of missing species
was determined. Combining unidentified specieswith the species traits,
we were able to determine the macrophyte groups that are difficult to
identify. This approachmay support survey planning and diversity esti-
mates of ecological inventories in fluvial ecosystems for conservation
purposes, especially when subject to financial and logistical limitations
that lead to insufficient field sampling, which is a recognized problem
in biodiversity inventories (Standen, 2000; García-Girón et al., 2021).

The group of the smallest plants – non-vascular mosses and struc-
tural algae, contained in the leaf area I group – proved to be challenging
in terms of making a full inventory (a relatively high percentage of spe-
cies was not identified on the basis of the reference sample), but the
number of missing species is not large. These are single species without
any quantitative influence on the overall diversity of river vegetation,
and therefore we do not indicate them as important dark elements of
the inventories. Moreover, the number of sites necessary for identifica-
tion of all taxa is very high (269 for structural algae and 2 for bryophytes),
although it is lower than in the case of submerged and terrestrial plants.
The survey showed that it was easiest to find almost all species among
the group with the free-floating growth form and among macrophytes
with the largest leaf sizes. This plant group is poor in species
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(Szoszkiewicz et al., 2010) and the plants are easily spotted (most often
their large leaves float on the water surface). Plants characterized by
high trophic tolerance are also easily noticed.

The largest number of undetected species was found among plants
indicating low trophy (L > 6), since the extrapolation estimates re-
vealed that by surveying 100 sites only 61.8% of existing species could
be identified. Further field research would allow the identification of 6
more species if another 514 survey sites were visited. Among the ana-
lyzed growth forms, attention should be paid to the difficulties with
the identification of submerged plants, requiring an extensive sampling
effort to discover all species. Groups of species that are difficult to detect
also include terrestrial plants and small-leaved vascular plants (leaf area
below 20 cm2).

5. Conclusions

The effectiveness of diversity assessment can be increased by an ex-
trapolation approach, and the identification of groups of species requir-
ing an extensive sampling effort is important when conducting
environmental inventories.

The extrapolation method enables various comparisons of plant di-
versity in fluvial ecosystems, including estimates of numbers of rare
species.

Full evaluation of macrophyte species richness in rivers requires a
very extensive sampling effort, exceeding logistical and financial con-
straints, and the use of the extrapolation method allows estimation of
the species diversity on the basis of a feasible number of samples. On
the other hand, the reference sample proved to be sufficient to precisely
define a diversity pattern on the level of the Shannon and Simpson di-
versity metrics, indicating that their estimation does not require an ex-
tensive sampling effort and the extrapolation approach is not needed.

The surveymade it possible to analyze the biodiversity of river mac-
rophytes according to various species traits, including growth form, leaf
area, trophic tolerance, and dispersal strategy.

The proposed approach may improve survey planning and diversity
estimates of ecological inventories in fluvial ecosystems for conserva-
tion purposes. It may be a reasonable solution given the financial and lo-
gistical limitations that lead to insufficient field sampling.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.151496.
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