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SUMMARY

1. Charophytes grow attached to soft bottoms in ponds, streams, lakes and estuaries and are highly

threatened throughout Europe according to the national Red Lists. We used Danish studies on fresh-

water charophyte distributions conducted around 1940 and repeated measurements during recent

years to evaluate the historical development of species richness and dominance patterns. We also

tested to what extent historical changes of species abundance in 29 waterbodies were related to

landscape features, water quality and species traits.

2. We found that three species of freshwater charophytes (Chara filiformis, Tolypella intricata and

Nitella gracilis) have apparently disappeared from Denmark while one species (Chara connivens) has

immigrated. National species richness has thus declined from 21 to 19 species.

3. Species abundance based on occurrence in many waterbodies followed a linear rank–log abun-

dance relationship both in the historical and the recent studies. The dominance structure was

stronger today than historically as common species have become relatively more abundant and

uncommon species relatively rarer.

4. Among species traits, perenniality and preference for alkaline waters typical of deep-growing species

in large alkaline lakes, a rare contemporary habitat, were significantly related to the historic species

decline. Species increasing in abundance had wide tolerances to alkalinity and water nitrogen content.

5. Twenty-nine lakes and ponds studied repeatedly showed a significant decline of mean species

richness from 3.4 to 2.4 during the 70 years. A small increase in species richness has taken place

during the recent 15–20 years in several lakes experiencing reduced nutrient loading. However,

many species survive today in relict populations and may find it difficult to recolonise lakes in which

water quality has improved.

6. The historical decline of species richness was significantly related to higher nutrient concentrations,

higher phytoplankton biomass and lower transparency of eutrophied waterbodies. In contrast, the

amount of wetlands and openness of the landscape close to a waterbody did not predict the historical

development perhaps because local processes or long-distance dispersal determine species richness.

7. Considering together the loss of former freshwater habitats and the deterioration of surviving habitats,

we conclude that charophyte occurrence has declined by about 56% in Denmark during the last 70 years.

Species reductions determined from the reinvestigated waterbodies (29%) and the national species list

(10%) are much lower and are less suitable measures of the developmental status of charophytes.
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Introduction

Charophytes are 5–200 cm tall macroalgae which are

apparently highly threatened by disappearance from soft-

bottom sediments in lakes, ponds, streams and brackish

waters in Nordic and most other European countries (Bla-

zencic et al., 2006; Siemenska et al., 2006; Langangen,

2007). The abundance of freshwater macrophytes in their
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characteristic environment is significantly related to the

specific ecological traits of the species (Sand-Jensen et al.,

2000). Among charophytes, the largest species appear to

be found in clear lakes while the smaller species can also

be found in turbid waters (Blindow, 1992a; Sand-Jensen

et al., 2000). Because of the rarity, the threatened status

and the markedly different ecological traits of charophyte

species, it is particularly important to explore how their

distribution and relative abundance have developed dur-

ing the previous century characterised by intensive

human impact on aquatic ecosystems. Historical analyses

of their distribution in Switzerland and the Netherlands

have shown the decline of particularly the rare species

during the last 100–200 years (Simons & Nat, 1996; Aud-

erset Joye, Castella & Lachavanne, 2002). In Sweden, a

reduction in charophyte populations has been observed

during the 20th century, probably due to worsened light

conditions caused by eutrophication (Blindow, 1992a).

These changes have not, however, been directly related to

habitat changes or to multiple ecological species traits.

Here, we attempt to fill this gap in our knowledge by

establishing the possible causes behind changes in the

abundance of Danish freshwater charophyte species dur-

ing the last 70 years.

A comprehensive study of the distribution of charo-

phytes in Danish waters is available from the early

1900s with the most extensive data being sampled

around 1940 (Olsen, 1944). Recent investigations (1990–

2011) with most data available for 2009–10 have allowed

us to quantify the development of charophyte vegetation

between 1940 and 2010. The historical analysis is compli-

cated in Denmark by the fact that eutrophication peaked

during the period 1980–95, but subsequently declined

up to 2010 (Jensen et al., 2011). While increasing nutrient

richness and water turbidity from 1900 to 1980–95 may

have led to a reduction of species richness of charo-

phytes, the recent decline of nutrient concentrations and

water turbidity may have increased species richness of

charophytes in those habitats experiencing the greatest

improvement of water quality. Therefore, we expect a

mixed response of species richness and composition in

those 29 lakes and ponds that have been examined

repeatedly during the past 70 years.

Habitat loss will reduce the possibility of dispersal of

charophytes to existing habitats and increase the proba-

bility of extinction of the rare species. Widespread dete-

rioration of freshwater habitats has mainly involved

cultural eutrophication by organic matter, nitrogen and

phosphorus from households, fish farms and agriculture

(Moss, 1998). In Denmark, loading of nitrogen and

phosphorus to aquatic environments increased during

the 20th century with loadings starting to decrease in

the 1970s for phosphorus and 1990s for nitrogen

(Miljøstyrelsen, 1991; Kronvang, 2001), although nutrient

loadings are still markedly above pre-1900 levels (Jensen

et al., 2011). Higher concentrations of nitrogen and phos-

phorus in fresh waters have generally stimulated the

growth and biomass development of phytoplankton and

fast-growing filamentous algae. The resultant increased

shading upon submerged flowering plants and charo-

phytes led either to a decline of their depth penetration

or to total disappearance, depending on the severity of

eutrophication and the type of organism (Sand-Jensen &

Borum, 1991; Middelboe & Markager, 1997). Thus, in

waters experiencing intermediate levels of nutrient

enrichment, tall, robust flowering plants capable of

developing their canopy just below the water surface

may have survived, while competitively inferior bottom-

dwelling mosses and charophytes may have disap-

peared (Middelboe & Markager, 1997; Van Den Berg

et al., 1998a; Sand-Jensen et al., 2008). Several charo-

phytes have a high reproductive potential and, in turn, a

high dispersal capacity via birds and for that reason can

become established in new or recently disturbed lakes with

a restricted coverage of rooted plants (Bonis & Grillas,

2002). We therefore anticipate that the charophyte vege-

tation has changed during the last 70 years towards a

stronger dominance of species tolerant of nutrient-

rich and more perturbed conditions, while species spec-

ialised to oligotrophic, stable conditions should have

declined in abundance because this habitat type has

become much rarer.

Aside from habitat-specific eutrophication, the occur-

rence of aquatic plants has also been shown to be posi-

tively affected by the species richness in well-connected

aquatic habitats because of better chances of colonisation

(Dahlgren & Ehrlen, 2005; Akasaka & Takamura, 2011).

Therefore, we expect that, in the reinvestigated Danish

lakes, loss of charophyte species has been less pro-

nounced in lakes surrounded by many other lakes and

ponds.

Drainage of lowland areas to increase the area of

arable land and eutrophication are virtually universal

and have played a pivotal role in reducing the ecologi-

cal status of freshwater systems across the whole of

Europe (Moss, 1998). We therefore predict that the

same tolerant species have become dominant through-

out Europe and that the species undergoing relative

increases or reductions in abundance in Denmark dur-

ing the last 70 years should have behaved similarly in

other parts of Europe experiencing the same environ-

mental impact.
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Materials and methods

Data collection and taxonomy

The historical distribution of charophyte species was

examined in 114 waterbodies with charophyte vegeta-

tion during the period 1937–42 (Olsen, 1944). The con-

temporary study between 1990 and 2011 included 208

localities with charophyte vegetation examined by the

environmental agencies, university researchers (Nygaard

& Sand-Jensen, 1981; Vestergaard & Sand-Jensen, 2000;

Riis & Sand-Jensen, 2001; Sand-Jensen et al., 2008; Anon-

ymous, 2012) gifted botanists (K. Buchwald, M. Holmen,

B. Moeslund and J. C. Schou, pers. comm. 2010–12) and

recently by ourselves (Dahl-Nielsen, 2011). In addition,

the examination yielded the national species richness in

fresh water in the two periods, including rare species

only found outside the waterbodies under focus. Data

from the old and contemporary studies are referred to

as 1940 and 2010, respectively because these were the

years with most information available.

Charophytes were searched for in lakes, ponds, pits,

streams and ditches. To avoid confounding effects of

salinity, we focused on data from freshwater localities

with salinity lower than 0.5& NaCl. Contemporary

vegetation analyses followed national guidelines (Kris-

tensen et al., 1990) and are regarded as more thorough

in large lakes than old studies because of the recent

use of Scuba diving and sampling along several tran-

sects. In the other waterbodies, thoroughness was prob-

ably the same, but Sigurd Olsen (1944), being an

international expert on charophytes, was perhaps more

skilled at identifying charophyte species than recent

investigators. Altogether there were high numbers of

sites and charophyte species records in both the old

investigation (114 sites, 205 records) and the recent

investigation (170 sites, 295 records) allowing compara-

tive measurements of the presence and abundance of

species.

Charophyte species were identified according to Olsen

(1944) and Blindow et al. (2007). When vegetation analy-

ses were available from several visits, a cumulative spe-

cies list was established. Nomenclature followed

German recommendations (Arbeitsgruppe Characeen

Deutschlands, 2010) in both the old and the recent

study. Chara fragilis was historically the most common

Danish species; it is now named Chara globularis. Histori-

cally, Chara virgata was viewed as a variety of C. fragilis

and its specific distribution is thus not known (Olsen,

1944). Accordingly, we regard C. virgata as being present

in 1937–42, although we are unable to determine its rela-

tive abundance. To be consistent, we regard findings of

C. virgata as C. globularis in the further analysis.

Changing abundance and species traits

We determined the frequency of occurrence of every

species in the two studies as the number of records of a

species divided by the number of sites investigated. The

frequency of occurrence is a measure of how abundant a

given species is. To facilitate comparison among all spe-

cies, some of which are very common while others are

very rare or absent in one of the studies, we transformed

the data logarithmically. We used log (x + 1) to ensure

that species that are absent from one of the two studies

are included in the analysis.

We constructed rank-abundance diagrams of species

in historic and recent studies from Denmark by plotting

log (x + 1) versus falling rank of species and comparing

the negative linear slope (Tokeshi, 1993). To compare the

dominance pattern of species in old and recent studies,

we also calculated Pielou’s evenness index (PEX):

PEX ¼
X

pilnpiðlnSÞ�1

where pi is the relative abundance of species 1 to S and

S is species number.

We tested whether changes in the abundance of Dan-

ish species from 1940 to 2010 determined as log (x + 1)

(2010) – log (x + 1) (1940) were correlated with individ-

ual species environmental optimum, tolerance values

and life traits. Environmental optimum and tolerance

values were established as the median and coefficient

of variation (SD/�X; SD is standard deviation, �X is

mean) of total phosphorus, total nitrogen, chlorophyll

a, Secchi transparency and alkalinity in their Danish

growth localities (Anonymous, 2012). The value of each

variable for each site was calculated as time-weighted

mean values preferably for the same year as that in

which the species was recorded. However, in some

instances, when environmental data from the relevant

year were missing data from the years immediately

before or after were used. Lakes with fewer than two

annual records of environmental variables were not

included. Environmental optimum and tolerance values

were established for species recorded in five or more

sites.

Trophic status was also established for 12 species in

the Netherlands from the median values of TP and TN

in their growth localities (Simons & Nat, 1996) to evalu-

ate the importance of independence between trophic
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rank based on distribution patterns in one country (i.e.

the Netherlands) and abundance based on number of

growth localities in another country (i.e. Denmark).

A series of specific traits that could affect the species

abundance could be obtained from the literature on

Scandinavian charophytes (Langangen, 2007) and sup-

plemented by a Polish investigation in the few cases

where Scandinavian data were missing (Gabka, 2009).

The traits included were shoot height, life form, and

production of oospores and bulbils. The maximum shoot

height (cm) was converted to a numerical scale

(0: 0–20 cm, 1: 21–40 cm and 3: >41 cm) to account for

the variation within and among species. Life form data

were included as (i) obligate annual, (ii) obligate peren-

nial and (iii) both annual and perennial. The intensity of

oospore production was provided by Langangen (2007)

for species with low (0) and high (2) production while

species lacking detailed information were considered

intermediary (1). Some species produce bulbils as a

means of vegetative reproduction and these species were

given the value 1, while the rest were assigned the value

0. The oospore and bulbil production were added

together forming an index of reproductive potential (0–

3).

Site-specific changes

An ANOSIM analysis (Clarke, 1993) was applied to eval-

uate whether the composition of charophyte species in

the Danish waters changed between the historic and the

contemporary investigations. This analysis yields a Glo-

bal-R indicating the separation between groups, and a

significance level can be determined for an unbalanced

number of samples. The analysis is therefore well suited

for our type of data. The analysis was performed on

species presence/absence data in the investigated water-

bodies using the program PRIMER 6 (Clarke & War-

wick, 2001).

A number of the sites visited by Olsen (1944), primar-

ily lakes, were also included in the contemporary study

(called reinvestigated lakes) allowing an evaluation of

the development in species richness and its possible

causes during the last approximately 70 years.

Changes in species richness between the two different

periods were tested with a paired t-test. Also available

for these reinvestigated lakes were several environmen-

tal parameters (total phosphorus, total nitrogen, phyto-

plankton chlorophyll a, Secchi transparency and

alkalinity) collected by the counties and other Danish

environmental agencies during the last 30–40 years

(Anonymous, 2012). Correlation analysis was used to

analyse whether the changes in richness of charophytes

were related to the environmental parameters. In order

to determine whether changes in richness of charophytes

were related to past or present environmental lake con-

ditions, we created simple multiple linear regression

models. The environmental variables were split into pre-

and post-1996 observations, normalised and added into

a PCA. Using relative changes in richness as a response

variable and the primary axis score from the two PCAs

as the explaining variables, the model was reduced by

an F-test using a pre-specified significance level of 5%.

To investigate whether landscape features influenced

the development of the charophyte species richness in

the reinvestigated lakes, we used a GIS-based methodol-

ogy (ArcGIS 10, www.ESRI.com) to derive landscape

variables from a contemporary national landcover map

(AIS landcover map, www. ais.dmu.dk). We selected a

group of features known to affect the viability and dis-

tribution of biodiversity at the landscape level. Firstly,

we determined possible sources of species emigration

within three lag distance to each study lake; these were

expressed as (i) the % coverage of wetlands near a rein-

vestigated lake, (ii) the number of lakes >1 ha and (iii)

the number of ponds and lakes <1 ha. The three lag dis-

tances were chosen to express local landscape-level

effects from the three variables mentioned above. These

distances were chosen in order to cover neighbouring

effects (1 km buffer zone from each study site), long-dis-

tance effects (buffer zones from 5 to 10 km from each

site) and intermediate distance effects (buffer zones from

1 to 5 km from each site). We also determined the dis-

tance to a potentially large dispersal source (distance to

a lake >10 ha), distance to nearest inner coastal zone

and lake surface area, and we determined whether a

locality was interconnected with other lakes since this

might also affect the contemporary charophyte richness.

Plant species depending on wind dispersal (Nathan

et al., 2002) and charophyte dispersal depending on

water birds travelling across open areas might be nega-

tively affected by the amount of forest and thereby the

structure of the landscape. Hence, to express the open-

ness of the surrounding landscape, the amount of forest

was calculated within the three lag distances from each

study lake.

To describe the relationship between landscape vari-

ables and trends in charophyte species richness, we con-

ducted two selective model reduction steps. Firstly, we

fitted four individual logistic regression models of the

four variables described in three lag distances from each

site (amount of forest, amount of wetlands, number of

ponds and number of lakes >1 ha). We used a coding
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(1/0) as response variable, where 1 represents a positive

or stable trend in species diversity, and 0 represents a

decline in diversity. In order to obtain convergence in

the models, only main effects of the three lag distances

of each variable were used (Table 1). We performed

model reduction via a v²-test and removed the least sig-

nificant variable until only significant variables

remained. All resulting P-values were evaluated at a 5%

significance level. Secondly, we created a final logistic

regression model containing significant variables from

the first selection step together with distance to inner

coast, distance to a lake larger than 10 ha, lake surface

area and whether the locality was interconnected with

other lakes (Table 1). Since the viability and current rich-

ness of charophytes are affected by nutrient conditions

within each locality (Blindow, 1992a; Van Den Berg

et al., 1998b), we adjusted for this by adding the primary

axis score from a PCA of the basic environmental vari-

ables within the lakes into the model as a confounding

variable. The final model underwent the same reduction

procedure as the four initial models. All statistical analy-

ses were conducted in R v. 2.14.2 (www.r-projekt.com).

As a subset of the reinvestigated lakes was analysed sev-

eral times during the 70-year period, it was possible to

investigate changes in species richness in the lakes dur-

ing the period of progressive eutrophication from 1940

up to 1975–95 followed by the most recent period of oli-

gotrophication up to 2010.

Results

Loss and gain of species

Three charophyte species have apparently disappeared

from Danish fresh waters and one species has appeared.

Tolypella intricata, Nitella gracilis and the extremely rare

Chara filiformis have most likely gone extinct. Chara

connivens has presumably immigrated to Denmark

between 1940 and 2010. Thus, the historic freshwater

charophyte vegetation included 21 species, while the con-

temporary vegetation includes 19 species.

Common and rare species

The two most common contemporary Danish freshwater

species, Chara globularis and C. vulgaris, were also

the most abundant 70 years ago (Table 2). While

C. globularis has retained its relative abundance, C. vulga-

ris and Nitella flexilis (the third most abundant species)

have increased greatly in relative abundance.

Three species mainly associated with deep oligo-

trophic, alkaline lakes have become less abundant and

are threatened by extinction in Denmark or have already

gone extinct: Chara filiformis, C. intermedia and C. rudis.

Nitella opaca, which used to be relatively widespread in

streams and ditches in the past, is also a rare species

today (Table 2).

Table 2 The abundance (frequency of occurrence, %) of freshwater

charophyte species in the historic (1940) and recent investigations

(2010). Also shown are categorical traits for shoot height, lifer form

and reproductive potential. Recordings with asterisk (*) are species

not present in the investigated lakes, but found in Denmark within

the focal period. N/A indicates no information found in the

literature

Species 1940 2010

Shoot

height Life form

Reproductive

potential

Chara aspera 11.4 16.5 1 3 1

Chara connivens 0.0 2.4 0 3 1

Chara contraria 12.3 10.0 1 3 2

Chara denudata 2.6 1.2 1 N/A 1

Chara filiformis 0.9 0.0 1 2 0

Chara globularis 59.6 56.5 2 3 2

Chara hispida 16.7 5.9 1 3 1

Chara intermedia 11.4 0.0* 2 2 1

Chara polyacantha 1.8 0.0* 2 2 2

Chara rudis 7.0 0.6 0 2 1

Chara tomentosa 7.9 4.1 2 2 0

Chara vulgaris 26.3 32.4 2 3 2

Nitella capillaris 0.0* 1.2 0 1 1

Nitella flexilis 3.5 28.2 2 3 1

Nitella gracilis 0.9 0.0 0 3 1

Nitella mucronata 0.9 0.0* 1 2 0

Nitella opaca 5.3 0.0* 2 2 1

Nitella tranlucens 2.6 4.1 1 3 0

Nitellopsis obtusa 6.1 7.6 2 1 1

Tolypella glomerata 2.6 1.2 0 1 1

Tolypella intricata 0.0* 0.0 1 1 1

Tolypella nidifica 0.0* 1.8 0 1 2

Table 1 Environmental and landscape variables measured in the

reinvestigated lakes. The environmental variables were measured

at the peak of eutrophication between 1980 and 1995 and again

after progressive oligotrophication between 1996 and 2010. Land-

scape variables were calculated based on cartographic material

from 2006

Environmental* Landscape†

Total phosphorus (lg P L�1) % land use (forest, wetland)

Total nitrogen (lg N L�1) Number of ponds (<1 ha) ha�1

Chlorophyll a (lg L�1) Number of lakes (>1 ha) ha�1

Secchi transparency (m) Connection to other lakes (yes/no)

Alkalinity (meq L�1) Distance to nearest lake (km)

Distance to inner coastline (km)

*Time-weighted annual average.
†Buffer zones at 0–1 km, 1–5 km, 5–10 km distance from the lake.
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Species abundance and composition patterns

As anticipated, the relative abundances of species in the

old and recent study were significantly positively corre-

lated (Fig. 1). Negative slopes of species abundance

versus falling rank for all species were nonetheless signifi-

cantly steeper in the recent than the old studies (Fig. 2),

reflecting a contemporary community more characterised

by dominance. This interpretation is supported by Pielou′s

evenness index being higher in the 1940 study (0.79) than

in the 2010 study (0.75).

The ANOSIM analysis allowed investigation of changes

in species composition at the sites in the two periods.

Using the 114 historic and 168 contemporary sites with

known charophyte species composition, the ANOSIM

yielded a Global-R of 0.047 (P = 0.01), showing a signifi-

cant change in species composition between the early and

the recent period. The relatively low Global-R value indi-

cates some degree of overlap between the periods.

It is likely that species preferences and species traits

influence changes in species abundance over the last

70 years. We tested the correlation between the environ-

mental optimum and tolerance values (median and coef-

ficient of variation) of the environmental variables

measured at the sites where each species were present

with the differences in abundance between the old and

the recent study (Table 3). The species optimum and tol-

erance of alkalinity was significantly correlated with

changes of abundance, implying that species preferring

high alkalinity have declined in abundance from 1940 to

2010 and that species increasing in abundance have a

broad alkalinity tolerance. Also, the increasing species

have a wider tolerance of lake nitrogen content, suggest-

ing an ability to thrive under different trophic condi-

tions. The trophic status values from the independent

Fig. 2 Abundance versus species rank (x) of the fifteen most abun-

dant Danish freshwater charophytes in 1940 (open circles) and in

2010 (closed boxes). Abundance was calculated as log (x + 1),

where x is the % species frequency of occurrence. The linear regres-

sion line for the fifteen most abundant species was significantly

steeper in 2010 than 1940 (P < 0.01).

Table 3 The environmental optimum and tolerance values of nine Danish charophyte species (median value/coefficient of variation). The

values are calculated from the environmental variables at all the growth sites of the species.

Species Alkalinity* (meq L�1) TP (lg L�1) TN† (lg L�1) Chlorophyll a (lg L�1) Secchi depth (m) Number of sites

Chara aspera 1.99/0.43 50.7/0.80 1220/0.56 12.1/1.17 1.32/0.73 27

Chara contraria 2.18/0.33 52.7/0.79 1044/0.52 13.1/0.74 2.13/0.56 17

Chara globularis 2.15/0.45 62.1/1.26 1227/0.55 14.1/1.03 1.63/0.67 90

Chara hispida 2.60/0.33 21.1/0.81 951/0.37 8.3/0.81 0.98/0.82 10

Chara tomentosa 2.43/0.24 44.0/0.47 1038/0.33 9.9/0.66 1.38/0.74 7

Chara vulgaris 2.45/0.36 50.8/0.69 1189/0.63 14.6/0.90 1.84/0.66 55

Nitella flexilis 0.93/0.88 43.0/1.45 1014/0.75 12.6/1.11 1.64/0.72 46

Nitella translucens 0.42/1.19 29.2/0.75 897/0.78 8.8/0.94 1.64/0.70 6

Nitellopsis obtusa 2.19/0.26 54.5/0.51 1143/0.44 15.0/0.63 1.27/0.72 13

*Both optimum and tolerance values are significantly correlated with the change of species abundance (Spearman P < 0.05).
†The tolerance values are significantly correlated with the change of species abundance (Spearman P < 0.05).

Fig. 1 Relationship between the abundance of charophyte species

in early (1940) and recent Danish studies (2010). The dotted line is

the 1 : 1 line. Abundance was calculated as log (x + 1), where x is

the % species frequency of occurrence.
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Dutch investigation (Simons & Nat, 1996) did not

correlate with the changes in abundance of the Danish

charophyte species (data not shown).

Changes in species abundance could be tested against

the independently collected categorical traits (Table 2).

The analyses showed that obligate perennial species

declined significantly more than either obligate annuals

or species capable of exhibiting both life forms (Kruskal-

Wallis P = 0.004). Shoot size and reproductive potential

did not appear to influence the changes in abundance

(Spearman rank, P > 0.05). Accordingly, it appears that

perennial species and species with preference for highly

alkaline waters are the most vulnerable and subject to a

significant decline, while species tolerant of variable alka-

linity and nitrogen content have increased in abundance.

Species number and composition in revisited Danish

localities

Mean species richness of charophytes in the 29 freshwa-

ter ponds and lakes that were investigated in both 1940

and 2010 was 3.4 in the early investigation and signifi-

cantly lower at 2.4 (paired t-test, P = 0.03) in the recent

investigation. Nine of these waterbodies lost their charo-

phyte vegetation entirely and eight other waterbodies

had reduced species richness in the present investigation

resulting in a decrease in species richness in 58% of the

sites (Fig. 3). In 21% of the sites, no change in richness

was observed while an increase in richness was found

in the remaining 21% sites.

There was a significant linear correlation between sev-

eral of the investigated environmental variables (total

phosphorus (TP), total nitrogen (TN), chlorophyll a, Sec-

chi transparency and alkalinity) and the relative decline

of species richness in the reinvestigated lakes during the

recent decades (1980–95 to 1996–2010) where environ-

mental measurements were available (Table 4). All rela-

tionships suggested that higher nutrient concentrations

increased the loss of original species. The environmental

variables derived from the strongest eutrophication per-

iod (1980–95) had a stronger effect (F = 10.06, P < 0.01)

on the relative changes in richness of charophytes than

the contemporary environmental variables from 1996–

2010 (F = 0.03, P = 0.87).

The four initial models of landscape features indicated

that forest within 5–10 km, number of lakes >1 ha within

5–10 km and number of ponds within 0–1 km from each

site had an effect on the trends in charophyte richness

(Table 5). However, the final model showed that none of

the spatial variables had any significant effects on

changes in diversity (L = 2.77, P = 0.09). This result sug-

gests that the changes in charophyte diversity in Den-

mark are not controlled by any of the spatial variables of

the landscape surrounding the investigated sites.

Recent oligotrophication

Recent oligotrophication of Danish lakes resulting from

the decrease in nutrient loading might have caused an

increase in species richness of charophytes. Thirteen of

the reinvestigated lakes had botanical inventories made

in 1940, 1980–95 and after 2000 making it possible to

search for an effect of the recent oligotrophication (Fig. 4).

Paired tests showed a significant decline in species rich-

ness from 1940 to 1980–95 (Wilcoxon, P = 0.03) while no

differences were found between the other periods for this

Fig. 3 Species richness of charophytes in 29 reinvestigated ponds

and lakes in the past (1940) and recently (2010). The dotted line is

the 1 : 1 line.

Table 4 Correlations between the relative change of species rich-

ness from 1940 to 2010 in the reinvestigated lakes and environmen-

tal variables measured at the peak of eutrophication (1980–95) and

more recently after some nutrient reduction (1996–2010). Positive
correlation coefficients indicate that lakes with a high value of a

variable in the specific period lost a higher percentage of the origi-

nal species richness

Environmental variable

Correlation

coefficient

(P-value)

Total phosphorus 1980–95 0.55 (0.008)

Total phosphorus 1996–2010 0.47 (0.028)

Total nitrogen 1980–95 0.44 (0.041)

Total nitrogen 1996–2010 0.44 (0.04)

Chlorophyll a 1980–95 0.25 (0.27)

Chlorophyll a 1996–2010 0.33 (0.18)

Secchi depth 1980–95 �0.26 (0.27)

Secchi depth 1996–2010 �0.47 (0.028)
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subsample. In five of the 13 lakes, however, an increase in

species richness was observed between 1980–95 and after

2000, while only one lake lost species (Fig. 4).

Discussion

Historic changes of charophytes

Charophytes were still widespread and abundant in

European countries up to 100–300 years ago in

resource-limited and physically stable habitats such as

cold, low-light bottom waters of deep oligotrophic lakes

and phosphorus-limited calcareous lakes (Hasslow, 1931;

Iversen, 1929; Olsen, 1944; Nygaard & Sand-Jensen,

1981; Klein, 1993). Thanks to rapid dispersal and coloni-

sation by oospores, some charophyte species were and

still are transiently abundant in newly established ponds

and pits before rooted plants gradually take over and

outcompete them (Olsen, 1944; Crawford, 1977; Wade,

1990). Resource-limited, physically stable habitats or

newly established ephemeral habitats have become

much rarer in the more densely populated and inten-

sively cultivated European landscapes of today and

charophytes have found themselves in more marginal

and threatened positions than before (Agger & Brandt,

1988; Biggs et al., 2005; Munsterhjelm, Henricson &

Sandberg-Kilpi, 2008; Sand-Jensen et al., 2008). In Den-

mark, 85% of the species are proposed to belong to Red

List categories (Baastrup-Spohr et al., 2013) and the per-

centage of species on the Red List is 50–87% across

European countries (Schmidt et al., 1996; Blazencic et al.,

2006; Siemenska et al., 2006). These percentages are

higher than for other aquatic plants species groups that

we know of (G€ardenfors, 2010; K�al�as et al., 2010). The

extremely threatened status of charophytes can be

explained by loss of their habitats in transparent oligo-

trophic lakes at the greatest water depths of submerged

macrophyte growth and inability to compensate for tur-

bid waters by developing tall shoots and to compete

with flowering plants in dense communities in nutrient-

rich habitats (Blindow, 1992b; Van Den Berg et al., 1999).

We document here an overall historic decline in spe-

cies number of freshwater charophytes in Denmark from

21 to 19 species during the last 70 years. Species richness

has also declined in Switzerland (26 to 22), (Auderset

Joye et al., 2002). The modest overall decline of national

species richness sounds much less alarming than the high

Table 5 Effect of landscape features on the trends in charophytes

species richness during the last 70 years. The initial landscape, sig-

nificant variables in the initial models and the final landscape

model are shown. The included variables in the model were calcu-

lated in three lag zones surrounding the lake (0–1 km, 1–5 km and

5–10 km). The variables are forest (% cover), wetlands (% cover),

lakes >1 ha (count), ponds <1 ha (count), distance to a large

(>10 ha) lake (km), distance to inner coastline (km), connection to

other waterbodies (yes/no) and the score of a primary PCA axis on

environmental conditions in the lakes

Model Initial model variables

Significant

variables

Forest Richness trend~ forest

0–1 km + forest 1–5 km

+ forest 5–10k

Forest 5–10k

(L = 4.00,

P < 0.05)

Wetland Richness trend ~ wetland

0–1 km + wetland 1–5 km

+ wetland 5–10k

None

(L = 1.54,

P = 0.21)

Lakes > 1 ha Richness trend ~ lakes 0–1 km

+ lakes 1–5 km + lakes 5–10k
Lakes 5–10k
(L = 8.19,

P < 0.01)

Ponds Richness trend ~ ponds 0–1 km

+ ponds 1–5 km + ponds 5–10k

Ponds 0–1 km

(L = 12.32,

P < 0.001)

Final Richness trend ~ PCA1 + area_lake

+ lakes 5–10 km + ponds 0–1 km

+ forest 5–10 km + distance to

coast + distance to lake >10 ha

+ lake_connection

None

(L = 2.77,

P = 0.09)

Fig. 4 Species richness of charophytes in thirteen lakes measured

three times between 1940 and 2010. Five lakes have experienced a

recent increase of species richness (upper panel), whereas no recent

changes occurred in the other lakes aside from one lake experiencing

a minor richness reduction (lower panel). Overall, there was a signifi-

cant decline of species richness from 1940 to 1980–95 (Wilcoxon test

P = 0.02), but no significant change between either 1940 or 1980–95

and the contemporary investigation (P = 0.24 and P = 0.14).
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proportions of species on the national Red Lists because

most species are still present within the countries though

in diminishing populations and at fewer localities. In that

respect, changes in species number in the same localities

offer a more precise quantitative descriptor of the devel-

opment. In 29 of such Danish localities, the mean species

number of charophytes per locality declined from 3.4 to

2.4 (29%) over the past 70 years due to habitat deteriora-

tion. Still, this comparison does not include former charo-

phyte localities, mostly small ponds and pits, which have

been lost entirely by being drained or filled in. Fifty-four

such localities contained, on average, 1.43 species in

Olsen’s (1944) historical study. If we assume that lost

ponds and pits amounted to twice the number of

retained localities (Sand-Jensen et al., 2000; Fog, 2011),

represented by the aforementioned 29 localities with a

mean decline of species richness from 3.4 to 2.4, then the

average historical decline of charophyte occurrences in

Denmark as a combined result of habitat deterioration

and habitat loss would amount to 56%. In comparison,

Danish species richness declined by only 10% and is a

much less sensitive measure of the overall status of

charophytes because one growth site for a species con-

tributes with the same score as numerous growth sites.

Our comparisons among localities document a signifi-

cant correlation between the decline of species richness

and the impoverished water quality due to eutrophica-

tion (i.e. higher nutrient concentrations, phytoplankton

biomass and water turbidity) in accordance with numer-

ous former investigations (Jupp & Spence, 1977; Lachav-

anne, Perfetta & Juge, 1992; Sand-Jensen et al., 2000;

James et al., 2005). In 13 lakes investigated three times

during the 70 years, we also observed an increase in

species richness in five of the lakes after nutrient loading

has been reduced during the last 15 years. Although

this overall increase of charophyte richness was not

statistically significant, it has been quite distinct in lakes

experiencing a great improvement of water quality (Van

Den Berg et al., 1999; Jeppesen et al., 2005; Sand-Jensen

et al., 2008). These observations stress that the charo-

phyte vegetation can recover, although it is questionable

whether full recovery to the pre-1940 level of richness is

possible given that some species have gone nationally

extinct, that several species only survive in relict popula-

tions in a few localities, and that it is doubtful whether

lakes fully return to their former nutrient status.

Processes behind charophyte losses

It is not the eutrophication of waterbodies alone, but a

combination of deterioration of waterbodies (i.e. by

eutrophication and physical disturbance) and total loss

of suitable waterbodies that has led to decline of the

charophyte vegetation in European countries. The loss

or decline of 38 populations of Chara tomentosa and the

stable occurrence or positive development of only seven

populations in the low-saline brackish waters of SE Fin-

land between the 1890s and 2003 illustrate the harmful

human impact (Munsterhjelm et al., 2008). In 27 of the

Finnish localities, the charophyte decline could be linked

to either eutrophication (19 cases of stimulated growth

of filamentous algae and nine cases of higher input of

nutrient-rich drainage water), higher physical impact

(10–11 cases of shore activity, dredging, sediment spread

and boat traffic) or a combination of the two impacts

(i.e. 18 cases of higher water turbidity from phytoplank-

ton and sediment particles). The general loss of water-

bodies with charophyte vegetation can be illustrated by

the vast decline of ponds in Great Britain from 1.2 mil-

lion in 1880 to only 0.3 million in 1990 (Biggs et al.,

2005), and the same 70–80% decline of ponds and shal-

low lakes has taken place in Denmark from 1900 to 1990

(Kristensen, Reenberg & Pena, 2009; Fog, 2011).

We initially proposed, but were unable to confirm,

the existence of significant relationships between the

richness of charophytes in focal waterbodies and fea-

tures of the landscape surrounding the lakes. These

findings suggest that species richness of the individual

waterbody is primarily dependent on its water quality

and that dispersal from waterbodies located close by

is not a critical factor for the occurrence because either

long-distance dispersal or local processes are sufficient

to sustain species richness.

Like terrestrial mosses, lycopods and ferns, charophytes

have ended up in more marginal and resource-poor habi-

tats than the more recently evolved flowering plants

(Bates, 1998). Charophytes and mosses can be expected to

be restricted by the lack of roots, solid stems and vascular

tissue for efficient nutrient uptake and translocation while

lycopods and ferns can be expected to be restricted by the

lack of secondary growth and well-protected seeds com-

pared with flowering plants. Although these functional

shortcomings have excluded charophytes, mosses, lyco-

pods and ferns from resource-rich, unperturbed habitats,

their long-term evolutionary histories have adapted them

to the marginal, resource-poor habitats through their

exceedingly low growth rates, high persistence and capac-

ity for long-distance dispersal of spores between widely

scattered habitats (Hedderson, 1992; Longton, 1992).

Charophytes and aquatic mosses have systematically

lower growth and photosynthetic rates than aquatic

flowering plants (Kautsky, 1988; Nielsen & Sand-Jensen,
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1989; Riis & Sand-Jensen, 1997; Dahl-Nielsen, 2011), and

terrestrial mosses, likewise, photosynthesise and grow

much slower than flowering plants (Martin & Adamson,

2001; Glime, 2007; Sand-Jensen et al., 2010).

Abundance patterns and coupling of abundance to species

traits

The study confirmed our initial prediction that common

charophyte species have become relatively more abun-

dant and rare species relatively less abundant in Den-

mark during the historic loss and deterioration of

suitable charophyte habitats. The same development has

taken place in the Netherlands and Switzerland (Simons

& Nat, 1996; Auderset Joye et al., 2002). Our analysis

showed that rank-abundance diagrams became signifi-

cantly steeper and indices of evenness smaller in all

three countries (data not shown). A parallel develop-

ment has been observed at the local scale among sub-

merged macrophytes upon eutrophication of Lake Fure

(Sand-Jensen et al., 2008). Terrestrial grassland communi-

ties likewise respond to increasing soil richness by

developing stronger dominance structure among species

in gradually increasing competition for light in denser

communities (Stevens & Carson, 1999).

It is remarkable that Chara vulgaris and C. globularis

are among the two most abundant species in Denmark,

the Netherlands, the Czech Republic, Switzerland and

the Balkans, and that Nitella flexilis is the third most

abundant species in the three first-mentioned countries

(Simons & Nat, 1996; Auderset Joye et al., 2002; Blazen-

cic et al., 2006; Caisova & Gabka, 2009). These three spe-

cies are located as numbers 15, 14 and 12 according to

increasing trophic rank among 16 species in the

Netherlands and are there regarded as being among the

most eutrophic species (Simons & Nat, 1996).

The three species lost from Danish waters were

already rare in the 1940s, with only 1–6 recorded sites

(Olsen, 1944). While both Nitella gracilis and Chara filifor-

mis can be perennial species from more stable habitats,

Tolypella intricata is a spring annual characterised by

rapid appearance in ephemeral habitats. Tolypella intri-

cata was thus thought to be extinct in Sweden, but

spring sampling in former localities revealed the pres-

ence of the species in a few localities (G€ardenfors, 2010).

This recent finding suggests that the species could still

be present in Denmark, although the heavily drained

Danish landscape with very few ephemeral waterbodies

makes this expectation doubtful.

The relationship between the historical changes of

abundance and species traits in Denmark revealed a

decline of perennial species and species with preference

for highly alkaline waters. These species primarily grow,

often to a large depth, in transparent large alkaline

lakes, a rare habitat in the contemporary Danish land-

scape (Bjerring et al., 2011). Species with broader niches

capable of growing in lakes of varying alkalinity and

nitrogen content and, thus, under more perturbed condi-

tions have better been able to persist.

The observed pattern of success of generalist species

and the decline of specialists is consistent with investi-

gations on the response of other types of organisms to

habitat homogenisation (Rooney et al., 2004; Devictor

et al., 2008). Specialists are defined as having a very

high fitness under specific conditions while generalists

have a lower fitness, but can thrive under a wider

range of conditions (Clavel, Julliard & Devictor, 2011).

When conditions change, specialists lose their fitness

advantage and disappear while the more versatile gen-

eralists survive or even thrive. We suggest that the loss

of waterbodies and increases in eutrophication across

Europe have caused the observed changes in charo-

phyte community composition and dominance patterns

all over the continent.

In conclusion, habitat loss and habitat deterioration

by eutrophication have reduced the total occurrence of

charophytes by about 56% in Denmark while mean

species richness in reinvestigated waterbodies declined

by 29% and national species richness by only 10%.

Charophytes are critically threatened with 82% of the

species on the Danish Red List. The dominance struc-

ture has changed such that common species have

become more abundant relative to rare species. Species

with wide tolerances to both alkalinity and nitrogen

content have increased supporting the hypothesis of

generalists being better at surviving in disturbed land-

scapes. Nutrient reduction in several waterbodies dur-

ing the last 15 years has led to increased species

richness, highlighting that historical development is in

part reversible, although several species may be unable

to recover because they survive only in small relict

populations.
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