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Abstract
A study was carried out to estimate the effect of trophic degradation on the diversity of 
aquatic plants in rivers, with the application of rarefaction and extrapolation. The purpose 
of rarefaction was to standardise the uneven number of samples, while extrapolation ena-
bled prediction of the real diversity considering the expected number of species undetected 
by the sampling effort. Both methods were based on three Hill’s numbers: q = 0 (species 
richness), q = 1 (Shannon index) and q = 2 (inverse Simpson index). The macrophyte sur-
vey was carried out at 96 river sites of a uniform abiotic type (medium lowland rivers with 
sandy substrate). Macrophyte diversity was evaluated based on survey data (the reference 
sample) as well as using a dataset standardised by rarefaction and extrapolation. Trends 
in species richness along the trophic gradient were depicted differently by analysis based 
on the reference sample and on the extrapolated dataset. Based on the reference sample, 
the increases of river trophy led to diminishing macrophyte richness, whereas use of the 
extrapolated dataset revealed that the highest plant diversity can be found in mesotrophic 
rivers. The extrapolated dataset showed that most oligotrophic pristine rivers were poorer 
in species than mesotrophic watercourses, and the most limited pool of macrophytes was 
found in highly eutrophic watercourses. Rarefaction/extrapolation methods enable the pre-
cise comparison of plant diversity across sites, by predicting the occurrence of rare species. 
Moreover, the extrapolation method allows assesses of the total biodiversity basing on a 
smaller number of trials (survey samples).
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Introduction

Biological diversity, i.e. variety of ecosystems, species and genes, is one of the Earth’s 
natural resources which is currently under severe threat from human activities. Its effective 
conservation requires appropriate methods for the identification and monitoring of existing 
natural resources (Loreau et al. 2001; Cardinale et al. 2012). Ecosystem diversity is dif-
ficult to quantify, and gathering comprehensive biodiversity data requires a great deal of 
work. Therefore, various metrics have been designed to provide a fast and objective way to 
test key assumptions and to present general trends related to biological diversity status (e.g. 
Dudgeon et al. 2006; Magurran 2004).

Biodiversity metrics are widely used in nature conservation and are utilised as a tool of 
ecological policy in various countries. The EU countries have developed numerous indices 
for estimating the diversity of freshwater organisms, which may be used in monitoring or 
play a fundamental role in the environmental impact assessment (EIA) of water engineer-
ing systems (Furse et  al. 2006; Freni et  al. 2008). River engineering strongly affects the 
freshwater habitat, which is well reflected by the biological elements (Herring et al. 2006; 
Błachuta et  al. 2014). It is therefore important to estimate biodiversity precisely, since 
incorrect evaluation may lead to wrong decisions in natural resource monitoring and man-
agement (Gotelli and Colwell 2001; Hurlbert 1971; Simberloff 1979; Palmer 1990; Col-
well and Coddington 1994; Colwell et al. 2004; Ulrich and Ollik 2005).

Species richness is the simplest and probably most widely adopted metric for assessing 
species diversity, but despite its intuitive suitability, it is problematic for many reasons. 
First, species richness is extremely sensitive to the sample size (i.e. number of samples, 
scope of sampling, etc.). Sampling for comprehensive diversity requires intensive labour, 
but is notoriously incomplete, because most of the species within ecosystems are rare and 
can easily go undetected (Lawton et al. 1998). Rare species should not be ignored, as many 
of them are at greater risk of extinction and they may still play an important role in ecosys-
tem functioning (MacDougall et al. 2013).

The misidentification or non-detection of rare species can also influence other stand-
ard diversity metrics such as the Shannon and inverse Simpson indices. These metrics are 
influenced by species relative abundance; the Shannon index strongly depends on the num-
ber of common species, and the inverse Simpson index is strongly related to the number of 
very common species (Hill 1973; Brewer and Williamson 1994), but still the species rich-
ness component influences their final value. This means that their comprehensive estima-
tion requires extensive investigations.

To reduce the consequences of insufficient sampling records, the quantification of diver-
sity can be supported by rarefaction and extrapolation procedures (Gotelli et al. 2012; Chao 
et al. 2014). This technique has been tested for various organism groups in numerous types 
of ecosystems (Colwell et  al. 2012; MacArthur 1965; Hill 1973; Jost 2006, 2007; Chiu 
et al. 2014; Chao et al. 2014; Longino and Colwell 2011).

The Chao method and Hill’s numbers have been previously used in macrophyte studies 
on German rivers by Steffen et al. (2013) and in river flood plains in Brasil (Moro et al. 
2014) and Argentina (Schneider et al. 2014). The rarefaction and extrapolation methods for 
macrophytes in a single river catchement can be found in Budka et al. (2018). The method 
utilises Chao estimators (2014), to plot a unified species accumulation curve integrating 
rarefaction (interpolation) and prediction (extrapolation), further called the rarefaction/
extrapolation curve. The part of the curve related to rarefaction standardises the biodiver-
sity measures to a set of a smaller number of samples for the purpose of comparison among 
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datasets with uneven sample units. The extrapolation part of the curve allows estimates of 
biodiversity measures for the increased number of samples. In this way the rarefaction/
extrapolation curve improves diversity estimates and enables the comparison of diversity 
between datasets with an uneven number of samples and/or insufficient sampling records.

This study focused on macrophytes, which includes vascular plants, bryophytes (mosses 
and liverworts) and filamentous algae growing in the water. Macrophytes play an important 
role in aquatic environments by providing physical structure (Thomaz and Cunha 2010), 
increasing habitat complexity and heterogeneity which strongly affects other aquatic organ-
isms such as micro- and macro-invertebrates (Bergström et  al. 2000; Lansac-Tôha et  al. 
2003; Takeda et al. 2003), fish (Araújo-Lima et al. 1986; Meschiatti et al. 2000; Vono and 
Barbosa 2001; Theel et al. 2008), waterbirds (Pott and Pott 2000; Guadagnin et al. 2009; 
Klaassen and Nolet 2007), zooplankton or microalgae (Kuczynska-Kippen and Joniak 
2016; Celewicz-Goldyn and Kuczynska-Kippen 2017). The scientific goal of this study 
was to estimate trends in macrophyte diversity along a trophic gradient in rivers. Diversity 
estimation was performed based on a reference sample and on a dataset standardised by 
rarefaction and extrapolation. The aim of rarefaction was to standardise the uneven num-
ber of survey sites in the reference sample, and extrapolation enabled prediction of the 
real diversity considering the estimation of species undetected by the sampling effort. The 
practical goal was to improve the precision of diversity estimates and to increase the effec-
tiveness of ecological inventories in fluvial ecosystems for conservation and management 
purposes.

We hypothesised that diversity estimates based on a limited number of samples differ 
from estimates based on rarefaction and extrapolation so strongly that the ecological clas-
sification of a river may differ as result. We also hypothesised that the sample size required 
for evaluation of full biodiversity (sample coverage) exceeds the possibilities of standard 
plant monitoring in rivers—therefore, to detect full biodiversity, the field survey should be 
supported by extrapolation estimates.

Materials and methods

Survey data

The macrophyte survey was carried out at 96 river sites in the lowland area of Poland 
(Fig. 1). All of the sampled sites belong to a uniform abiotic type: small and medium low-
land rivers with sandy substrate. This is a siliceous type of river, flowing in valleys domi-
nated by fine-grained sand and sometimes clays and loesses. All of the sites were situated 
below 200 m above sea level, and the catchment areas were smaller than 1000 km2. The 
database has already been analyzed in a previous article that contains more detailed infor-
mation about the character of the botanical and ecological records (Szoszkiewicz et  al. 
2017).

Survey sites were chosen on the basis of the national environmental monitoring data-
base analysis. The classification criterion was the annual average concentration of nutri-
ents, based on twelve monthly water samples The chemical quality of the water was consid-
ered, and 96 rivers representing a wide gradient based on the concentration of phosphorus 
(reactive and total phosphorus) and nitrogen (total nitrogen). Only sites at which nitrogen 
concentration were at least partly correlated with the concentration of phosphorus were 
selected for analysis, to focus our analysis on the degradation gradient corresponding to the 
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typical eutrophication process taking place in the environment. The rivers chosen included 
some from the group of purest rivers in Poland in terms of nutrient content, as well as 
the most polluted and mesotrophic rivers. The chosen watercourses were divided into five 
chemical quality classes—class I consisting of the highest-quality (unpolluted) rivers and 
class V of the most degraded. The numbers of survey sites representing the five quality 
classes were uneven, ranging from 17 to 20 river sites per class. The survey sites (surveyed 
sample) will from hereon be referred to as the reference sample. The numbers of sites in 
the reference sample from the particular quality classes are presented in Table 2.

The macrophyte survey was carried out between 2010 and 2013 in the summer period, 
from July to early September. Each river site was 100 m long, and all aquatic plants were 
recorded, including submerged, free-floating, amphibious and emerged species. Mono-
cotyledonous and dicotyledonous plants were recorded, as well as pteridophytes, mosses, 
liverworts and filamentous algae. A glass-bottomed bucket was used to aid observations. 
Taxonomic identification was performed to species level, except in the case of algae, which 
were distinguished to genus level. The recorded incidence of each species across sampling 
units (the 17–20 rivers within each quality type) was used to calculate the Hill’s numbers 
and the rarefaction/extrapolation curves.

Hill’s numbers

Based on the survey data, Hill’s numbers, as a unified family of biodiversity indices, 
were estimated (Hill 1973). These are expressed in units of effective values of key diver-
sity metrics—number of species, Shannon index and inverse Simpson index (Gotelli and 

Fig. 1  Location of selected survey sites. (Color figure online)
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Chao 2013; Chao et al. 2014). Hill’s numbers are defined in the following way (Chao 
et al. 2014):

where S denotes the number of all species, and pi denotes the relative frequency of the 
ith species in the congeries ( pi = �i

�
∑

�i the probability of occurrence of that species 
divided by the sum of probabilities for all species).

The parameter q defines the sensitivity of the diversty metric to the relative frequency 
of occurence of species in the environment (i.e. rare versus abundant). Assuming q = 0, 
we get 0Δ = S , which is the measure of species richness. For arithmetic reasons, in the 
case where q = 1, we use the boundary value:

thus obtaining the exponential Shannon index. When q = 2, we obtain the inverse Simpson 
index in the form:

As the value of species richness varies with the sample size (number of survey sites from 
17 to 20 for individual river classes)—and consequently with the completeness of the sam-
ple—it is possible to present the expected value of the factor as a function of species cov-
erage (in relation to the pool of species occurring in rivers of a given class). When the 
sample number is infinite, we get (asymptotically) the species richness of all rivers of a 
given class. Analogous curves can be constructed for other biodiversity measures, and they 
are graphs of functions increasing with sample completeness. For a sample size m which is 
smaller (rarefaction) or larger (extrapolation) than the real size, estimators for the first three 
Hill’s numbers have been presented (Chao et al. 2014), allowing the correct curves of bio-
diversity factors to be obtained. The actual sample size—that obtained in field surveys—
will still be called the reference value. The values of the diversity metrics ( qΔ ) based on the 
reference sample are presented in Table 2, where the species richness is an estimation of 
0Δ (Hill’s number for q = 0), Shannon index is 1Δ (Hill’s number for q = 1), and the inverse 
Simpson diversity index is 2Δ (Hill’s number for q = 2). The Chao2 estimator for inci-
dence-based data was used to estimate the real species richness (Chao 1984, 1987, 2014). 
The approach of Colwell et al. (2012) was applied—this suggests the use of those estima-
tors for a value not greater than 2–3 times the real sample size (for extrapolation); then the 
obtained estimators are reliable. Curves for appropriate Hill’s numbers comply with this 
principle, and the estimators used in the study have good properties for rarefaction and 
short-range extrapolation. The work of Chao et al. (2014) also presents a method of setting 
the confidence intervals for the described curves (rarefaction/extrapolation curve), which is 
extremely helpful when drawing conclusions. The confidence intervals for Hill’s numbers 
were obtained using the bootstrap method.
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(

S
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Rarefaction and extrapolation with the use of Hill’s numbers

The diversity ordering of the river quality classes based on the reference sample can be 
verified by the rarefaction and extrapolation method with the use of Hill’s numbers. Trends 
in macrophyte diversity along the trophic gradient were depicted by three integrated rar-
efaction/extrapolation curves, based on the first three Hill’s numbers (Colwell et al. 2012; 
Chao et al. 2014): species richness 0Δ , Shannon index 1Δ and inverse Simpson index 2Δ.

• Integrated rarefaction/extrapolation curves with varying sample size for the first three 
Hill’s numbers were drawn for each quality class, along with corresponding 95% con-
fidence intervals based on the bootstrap method. Extrapolations were carried out for a 
number of survey sites (sample size n) being twice the size of the reference sample. It 
should be noticed that partial overlapping of confidence intervals does not guarantee 
the absence of differences between biodiversity values. Bootstrap method was based on 
100 repetitions which is consistent with the approach presented in the papers of Chao 
et  al. (2014) or Budka et  al. (2018). For some cases, the results for 1000 replicates 
were checked and the conclusions were consistent. To compare the vegetation of riv-
ers in each quality class, three graphs for Hill’s numbers (q = 0, q = 1, q = 2), combin-
ing appropriate rarefaction/extrapolation curves for all compared habitats, were created. 
Extrapolation was carried out up to the basic sample size set by algorithm modelled 
on the basis of the study of Chao et  al. (2014). Based on that paper, analyses were 
extrapolated to the level corresponding to double the reference sample of the smallest 
quality class. In further stages, the results obtained were verified using the approach of 
Chao et al. (2014) by the construction of sample completeness curves (number of sur-
vey sites) and comparison of rarefaction/extrapolation curves as a function of coverage.

Analyses were performed in accordance with the procedure implemented in the R 3.2.4 
environment (R Development Core Team 2013).

Results

The research indicated a wide range of hydrochemical quality in the investigated rivers. 
Five trophic classes were identified, and a significant range of the water parameters concen-
trations was found, including such a key water trophic status indicators as different forms 
of nitrogen and phosphorus, conductivity and B0D5 (5-day biological oxygen demand). An 
exception in this respect was pH, which showed no variation between the identified param-
eters (Table 1).

The highest values of diversity in the reference sample were found for the pristine riv-
ers, where 90 macrophyte taxa were detected 

(

0Δ
)

 , the Shannon index was 69.51 
(

1Δ
)

 and 
the inverse Simpson diversity index was 57.85 

(

2Δ
)

 . All three diversity metrics decrease 
along the trophic gradient, and the lowest values of the calculated three metrics were found 
in the last class: 71 

(

0Δ
)

 , 48.43 
(

1Δ
)

 and 37.86 
(

2Δ
)

 (Table 2). Therefore, based on the non-
standardised data (i.e. the reference sample) a decrease in the diversity metrics along the 
trophic gradient of rivers was observed.

The results of the first step of the analysis (based on reference sample), verifying the 
above relationships are presented in Fig. 2.
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Every river quality class revealed the same pattern on the rarefaction/extrapolation 
curve (Fig. 2)—excluding small initial samples (survey sites), confidence intervals did 
not overlap. Moreover, the same curve order was detected for every quality class: the 
highest values were obtained for species richness, then for the Shannon index (repre-
senting strongly the number of frequent species), and last for the inverse Simpson index 
(strongly related to the number of very frequent species). The species richness curve for 
each class was continuously increasing with an increase in the sample size (number of 
survey sites), whereas the curves representing the Shannon and inverse Simpson indices 
grew considerably only in the initial part; on reaching the extrapolation part (the dotted 
line on the graph) their growth was very limited. In other words, the species richness 

Table 2  Hill’s numbers for 
five river quality classes in a 
reference sample

Class of rivers’ quality

I II III IV V

Number of sites (n) 20 20 17 20 19
Species richness (q = 0) 90 86 85 77 71
Shannon index (q = 1) 69.51 62.57 58.64 53.96 48.43
Inverse Simpson index (q = 2) 57.85 50.13 45.72 43.32 37.86

Fig. 2  Rarefaction/extrapolation biodiversity curves as functions of the number of survey sites (sampling 
units), based on Hill’s numbers qΔ with q = 0 (species richness), q = 1 (Shannon index) and q = 2 (inverse 
Simpson index). The solid line is the rarefaction curve and the dotted line is the extrapolation curve, which 
goes up to double the size of the reference sample. Points representing biodiversity coordinates for the ref-
erence data are marked with dots, and the sample size and the observed Hill’s number in the reference sam-
ple appear in brackets. Extrapolation goes up to double the size of the reference sample, this being n = 40 
for the first, second and fourth class, n = 34 for the third class and n = 38 for the fifth class. The shaded area 
represents 95% confidence intervals obtained using the bootstrap method on the basis of 100 repetitions. 
(Color figure online)



393Biodiversity and Conservation (2019) 28:385–400 

1 3

curve grew significantly along with an increasing sampling effort and still indicated lack 
of completeness at the end of the extrapolation part. Concerning the two remaining indi-
ces, every river quality class showed the relatively limited growth with the increasing 
sampling effort and completeness of the sample was echived already at the beginning of 
the extrapolation part.

Comparing quality classes, the highest sample completeness was detected for class I 
(Fig. 2), because the 0Δ curve, after an initial phase of increasing, becomes almost horizon-
tal. This means that after the initial phase the number of detected species does not increase. 
At the other extreme, the class IV curve exhibits sustained increase after the initial phase. 
This means that new species are detected with additional survey sites. The extrapolation 
curve was modelled for 40 survey sites (double the reference sample) and its increasing 
character shows that with continued sampling the number of detected species is expected 
to grow. This was confirmed by the predictions presented in Table 3, where the complete 
richness (total number of plant species) in class IV rivers was estimated at 123 species. 
This means that in addition to the 77 species observed during the field survey (reference 
sample) another 46 species are expected to be detected. Moreover, the prediction showed 
that to record the expected 46 plants during a field survey an extremely extensive range of 
additional surveying would have to be completed—it was estimated that to identify the full 
set of species in class IV rivers another 236 sites would have to be surveyed. On the other 
hand, identification of the full richness of the class I rivers (101 species) requires only an 
additional 62 sites to be surveyed.

Comparisons of rarefaction/extrapolation curves for the five quality classes are pre-
sented in Fig. 3, separately for 0Δ (Fig. 3a), 1Δ (Fig. 3b) and 2Δ (Fig. 3c). The biodiversity 
comparison is based on 34 sites (basic sample size n = 34) as double the size of the sample 
for the class with the smallest number of sites (class III). The 0Δ curves (species richness) 
intersect each other, which means that the order of rivers representing different quality in 
terms of their biodiversity depends on the size of the sample to be analysed (the number of 
surveyed sites). When a sample was small (below the size of the reference sample) the river 
quality ordering corresponded to the species richness; for the most pristine rivers (qual-
ity class I) species richness was estimated at 90 taxa, followed by class II (86), class III 

Table 3  Observed and estimated number of species in five river quality classes

n number of sites
Q1 number of species represented by exactly one sample
Q2 number of species represented by exactly two samples
Sobs observed species richness
Sest estimated asymptotic species richness, based on the Chao2 estimator
x% number of additional samples needed to reach x% of  Sest

Class of riv-
ers’ quality

n Sobs Q1 Q2 Sest Missing 
species
Sest −  Sobs

G
80%

G
85%

G
90%

G
95%

G 100%

I 20 90 20 18 101 11 – – 1 9 62
II 20 86 24 11 111 25 2 9 17 32 127
III 17 85 27 14 110 25 2 6 13 24 97
IV 20 77 26 7 123 46 22 33 47 72 236
V 19 71 25 11 98 27 7 13 21 36 128
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(85), class IV (77) and finally class V (71). When a large sample was considered (n = 34 
sites) the river quality ordering did not correspond to the species richness, and the group of 
mesotrophic rivers (quality class IV, III and II) appeared as the richest in species, followed 
by pristine rivers (quality class I). The most degraded rivers remained the most poor in 
species.

The differences in the 0Δ estimations between the five quality classes were not large; 
the confidence intervals were not always separated (Fig. 3a). We can only conclude that the 
first quality class differs significantly from classes IV and V in terms of species richness, 
and classes II and III differ from class V. However, we did not see significant differences 
in species richness within the first three quality classes or within the two last classes. Our 
inferences were made at a significance level of α = 0.05.

As noted earlier, the first quality class was characterised by the highest dataset com-
pleteness, which resulted in a small increase in species richness when the sampling effort 
was increased above 17 sites (comparing with the measured species richness based on 

Fig. 3  Integrated curves of rarefaction/extrapolation, presented as a function of the sample size for: a q = 0 
(species richness), b q = 1 (Shannon index), c q = 2 (inverse Simpson index). Roman numerals (I, II, etc.) 
correspond to the respective quality classes of rivers. (Color figure online)
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reference sample). As a result, it is observed that up to the basic value of the sample, a 
change in the order of richness within the first three quality classes takes place. The highest 
estimated value was in quality class III (101.08), followed by class II (99.71) and class I 
(98.29); however, these values do not differ significantly.

In the case of the diversity metrics related to the number of frequent species ( 1Δ , Shan-
non index) and those occurring very frequently ( 2Δ , inverse Simpson index), the order of 
the quality classes was consistent with the trophic gradient of rivers, I > II > III > IV > V. In 
both cases, the only significant differences observed were between the class I rivers and the 
other classes, except for class II, and between classes II and III and class V (Fig. 3a).

The results obtained were confirmed by the construction of sample completeness curves 
(number of survey sites). With the standardised sample size for 20 < n≤ 34, the highest cov-
erage was estimated in class I (maximum for n = 34: 98.6%), then in class III (maximum 
97.6%), class II (maximum 96.8%) and class V (maximum 96.3%), with the lowest cover-
age in class IV (maximum 95.1%). Comparison of the rarefaction/extrapolation curves as 
a function of coverage functions for all three Hill’s numbers, with high coverage values, 
confirmed the order of the biodiversity indices of the five quality classes analogously to the 
curves in Fig. 3. There was therefore a correspondence between the conclusions regarding 
the values of biodiversity estimators drawn on the basis of both curve types.

Discussion

The study has shown that evaluation of river plant diversity is difficult to quantify, and 
advanced analytical tools must be applied. It was found that the ordering of rivers rep-
resenting various quality classes according to diversity metrics was different if based on 
extrapolating the reference sample, rather than when the presence of rare species was 
extrapolated. The ordering based on the reference sample (17–20 river sites per quality 
class) showed that growth in river trophy leads to diminishing biodiversity (Table 2). The 
same pattern was observed in the case of all diversity metrics considered: species richness, 
the Shannon index and the inverse Simpson index. Ordering based on based on a larger 
number of samples (double the reference sample) showed the highest species richness 
(q = 0) to be that of mesotrophic rivers—the most rich in species was class II, followed 
by class III rivers. The pristine class I rivers dropped to third place. The most polluted 
rivers remained as poor in species. The change in the order of quality classes based on 
extrapolated samples, relative to the reference samples, confirms the hypothesis that data 
standardisation can modify the picture of macrophyte diversity change along the trophic 
gradient. We confirmed that extrapolation is a useful technique to reveal the diversity pat-
tern of running waters, as has been found in other types of ecosystems (Colwell et al. 2012; 
Chao et al. 2014).

Analyses show that the estimated number of species for full diversity in each river 
quality class varies between 98 (class V) and 123 (class IV). This value seems to be 
large when compared to the number of species recorded but it corresponds well to the 
overall river plant biodiversity resources of lowland Poland. The total aquatic flora of 
these watercourses is estimated at about 115 vascular plant species (Rutkowski 2008; 
Bernatowicz and Wolny 1969). As well as true macrophytes another 63 terrestrial vas-
cular plants may potentially develop in the river bank zone (Rutkowski 2008). This 
number should be increased by bryophytes, with 10 liverworts and 15 mosses (Jusik 
2012). Additional 15 semi aquatic mosses are regularly recorded in lowland rivers with 



396 Biodiversity and Conservation (2019) 28:385–400

1 3

sandy substrate (mainly Bryopsida and Mnium species). Moreover, nine multicellular 
algae may potentially be found in this type of watercourses (Cladophora, Ulva, Vauche-
ria, Oedogonium, Ulothrix, Spirogyra, Hildenbrandia, Rhizoclonium, Stigeoclonium). 
The predicted number of species corresponds well with the river flora resources esti-
mated for the European Lowlands by Szoszkiewicz et  al. (2006) and Ellenberg et  al. 
(1992).

The study also demonstrated the application of the rarefaction approach in biodiver-
sity assessment. In our case, the number of surveyed sites was uneven among the com-
pared river quality classes, but these differences were small—the reference sample varied 
between 17 and 20 river sites per quality class. The role of rarefaction is the standardisation 
of an uneven number of samples, but in our case the differences were not distinct enough 
to detect any change in macrophyte diversity along the trophic gradient. Therefore we were 
unable to confirm part of the hypothesis put forward. Nevertheless, the literature shows 
that diversity comparisons with various organisms in different ecosystems can often lead to 
incorrect conclusions when the samples are uneven, and based on the rarefaction plot the 
risk of error can be minimised (Colwell et al. 2012; Chao et al. 2014).

The extrapolation of the diversity metrics for rivers representing various quality classes 
changed their order only when the number of species was considered; the orderings based 
on the Shannon index and the inverse Simpson index were not changed (Fig.  3). The 
change in ordering based on species richness was a result of the abundance of rare species 
which are not detected in the reference sample. However, the flattened extrapolation curve 
(Fig. 2) for the class I rivers showed the highest completeness of species of the reference 
sample. On the other hand, the sharply increasing extrapolation curve for the impacted 
rivers showed a high number of rare species in the reference sample, indicating expected 
growth in identified species in the enlarged pool of sampled sites.

The highest deficit of identified species was found for class IV rivers, where 77 spe-
cies were found in the reference sample and another 46 taxa were expected to be present 
(Table 3). Generally, the highest species richness was estimated for the rivers represent-
ing a medium level of trophy (class IV, followed by class II and III). The most species-
poor type of rivers appeared to be the most polluted (class V). The identified pattern of 
river diversity supports the intermediate disturbance hypothesis (Connel 1978), revealing 
the greatest compositional variation at a moderate degree of degradation. This pattern has 
been identified in relation to aquatic plants in the nutrient gradient in the previous studies 
(Szoszkiewicz et al. 2017) showing higher species richness of moderately eutrophic sites 
comparing with the most impacted watercourses as well pristine brooks. This tendency was 
also indirectly confirmed in various studies where linear relationship between eutrophica-
tion and species richness in the wide trophy gradient was not found (Svitok et al. 2016; 
Szoszkiewicz et al. 2014; Thiébaut et al. 2002, 2006) or it was very weak (Hrivnak et al. 
2014). These studies confirmed strong relationship of various macrophyte metrics as well 
as distinctiveness of species composition along the trophy gradient although very limited 
linear relationship with species richness as well as other diversity metrics was found. Our 
studies based on the complete richness confirmed the conclusions of the mentioned papers 
which based on statistically incomplete field sample (reference sample).

The analyses have shown that diversity estimates based on the full richness  (Sest, see 
Table 3) would reveal a different trend in species diversity along the trophic gradient. Nev-
ertheless, ordering based on the basic sample size (n = 34) is regarded as giving a better 
species diversity estimation than full richness estimates. Colwell et al. (2012) proved that 
reliable diversity estimations should be based on an extrapolated sample size which is not 
greater than 2–3 times the size of the real sample.
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The study has shown that the extrapolation method is an effective method of diversity 
assessment in rivers, able to estimate the complete richness of plant species. The applied 
extrapolation procedure assesses realistic estimate of the total number of plants in small 
and medium lowland rivers with sandy substrate. It was also predicted that to detect every 
single species with a field survey, an extremely extensive survey programme would be 
required. For the potentially most species-rich group of rivers (quality class IV) the number 
of required river survey sites was estimated as 236 (Table 3). The highest completeness of 
species in the reference sample was found for class I rivers, but still 62 sites would need 
to be surveyed to detect the missing 11 species. The predicted extensiveness of the survey 
programme to cover the full species richness confirms the second initial hypothesis (the 
sample size required for evaluation of full biodiversity (sample coverage) exceeds the pos-
sibilities of standard plant monitoring in rivers—therefore, to detect full biodiversity, the 
field survey should be supported by extrapolation estimates.).

It was found that to cover the full macrophyte species richness a very labour-intensive 
survey programme is needed; therefore the extrapolation approach seems to be extremely 
attractive for the conduct of diversity studies. Field surveying on such a large scale often 
exceeds the capability of most study projects. An example may be one of the largest inter-
national projects devoted to rivers—STAR (Furse et al. 2006)—which included a total of 
263 sites sampled in 11 countries on 22 river types. Other study projects have been based 
on much smaller trials (Armitage et al. 2003, Schneider et al. 2012). Since in our study, 
which was limited to a single river type, comprehensive evaluation would have required 
between 62 and 236 survey sites, it is clear that the biodiversity estimates are usually based 
on highly insufficient data. The extrapolation approach seems to be an effective solution in 
various scientific and applied diversity inventories for conservation purposes and for envi-
ronmental impact assessment procedures in river engineering.

The study has demonstrated that surveying the biodiversity of variety of ecosystems is 
a complicated issue, and requires a well-designed field survey programme with consider-
able support from analytical tools such as rarefaction and/or extrapolation. Using only sim-
ple statistics (average, median) in relation to the field samples is likely to be insufficient, 
whereas identification of all occurring species exceeds the capabilities of survey projects. 
In our study, we have shown that biological evaluation based on a limited number of survey 
sites (the reference sample) can lead to false conclusions regarding the species richness of 
river ecosystems and probably similar problems in other types of ecosystems.

Conclusions

The rarefaction/extrapolation method enables the precise comparison of plant diversity in 
different fluvial ecosystems, with consideration of rare species.

Trends in species richness along the trophic gradient were depicted differently by analy-
sis based on the reference sample and on an extrapolated dataset.

Full evaluation of macrophyte variety in rivers, detecting every single species, requires 
a very high number of sampling units, and the use of the extrapolation method allows esti-
mation of the species diversity on the basis of a smaller number of samples. The biodiver-
sity extrapolation approach is an effective solution to reduce the cost of labour-intensive 
survey programmes.

Analysis based on extrapolation curves showed that the growth of trophy in rivers leads 
to diminishing diversity value as reflected by metrics based on the relative abundance of 
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plants (the Shannon index and the inverse Simpson index). Ordering based on macrophyte 
taxa richness showed that the highest plant diversity occurs in mesotrophic conditions. The 
most oligotrophic pristine rivers are poorer in species than the mesotrophic, but the rivers 
poorest in species are those that are highly eutrophic.

Ecological assessment of rivers based on a small number of sampling units may lead to 
incorrect conclusions regarding the species richness. The extrapolation approach improves 
the precision of diversity estimates and increases the effectiveness of ecological inventories 
in fluvial ecosystems for conservation and management purposes.
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