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a b s t r a c t
Biodiversity measures deliver valuable ecological information by reﬂecting a range of ecosystem processes. However, 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 effort. The use of Hill numbers and Chao estimators improves species diversity assessment based on a feasible number 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 estimators. 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 incorrect 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 effectiveness 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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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 biodiversity 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 biodiversity indices converted to Hill numbers, such as the species richness and
Shannon and Simpson indices. This approach enables community ordering, 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 diversity, 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 construction 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 compared 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 approach may be
especially important in European Union countries following the Water
Framework Directive (WFD) and the Habitats Directive (HD), where estimates of biological metrics are fundamental to surface water monitoring, habitat assessment and environmental impact assessment.
The aim of the study was 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 particularly 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 to measure diversity components depends on trait-based plant functional groups; (c) extrapolation of diversity measures can serve as a surrogate for empirical estimations of
undersampled data.

1. Introduction
Biodiversity is inherently multidimensional, encompassing taxonomic, functional, landscape-related and many other elements of the
variability of life on Earth. However, this fundamental multidimensionality is rarely reﬂected in research, whereas precise methods of biodiversity evaluation for all groups of species are crucial for the
identiﬁcation of environmental degradation processes triggered by direct 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 modiﬁcation 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 because they are hard to access, especially in the case of ﬂuvial systems.
River vegetation has always been recognized as a distinctive macrophyte community which is relatively poor in species (Haslam, 1978;
Haslam and Wolseley, 1987; Holmes, 1999; Ahmad et al., 2020). Nevertheless, determination of the species richness is extremely difﬁcult,
since the detection of every river plant and evaluation of full biodiversity 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 samples.
Species and trait composition, as well as various biodiversity metrics,
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 accuracy of environmental assessment based on species pattern might be affected by the incompleteness of species inventories due to insufﬁcient
ﬁeld sampling. Complete inventories are regarded as prohibitively expensive for various types of ecosystems (Beck and Schwanghart,
2010). Undersampling, i.e., failure to record all taxa, resulting in false diversity estimates, is a common situation in ecological surveys (Standen,
2000; Beck and Schwanghart, 2010), including those of aquatic plants
(Madsen and Wersal, 2017). A solution used to obtain comparable biodiversity 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, irrespective 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 exponential of Shannon's entropy index (referred to here as Shannon diversity 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 extrapolation 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

2. Material and methods
2.1. Survey sites and sampling
The macrophyte survey was carried out at 100 river sites in the lowland area of Poland (Fig. 1). All of the sampled sites belong to a fairy uniform abiotic type: small and medium lowland rivers with sandy
substrate according to Water Framework Directive (European Commission, 2000). Geologically these are rivers of siliceous type, ﬂowing in valleys 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
2
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Fig. 1. Location of selected survey sites for lowland area (below 200 m above sea level).

were deﬁned for growth forms, including six for typical macrophytes:
emergent, submerged, ﬂoating-leaved, free-ﬂoating, bryophytes and
ﬁlamentous algae. Moreover, for the studied rivers we identiﬁed the proportion 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 terrestrial 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 categories 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 only minute thallus blades. An exception
was Enteromorpha sp., which has larger blades and was categorized as
leaf area II.

sites, the national monitoring data were analyzed to ensure the inclusion of sites representing a wide trophic gradient.
The macrophyte surveys were carried out between 2010 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 submerged, 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 recorded, even those with stems and leaves ﬂoating on the water. Monocotyledonous 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 groups were deﬁned based on four species traits: trophic tolerance, 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 conditions are rare, and therefore the L scale was simpliﬁed to ﬁve trait categories, 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

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)
Structural algae and bryophytes, submerged, ﬂoating-leaved rooted,
free-ﬂoating, emergent, terrestrial
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)
Autochory (self-dispersal), anemochory (dispersal by wind),
hydrochory (by water), zoochory (by animals), anthropochory (by
humans)

Growth
forms
Leaf area
Dispersal
strategy
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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 environment were used for the graphical presentation of results (Villanueva and Chen, 2019; Lex et al., 2014).

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 species groups indicating differentiated species traits. Hill numbers were
deﬁned in the following way (Chao et al., 2014):
q

Δ¼

S

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 species level (119) also in case of algae it was a genus level (8), see Appendix 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 the values of biodiversity indices (q = 0, 1, 2) obtained
for the reference sample (100 sites) as well as their estimates for a doubled 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 representing the leaf area V proﬁle (low species richness, numerous common
species) and the curve for small bryophytes and structural algae representing leaf area I (high species richness but low number of common
species). The diagrams of continuous biodiversity proﬁles extend the information 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 sufﬁcient 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. Moreover, 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 particular species traits. Extrapolation of the diversity pattern in relation to
tolerance to water trophy demonstrated that the largest number of species belonged to the medium trophy level, with L in the range 4–6. It was
especially high for L = 4 (27 species). Among the plants associated most
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 the most frequent
species group found in rivers was emergent macrophytes, whose full

!1=ð1−qÞ

∑ pqi
i¼1

; q ≥0; q≠1

ð1Þ

where S denotes the number of all species, and pi denotes the relative
P
frequency of the ith species in the plant group (pi ¼ πi = Sj¼1 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).
Using methods 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), as well 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 expected diversity (or 80%–90% of species) was estimated (Colwell and
Coddington, 1994).
Continuous diversity proﬁles in the form of a diagram of Hill numbers 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 indices 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:
0
q

2

3q 11=ð1−qÞ

π
s
Δ ¼ @∑i¼1 4 S i 5 A
∑ j¼1 π j


1=ð1−qÞ

q=ð1−qÞ 
q−1
S
∞
ð−1Þt Δðt Þ
¼ ∑ j¼1 π j
∑t¼0
; q ≥0; q≠1 ð2Þ
t
S

t
where ΔðtÞ ¼ Sðtþ1Þ−SðtÞ
ðtþ1Þ−t ¼ ∑i¼1 π i ð1−π i Þ 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 indication in the sampling process. The slope Δ(t) is a decreasing function of t,
which means that the expected rate drops slightly as the sample size increases. The slope Δ(k) is also deﬁned as the “coverage deﬁcit” (Appendix S7 in Chao and Jost, 2015).
The analyses were performed in accordance with the procedure implemented in the R 3.6.1 environment (The R Foundation for Statistical
Computing Platform, 2019). The results presented in Tables 1 and 2

4

K. Szoszkiewicz, A. Budka, A. Łacka et al.

Science of the Total Environment xxx (xxxx) xxx

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)

L<4
L=4
L=5
L=6
L>6
Structural algae
Bryophytes
Submerged
Floating-leaved
Free-ﬂoating
Emergent
Terrestrial
Leaf area I
Leaf area II
Leaf area III
Leaf area IV
Leaf area V
Autochory
Anthropochory
Anemochory
Hydrochory
Zoochory

Shannon index (q = 1)

S Obs

S Est200

S Est full

1

25(±2.19)
26(±2.08)
19(±4.06)
16(±2.25)
10(±3.61)
7(±2.02)
7(±2.65)
30(±3.72)
14(±2.16)
5(±0.00)
51(±3.51)
42(±4.52)
13(±2.46)
57(±5.24)
29(±2.82)
17(±2.25)
11(±1.64)
49(±4.35)
35(±3.83)
30(±2.59)
127(±6.40)
93(±4.99)

26.3(±3.71)
26.9(±3.14)
21.5(±4.62)
16.6(±3.66)
13.4(±6.56)
8.3(±3.34)
8.6(±4.40)
33.4(±6.24)
15.3(±3.62)
5.0(±0.00)
53.5(±5.56)
47.4(±8.27)
15.1(±4.52)
62.8(±6.59)
31.5(±4.81)
18.3(±3.44)
11.4(±2.28)
53.9(±6.90)
38.3(±5.89)
33.3(±6.20)
139.0(±9.95)
101.3(±8.18)

26.9(±4.64)
27(±3.84)
22.9(±7.15)
16.7(±4.28)
16.1(±14.3)
8.9 (±4,28)
9.2 (±7.33)
36.2(±17.9)
15.9(±5.35)
5.0 (±0.00)
54.1(±9.84)
49.9(±16.3)
15.6(±6.41)
65.2(±13.2)
32.9(±12.5)
18.9(±4.79)
11.4(±2.28)
55.7(±14.3)
39.4(±11.4)
34.4(±10.8)
143.8(±19.3)
105.1(±17.7)

16.3(±0.88)
17.4(±1.04)
10.6(±1.25)
9.8(±1.70)
4.3(±1.60)
4.5(±0.77)
4.7(±1.73)
16.2(±1.24)
7.4(±0.79)
4.0(±0.31)
31.0(±1.53)
23.5(±2.03)
7.8(±1.36)
31.1(±2.17)
15.6(±1.25)
10.1(±0.89)
8.3(±0.62)
29.3(±2.13)
17.9(±1.67)
15.3(±1.33)
71.1(±3.06)
53.5(±2.03)

Δ Obs

Simpson index (q = 2)

1

1

2

2

2

16.5(±0.90)
17.6(±1.06)
10.9(±0.96)
10.3(±1.91)
4.8(±1.87)
4.7(±0.84)
5.4(±2.21)
16.5(±1.25)
7.6(±0.86)
4.0(±0.30)
31.5(±1.46)
24.4(±2.14)
8.2(±1.49)
31.2(±1.94)
16.0(±1.29)
10.2(±0.91)
8.4(±0.63)
30.2(±1.73)
18.4(±1.72)
15.8(±1.39)
72.9(±3.15)
54.7(±2.08)

16.6(±1.12)
17.7(±1.02)
11.1(±2.37)
10.4(±1.82)
5.2(±2.15)
4.8(±0.84)
5.8(±2.84)
16.8(±1,57)
7.7(±1.03)
4.0(±0.30)
31.7(±1.46)
24.9(±2.25)
8.5(±1.59)
32.6(±1.99)
16.2(±1.30)
10.3(±0.92)
8.4(±0.63)
30.7(±1.58)
18.7(±1.67)
16.1(±1.64)
73.9(±3.01)
55.4(±2.200)

13.0(±0.99)
14.5(±0.78)
8.0(±0.92)
7.1(±1.49)
2.6(±1.00)
3.8(±0.79)
3.7(±1.53)
12.5(±0.97)
5.5(±0.68)
3.3(±0.44)
24.7(±1.13)
17.1(±1.73)
6.0(±1.29)
22.7(±1.60)
11.0(±1.0)
7.9(±0.71)
7.6(±0.5)
22.6(±1.83)
11.9(±1.38)
10.2(±1.31)
52.9(±2.27)
40.5(±1.78)

13.1(±1.00)
14.7 ± (0.79)
8.1(±0.94)
7.3(±1.58)
2.7(±1.06)
3.9(±0.54)
3.9(±1.82)
12.6(±0.99)
5.6(±0.69)
3.3(±0.00)
24.9(±1.15)
17.3(±1.78)
6.2(±1.4)
23.0(±1.63)
11.1(±1.02)
7.9(±0.73)
7.7(±0.44)
22.9(±1.89)
12.0(±1.40)
10.3(±1.37)
53.4(±2.34)
40.9(±1.81)

13.2(±0.96)
14.7(±0.87)
8.2(±0.94)
7.4(±1.51)
2.7(±0.98)
3.9(±0.77)
4.2(±2.15)
12.7(±1.21)
5.6(±0.77)
3.3(±0.44)
25.0(±1.28)
17.5(±1.35)
6.3(±1.28)
23.2(±1.74)
11.2(±1.19)
8.0(±0.81)
7.7(±0.44)
23.1(±1.92)
12.1(±1.49)
10.4(±0.95)
53.8(±2.54)
41.2(±0.90)

Δ Est200

Δ Est full

Δ Obs

Δ Est200

Δ Est full

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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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 strategy, it was found that the survey of 100 sites did not enable the identiﬁcation 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.

(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 decreased (33, 19, 16 and 11 species respectively).
The diversity of species richness of macrophyte types with 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 estimated numbers of the remaining groups were smaller: 56 for
autochoric, 39 for anthropochoric and only 34 for anemochoric macrophytes.
Further analyses enabled identiﬁcation of the number of unrecorded
species (missing species) during the ﬁeld survey of the reference sample (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 identiﬁcation 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 estimated 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

4. Discussion
4.1. General recommendations for river macrophyte monitoring
The presented analysis shows that the precision of estimates of biological indices for river macrophytes might 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 diversity metrics can be extrapolated basing on limited sampling.
Based on knowledge of the total number of species in the river ecosystem, whether estimated or measured, the processes in ecological ecosystems 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 phylogeny worldwide, and that macrophyte traits match many environmental drivers, such as water transparency and phosphorus
concentration (Poff, 1997). Taking into account species traits for biodiversity assessments is additionally justiﬁed by the environmental ﬁltering, 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 improve 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 continuous 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 significant (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 diversity) (Fig. 4). This information may be useful for various types of environmental 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

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
L=4
L=5
L=6
L>6
Structural_algae
Bryophytes
Submerged
Floating-leaved
Free-ﬂoating
Emergent
Terrestrial

0
0
0
0
80
10
14
0
0
0
0
0

0
0
54
0
167
79
66
67
21
0
0
42

269
107
361
64
514
269
223
514
269
0
217
407

Leaf_area_I
Leaf_area_II
Leaf_area_III
Leaf_area_IV
Leaf_area_V
Autochory
Anthropochory
Anemochory
Hydrochory
Zoochory
–
–

0
0
0
0
0
0
0
0
0
0
–
–

35
19
18
4
0
14
9
19
12
12
–
–

217
381
361
269
0
327
289
289
439
440
–
–
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Fig. 4. Synthetic presentation of full expected richness estimates for different macrophyte groups (diversity richness at the top) and missing 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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estimate Shannon and Simpson diversities in macrophyte 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 seems manageable. The statistical analysis (conﬁdence intervals) additionally conﬁrmed that evaluations 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.

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 identiﬁcation 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 entire national monitoring system in Poland, where every year around 220
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 inventories 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 number 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 completed study shows that the rarefaction/extrapolation method enables
various comparisons of plant diversity, considering full expected diversity 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 resources 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 regularly recorded in lowland rivers with sandy substrate (mainly
Bryopsida and Mnium species) (Jusik, 2012). Moreover, nine ﬁlamentous algae may potentially be found in watercourses of this type
(Szoszkiewicz et al., 2010). The predicted number of species corresponds well with the river ﬂora resources estimated for the European
Lowlands by Szoszkiewicz et al. (2006), and with the results of estimation 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 degradation (L > 6), for vascular plants with small leaves (leaf area II), and
for hydrochoric and zoochoric taxa. On the other hand, the most horizontal 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 (statistically insigniﬁcant) changes in the diversity metric 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 empirical measurements 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 practice, this means 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

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, analyses could be made based on the estimated full diversity of the plant
groups. It also enabled the identiﬁcation of the most 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 expected species richness of various plant groups, and by comparing
those results with the reference sample, the number of missing species
was determined. Combining unidentiﬁed species with the species traits,
we were able to determine the macrophyte groups that are difﬁcult to
identify. This approach may support survey planning and diversity estimates 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 structural algae, contained in the leaf area I group – proved to be challenging
in terms of making a full inventory (a relatively high percentage of species 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 identiﬁcation 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
9
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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 revealed 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 analyzed 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 extrapolation approach, and the identiﬁcation of groups of species requiring an extensive sampling effort is important when conducting
environmental inventories.
The extrapolation method enables various comparisons of plant diversity 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 constraints, 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 diversity metrics, indicating that their estimation does not require an extensive sampling effort and the extrapolation approach is not needed.
The survey made it possible to analyze the biodiversity of river macrophytes 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 conservation purposes. It may be a reasonable solution given the ﬁnancial and logistical 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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