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a  b  s  t  r  a  c  t

In  the  present  study,  we present  a synopsis  of two macrophyte  surveys  of  physiographic  units  in  north-
west  Germany  carried  out over  one  decade.  Data  were  used  to  test  a set of hypotheses  on  macrophyte
distribution  at the  regional  level.  Rank–frequency  curves  resembled  the broken  stick  model.  Twenty-
one  species  of  the  59  most  frequent  species  occurred  at high  frequencies  above  15%.  Helophytes  made
up  a high  percentage  (12  of 21)  of the  frequent  species.  Phalaris  arundinacea  was  the  most  frequent
species  in both  sampling  periods.  Most  species  showed  no  considerable  change  in  frequency  over time,
among  them  the  core  hydrophytes.  Spatial  variation  of  species  frequencies  among  physiographical  units
showed  a unimodal  distribution  in  relation  to frequency.  Spatial  variation  of  frequencies  of functional
groups  was  significantly  lower.  Most  uneven  distribution  among  physiographical  units  was found  in cryp-
togams.  DCA  ordinations  of physiographical  units  showed  a spatial  gradient  from  alluvial  plains  to  higher
grounds  units,  which  remained  constant  over  time.  CCA  ordination  of physiographical  units  in relation
to  environmental  parameters  identified  two main  axes,  an  altitudinal  gradient  and  an  alkalinity  gradi-

ent.  Species  composition  of units  corresponded  to the  main  landscape  pattern  of  alluvial  plains,  glacial
lowlands,  and  higher  grounds  on Mesozoic  rock.  Species  diversity  showed  a complex  behavior.  Diverse
units  were  found  both  in  alluvial  plains  and  glacial  lowlands  of  intermediate  elevation.  The  study  may
help  defining  regionally  differentiated  reference  states  for stream  management,  benchmarking  indicator
scores  of species  and  avoiding  application  of  assessment  methods  outside  their  range  of  applicability.

© 2014  The  Authors.  Published  by  Elsevier  GmbH.  This  is an  open  access  article  under  the CC
ntroduction

Since the implementation of the Water Framework Directive of
he EU (WFD, 2000) major progress has been made both on consol-
dating river typology in Central Europe (Schaumburg et al., 2004;
an de Weyer, 2008b; Szoszkiewicz et al., 2010) and identifying
eference states for ‘good ecological conditions’ of water courses

Baattrup-Pedersen et al., 2006; Birk and Willby, 2010). Observed
ariation of macrophyte species composition at the reach level
as directly related to anthropogenically induced factors such as
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trophic state, morphological degradation or mechanical disturb-
ance (O’Hare et al., 2006; Szoszkiewicz et al., 2010). Or macrophyte
assemblages were classified into types or clusters, for which differ-
entiating environmental parameters were sought (Paal et al., 2007;
Grinberga, 2011). Both approaches did not take into account the
spatial context of river vegetation.

Well before the Water Framework Directive was implemented, a
complementary approach was proposed in Germany analyzing veg-
etation differences of rivers among physiographic units (Wiegleb,
1988; Herr et al., 1989). Differences between river vegetation
of adjacent physiographic units had already been described by
Steusloff (1939) and Weber-Oldecop (1969) in northern Germany

and by Decornet (1979) (under the term ‘symphytosociology’) in
France. Physiographic units represent the ‘regional conditions’ in
which the river is embedded (Barendregt and Bio, 2003). ‘Physio-
graphic units’ are spatial units characterized by common physical
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nd geographical characters such as geomorphology, geology,
ydrology, and geochemistry (see Wiegleb, 1988; using the term

physiographical regions’; Granke et al., 2004). Similarities among
eaches within physiographic units can neither be explained by
hort-range spatial processes such as colonization producing ‘river
onation’ (Demars and Harper, 2005; Van de Weyer, 2008a; Tremp,
009), nor by change of local habitat conditions. Either medium-
o long-range dispersal or long-lasting selective forces must be
nvolved. For lake macrophytes, Beck et al. (2013) introduced so-
alled ‘ecoregions’, which are similar to the physiographic units
sed in this paper, but different from ‘ecoregions’ in the sense of
uropean Environment Agency (2014).

Exhaustive macrophyte surveys have been published for Great
ritain (Haslam, 1978; Holmes, 1983), Denmark (Riis et al., 2000;
aattrup-Pedersen et al., 2003), Poland (Szoszkiewicz et al., 2002,
010) and Estonia (Paal and Trei, 2004; Paal et al., 2007). Still, only a
ew papers presented their results differentiated by physiographic
nits (e.g. Riis et al., 2000, as ‘geographical regions’; Steffen et al.,
013, as ‘regions’). However, in these papers physiographic units
ere not used as units of data analysis, but as a tool for summarizing

nd displaying reach-based results.
Recently, Birk et al. (2012) and Thorp (2013) emphasized the

rgent need for large-scale surveys. Thorp (2013) regarded the
asic sample unit (the reach) as imbedded into a nested hier-
rchy of hydrogeomorphic patches. All levels of the hierarchy
equire specially adapted methods. It cannot be expected that sim-
le upscaling of variables may  work. At the reach level macrophyte
rowth can be quantified using a variety of metrics such as cover,
bundance, richness, diversity or evenness of taxa, growth forms,
r attribute types (Willby et al., 2000; Birk and Willby, 2010;
iegleb et al., 2014a). Along a river course or in the course of

ime turnover and autocorrelation measures can be related either
o hydrochemical, morphological, sedimentological, hydrological
nd spatial variables, or discontinuous variables such as disturb-
nce events including unusual weather conditions (Wiegleb et al.,
014b; Demars et al., 2014). At the level of the catchment, frequency
f species (Wiegleb, 1981, 1983b; Kohler et al. 2003), frequency
nd distribution of communities (Holmes, 1983; Paal et al., 2007)
s well as spatial variables (connectivity, isolation) can be studied
Demars and Harper, 2005).

However, the reach level is also embedded into a second nested
ierarchy leading via the riverine landscape (Van de Weyer, 2001)
o the physiographic unit. For characterizing and comparing spa-
ial units of the size of physiographic units (5000–6000 km2), the

ost appropriate metrics is relative frequency. Measures of abun-
ance and cover are strongly dependent of the applied sampling
ethod and short-term change in the vegetation (Staniszewski

t al., 2006; Pentecost et al., 2009). Still, the spatio-temporal vari-
tion of reach-based data was broadly underestimated (Wiegleb
t al., 2014a; Demars et al., 2014). Recognizing in addition the
atural variability of macrophyte vegetation at the regional level
equires that species frequencies of the wider geographical area in
hich a physiographic unit is embedded must be known. This can

nly be reached by using a standardized sampling method, high
axonomic precision and inclusion of all species actually found in
he aquatic habitat.

We assumed that within our study area physiographic units
re different enough to show different stream vegetation. We  used
he accumulated data to test a set of plausible hypotheses, which
an be interpreted as assembly and response rules in the sense
f Keddy (1992). The hypotheses (H) relate to properties of the
acrophyte vegetation of the whole study area (H1–H3), varia-
ion of species and growth form frequencies in space at the scale
f the physiographic unit (H4 and H5), and mechanistic factors
xplaining the maintenance and change in the observed patterns
H6–H8):
ica 51 (2015) 53–62

H1. The vegetation of the study area will consist of a set of core
species of high (>50%) and satellite species of medium frequency
(>15%). This pattern will be stable over time (10 years).

H2. Variation in species frequencies over time (10 years) will
be low. Rank-order of species and the proportions among growth
forms will be stable.

H3. Core and satellite species will comprise both hydrophytes and
helophytes. Helophytes are expected to form an integral compo-
nent of stream vegetation.

H4. Variation of species frequencies among physiographic units
will peak at intermediate species frequencies.

H5. Variation of frequencies of functional groups will show a
lower variation among physiographic units than species.

H6. Major geographical gradients such as topography and climate
will strongly influence species composition and floristic similarity.
The basic patterns of similarity between physiographic units will
be stable over 10 years.

H7. Alkalinity will have a strong influence on the differentiation
of vegetation among physiographic units.

H8. The basic patterns of richness and diversity of the physio-
graphic units will not follow simple gradients. It will remain stable
over time (10 years).

Materials and methods

Study area and study sites

The study was  carried out in the northwest German low-
lands and adjacent higher grounds (Fig. 1). The study area had
an east–west extension of ca. 360 km and a north–south exten-
sion of ca. 410 km.  The longest distance between two points
(southwest–northeast) was  480 km.  Three main types of physio-
graphic units were distinguished: alluvial plains, ranging from 0 to
15 m above sea level; sandy glacial lowlands, ranging from 10 to
170 m;  and higher grounds of mostly Mesozoic origin, locally ran-
ging up to 500 m.  All sample sites were located below 200 m,  still
reflecting true lowland conditions (Holmes, 1983). Annual averages
for temperature between 1971 and 2000 were (DWD,  2014): Düs-
seldorf 10.3 ◦C, Hannover 9.2 ◦C, Bremen, 9.2 ◦C, Hamburg 9.0 ◦C,
and Kiel 8.5 ◦C. Annual precipitation was  for Düsseldorf 759 mm,
Hannover 642 mm,  Bremen 672 mm,  Hamburg 773 mm,  and Kiel
750 mm.  While there is a pronounced temperature gradient in
south–north direction, the pattern of precipitation is more com-
plex.

For the delimitation of the physiographic units we used
the updated classification kindly provided by Bundesamt für
Naturschutz (BfN). For the present purpose, we  enumerated the
units from 1 to 25. In the 1980s, we distinguished 12 units (14–25),
while in the 1990s we  distinguished 13 units (1–13). A full list
of all physiographic units, their numbers and main characteris-
tics is given in the Supplementary material Table S2. Classifications
slightly differed among periods. In the 1980s both units D30 and
D36 were split into two separate units. The northern boundary of
the study area was the German–Danish border. The eastern bound-
ary mostly followed the border between the former West and East
Germany. The western boundary was  the German–Dutch border.
While these borders were dictated by political factors the southern
boundary follows the border between the north German higher

grounds and the true south German uplands. It runs almost exactly
in west–east direction along the 51.5◦ northern latitude, compris-
ing the northern part of unit D35, which we regarded as a separate
unit in the 1990s.
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ig. 1. Overview of the study area, showing the current delimitation of German ph
he  study area. Numbers D21–D36 denote the physiographic units studied.

ield surveys

The field surveys were carried out between 1978 and 1990. We
nalyzed two data sets from different periods (A: 1978–1983; B:
988–1990). Data set A consists of a total of 2018 samples, 1143
amples from Lower Saxony and adjacent North-Rhine-Westphalia
Herr et al., 1989), and 875 samples from Schleswig-Holstein (Herr,
981; Herr and Wiegleb, 1984). Because of financial restrictions it
ook six years to complete the survey. Data set B consists of 988
amples from the whole study area mostly taken in 1990 with the
xception of two units, which were sampled in 1988 (Zander et al.,
992). In that study we were not allowed to carry out an exhaustive
apping of all rivers because of legal restrictions. Instead, 16 river

atchments were selected in a way covering all physiographic units

ith at least 30 reaches. In data set A, on average one site per 5–10

tream km was  sampled, while in data set B on average one site per
0 km was sampled. Zonation analysis had shown (Wiegleb, 1984)
hat river zones usually extended 10–15 km and sample sites 20 km
rapic units (by courtesy of Bundesamt für Naturschutz, 2011) and the boundary of

apart were mostly spatially independent. For both data sets A and
B we  collected information on geographical coordinates, morphol-
ogy, shading, water chemistry and hydrology. Of these data only
alkalinity and altitude above sea level were used for statistical anal-
yses. Altitude above sea level, width and depths were used for the
exclusion of aberrant sample sites (see below).

In both studies reaches were preselected on topographical maps
1:50,000 in order to avoid observer bias in the data set. Both data
sets can be regarded as random samples from the same population.
Both covered the main catchments of northwest Germany, small
catchments leading to the North Sea or Baltic Sea, respectively, as
well tributaries of the large rivers Elbe, Weser, Ems  and Rhine. Both
data sets comprise upper and lower courses, main rivers and trib-
utaries as well as narrow streams and wider rivers. Full identity of

sites was  not intended as the study focused on similarities between
units, neither between catchments nor river types. Both sampling
campaigns had an overlap of ca. 35% of the sampling sites due to the
lack of bridges in rural areas. In data set A the southwestern part
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s underrepresented, while in data set B gaps are scattered more
egularly over the study area. The average time of remapping the
ame physiographic unit was 9.2 years.

The following types of waters were excluded from both sur-
eys (‘macrophyte free waters’, Van de Weyer, 2001): the large
ivers Rhine, Weser and Elbe; tidal reaches along the North Sea
oast, e.g. the lower reaches of the rivers Ems, Hunte, Oste and Stör;
nd completely shaded upper courses of streams below 5 m width.
n addition, intensively managed artificial water courses such as
rrigation and drainage ditches as well as navigable canals were
xcluded. Sampled reaches had a width from 5–25, rarely 50 m,
elonging to the types of ‘small and medium sized lowland streams’
Baattrup-Pedersen et al., 2006), also called ‘sandy lowland brooks’
nd ‘medium-sized lowland streams’, respectively (Birk and Willby,
011).

All macrophytes growing in the water or rooting below the
ater surface were sampled. We  included all hydrophytes in

he sense of Willby et al. (2000), helophytes which behave like
ydrophytes (‘amphiphytes’ in the sense of Kohler et al., 1996)

n the study area and hydrophytic ‘cryptogams’. Accidental helo-
hytes and land plants growing on eroded banks were excluded.
over was estimated in the field using the decimal Londo scale
Londo, 1976). Reaches of 50–70 m length were sampled bank-to-
ank either by hand or with a telescopic rake, while walking along
he reach on both sides and wading in the stream. Most reaches
ere located upstream of bridges or other well accessible points

Wiegleb, 1983a; Wiegleb et al., 2014a).
Nomenclature of taxa follows Jäger (2011) for Tracheophyta-

uphyllopytina (vascular plants in part), Koperski et al. (2000) for
ryophyta, and Blümel and Raabe (2004) for Charophyta. Potamoge-
on berchtoldii and P. pusillus were treated as one taxon, P. pusillus. P.
erchtoldii was by far the more frequent species in water courses. In

 few cases, the taxon comprises P. pusillus or supposed P. berchtoldii
ybrids (Herr and Wiegleb, 1985). The taxon Ranunculus pelta-
us comprises several hybrids with other Ranunculus species (R.
quatilis, R. penicillatus,  R. fluitans; G. Wiegleb, J. Zalewska-Gaı̃ocz,
npublished results, 2013). Specimens of Potamogeton, Ranunculus,
allitriche and other critical groups were deposited in Herbarium
MO (Landesmuseum Natur und Mensch, Oldenburg).

ata preparation and analysis

For the purpose of characterizing the vegetation of the study
rea we converted all cover data to presence/absence data. We  cal-
ulated the frequency percentages of all species for the total data
et as well as for data sets A and B separately. Species frequen-
ies could mostly be extracted from available sources (Herr et al.,
989; Zander et al., 1992). Additional unpublished material was
rovided by W.  Herr. We  counted absolute frequencies of species
er unit, which were transferred to percentages for the statistical
nalyses. Species which did not reach a frequency of at least 10%
n at least one physiographic unit were no longer considered. We
id not expect any discriminating function among units from uni-
ormly distributed rare species. For all units species richness and
hannon diversity were calculated based on the 59 species × 25
nits’ matrix. From pooling of species for physiographic units we
xpected a considerable noise reduction.

All variables were tested for normal distribution. Species
requencies were not normally distributed according to both
olmogorov–Smirnov- and Shapiro–Wilk-test. Data were

og(x + 1)-transformed for further analyses. For testing whether
ata sets A and B were similar enough to allow for combined analy-

is we applied three statistical methods. We  used Wilcoxon’s U test
or testing whether the median values of species frequencies signif-
cantly differ between the observation periods. We  used Spearman’
ank correlation coefficient for testing whether significant
ica 51 (2015) 53–62

differences in the rank order of species existed between observa-
tion periods. And we  looked at the shape of the rank–frequency
curves drawn separately for both data sets. In addition, we  com-
pared the total number of species as well as the rank order of the
most frequent species and functional groups.

We  drew the rank–frequency curve for the whole data set for
the identification of core and satellite species and their affiliation
to functional groups. The shape of the rank–frequency curve was
compared to existing models such as the broken stick distribution
(Wiegleb et al., 2014a). In combination with the preceding analysis
this allowed conclusions on hypotheses H1–H3.

For the analysis of variation of species frequencies among units
we drew a scatter gram displaying frequency vs. variance of fre-
quencies for all species. We  calculated standard deviation, variance
and variance/mean ratio for all species. Frequencies were aggre-
gated for three functional groups: nine morphological growth
forms (Wiegleb, 1991; Wiegleb et al., 2014a), three types of space
occupancy (emergent, floating, submerged; Mesters, 1995) and two
life forms (hydrophytes and helophytes; Wiegleb, 1991). Standard
deviation, variance and variance/mean ratio were calculated as
well. Order of magnitude of variance/mean ratios of species, growth
forms, spatial occupancy types and life forms were directly com-
pared. In addition, we applied non-parametric one-way ANOVA
(Kruskal–Wallis test) to examine whether the patterns of varia-
tion among species were significantly different from the pattern
observed among functional groups. This allowed us to make a judg-
ment on H4–H5.

For the classification and ordination of physiographic units, all
59 species were equally considered regardless of their status as
hydrophyte or helophyte. We did not apply the option ‘down-
weighting of rare species’, as rare species were already eliminated.
Detrended Correspondence Analysis (DCA) and Cluster Analysis
(linkage within clusters, squared Euclidian distances, standardiza-
tion by z-scores; not shown) were used for separate ordination and
classification of units from both sampling periods in order to detect
common gradients or clusters. It was  shown again that the data
sets A and B were similar enough to allow combined analyses. DCA
and CA were also applied to the total data set to survey the sta-
bility of gradients and clusters. As this did not yield any additional
information, the results are not shown. Conclusion on H6 was now
possible.

Canonical Correspondence Analysis (CCA) was  used for con-
strained ordination of all units in relation to selected environmental
variables. CCA ordination allows analyzing and displaying the effect
of selected independent variables on units, species and additional
variables such as diversity. The following geographical variables
were used: Average altitude above sea level (m, Zander et al., 1992),
average alkalinity (meq L−1; Herr, 1981; Wiegleb, 1984; Zander
et al., 1992), the west–east gradient (1 – coastal areas and Rhine
valley: D21, D24, D25, D26, northern part of D35; 2 – central areas:
D22, D27, D30, D34, western part of D36; 3 – eastern areas: D23,
D28, D31, D32, D33; eastern part of D36), and the south–north
gradient (1 – south of northern edge of the higher grounds: D33,
D34, D35, D36; 2 – directly north of the higher grounds to a line
River Weser-River Aller: D30, D31, D32; 3 – mostly between River
Weser and River Elbe: D25, D26, D27, D28; 4 – north of River Elbe:
D21, D22, D23, D24). Time was introduced into the analysis as
consecutive year (1–13) in order to supervise the time effect on
the data set. Environmental data were also log(x + 1)-transformed.
Variance explanation of all variables including their marginal and
conditional effects was  carefully observed. Interpretation of CCA
diagrams allowed conclusions on hypotheses H7 and H8.
Statistical tests, correlation and regression analyses as well as
cluster analysis were carried out using IBM SPSS Statistics 21 (IBM
Germany, Ehningen). For DCA and CCA ordinations, CANOCO 4.51
was used (ter Braak and Šmilauer, 2002).
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Table  1
Frequency of the 21 most frequent species in the 1980s, 1990s and the total data set (classification of functional groups follows Wiegleb, 1991; Kohler et al., 1996; Mesters,
1995).

Species % 1980s % 1990s % total Growth form Life form Spatial occupancy

Phalaris arundinacea 70.3 88.2 79.6 Graminid Helophyte Emergent, submerged
Callitriche platycarpa 55.8 60.8 58.4 Peplid Hydrophyte Submerged, floating
Sparganium emersum 56.3 55.8 56.0 Vallisnerid Hydrophyte Floating, submerged
Lemna  minor 48.0 58.9 53.7 Pleustophyte Hydrophyte Floating
Myosotis scorpioides 40.1 64.7 52.9 Herbid Helophyte Emergent, submerged
Agrostis  stolonifera 22.6 70.1 47.3 Graminid Helophyte Emergent, submerged
Glyceria  fluitans 38.4 41.1 39.8 Graminid Helophyte Floating, emergent
Elodea  canadensis 36.7 42.7 39.8 Potamid Hydrophyte Submerged
Glyceria maxima 31.5 33.3 32.5 Graminid Helophyte Emergent, floating
Sparganium erectum 25.8 37.0 31.6 Graminid Helophyte Emergent
Berula erecta 19.8 34.7 27.5 Herbid Helophyte Emergent, submerged
Potamogeton natans 27.6 18.3 22.7 Nymphaeid Hydrophyte Floating, submerged
Sagittaria sagittifolia 18.9 25.9 22.6 Vallisnerid Hydrophyte Submerged, floating
Nuphar lutea 23.6 20.3 21.9 Nymphaeid Hydrophyte Floating, submerged
Rorippa amphibia 13.3 25.5 19.6 Herbid Helophyte Emergent, submerged
Potamogeton pectinatus 16.8 20.7 18.9 Potamid Hydrophyte Submerged
Potamogeton crispus 13.5 21.5 17.7 Potamid Hydrophyte Submerged
Nasturtium officinale 9.9 23.5 17.0 Herbid Helophyte Emergent, submerged
Persicaria hydropiper 19.3 13.5 16.3 Herbid Helophyte Emergent, submerged
Rumex  hydrolapathum 10.6 19.3 15.1 Herbid Helophyte Emergent
Alopecurus geniculatus 14.7 14.4 14.5 Graminid Helophyte Floating, emergent
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ratio < 0.06) was found for frequent species such as P. arundinacea,
ig. 2. Rank–frequency curve of the 59 selected species based on their frequencies
in  %) in the total data set.

esults

requency and frequency variation of species

Fifty-nine species matching the predefined criterion were found
n the study area. Fig. 2 shows the rank–frequency curve for the

hole data set. The curves for the 1980s and 1990s, respectively,
ooked similar (see Supplementary material, Fig. S1). In the log-
rithmic scaling there was an almost linear decrease in frequency
ith light steps after the 6th and 21th species. After the 51th species
e observed a sharp decline. The long tail of less frequent species

around 200), whose distribution was not analyzed in this study, is
ot shown.

Table 1 shows the frequencies of the 21 most frequent species
ncluding their affiliation to functional groups (growth form,
ife form, spatial occupancy). Phalaris arundinacea was  the most
requent species (79.6%), followed by Callitriche platycarpa,  Spar-
anium emersum, Lemna minor and Myosotis scorpioides.  All other
pecies occurred in less than 50% but more than ca. 15% of the sites.
2 of 21 species were helophytes, which were more frequently
ound in an emergent growth form than under submerged con-
itions. Nine of 21 species were true hydrophytes, which were

nly exceptionally found as terrestrial forms in the study area. Both
raminids and herbids were represented with six species. Potamids
3), vallisnerids (2) and nymphaeids (2) followed. As to spatial
Fig. 3. Relation between total frequency and variance of species among all regions,
log(x  + 1) transformed frequency data. The linear and polynomial trend lines serve
for  orientation.

occupancy, nine species were predominantly found in emergent,
seven in floating and only five in submerged state. Almost all species
occurred in at least two of these states.

Of the frequent species, Sagittaria sagittifolia, Potamogeton cris-
pus and Potamogeton pectinatus showed a decadal increase of
more than 20%. Elodea canadensis,  C. platycarpa and S. emersum
were found with similar frequencies in both observation periods.
Only Potamogeton natans decreased in frequency by more than
20%. Of the less frequent species (Table S1) Myriophyllum spica-
tum, Callitriche hamulata, Callitriche obtusangula and Elodea nuttallii
increased, while Potamogeton alpinus, P. lucens,  P. perfoliatus,  R. flui-
tans and R. penicillatus decreased. Utricularia australis was  not found
in the 1990s, being the only species not occurring in both data sets.
Mean frequency percentages in the 1980s were significantly lower
than in the 1990s (p < 0.005). Rank correlation showed that rank
order of species frequencies did not differ between both sample
periods (rho = 0.838; p < 0.001).

Fig. 3 shows the relation between total frequency of each species
and the variation of frequencies among all units. The coefficient of
determination (R2) of the polynomial trend line exceeds the one for
the linear trend line. The most even distribution (variance/mean
M. scorpioides and C. platycarpa.  Highly uneven distributions (vari-
ance/mean ratio > 1.2) were found for some rare species of different
growth form, such as Callitriche cophocarpa, Nitella mucronata,  U.
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Table 2
Significance of differences between species variance and variance of three functional
groups (growth forms, spatial occupancy type, life form) among physiographic unit.
p-Values are derived from Kruskal–Wallis test (Kruskal–Wallis non-parametric one
way  ANOVA).

Growth form Spatial occupancy type Life form

Species <0.001 0.005 0.025
Growth form – 0.564 0.658
Spatial occupancy type – – 0.996

Fig. 4. DCA ordination of physiographic units 14–25 (1980s). Solid lines indicate
the distinction between alluvial plains (left, open quadrats), glacial lowland (center,
open circles) and higher grounds (right, open triangles). 1st axis explains 33.3%,
2nd axis explains 9.2% of species frequency variance. Units in the 1980s were: 14
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Fig. 5. DCA of physiographic units 1–13 (1990s). Solid lines indicate the distinction
between alluvial plains (left, open quadrat), glacial lowland (center, open circles)
and  higher grounds (right, open triangles). 1st axis explains 24.6%, 2nd axis explains
18.8% of species frequency variance. Units in the 1990s were: 8 – D21, D24, D25
(alluvial plain); 6 – Southern part of D30; 7 – Northern part of D30, D26; 9 – D31; 10
–  D27; 11 – D28; 13 – D23; 12 – D22; 4 – D34; 5 – Northern part of D35 (all glacial
lowlands); 1 – Eastern part of D36; 2 – D32, D33; 3 – Western part of D36 (higher
grounds).

Fig. 6. CCA biplot of all regions in both sampling periods. Open triangles denote units
 Southern part of D24, D25; 23 – D21 (alluvial plains); 15 – D26; 16 – D30; 21 –
31; 19 – D27; 24 – D22; 20 – D28; 25 – D23 (glacial lowlands); 17 – Western part
f  D36; 18 – D32, D33; 22 – Eastern part of D36 (higher grounds).

ustralis and Zannichellia palustris, but mostly among hydrophytic
pecies of medium frequency such as Fontinalis antipyretica, R.
enicillatus, R. fluitans, R. peltatus, Spirodela polyrhiza, P. lucens and
ydrocharis morsus-ranae.

Variance of species was on average higher than of growth
orms (p < 0.001), space occupancy types (p = 0.005) and life forms
p = 0.025; Table 2). Variances of growth forms, space occupancy
ypes and life forms did not differ significantly (p > 0.05 for all
airs compared). Within growth forms, herbids, graminids, peplids
nd potamids showed the lowest variance/mean ratio among
hysiographic units (<0.072). Variance/mean ratio was  intermedi-
te in myriophyllids, nymphaeids, vallisnerids and pleustophytes
0.11–0.33), while it was high in cryptogams (0.55). Among space
ccupancy types floating leaved species had the highest vari-
nce/mean ratio (0.085). Variance/mean ratio of helophytes and
ydrophytes was  low as well (0.035 and 0.050, respectively). Vari-
nce/mean ratios of all function groups were much lower than for
pecies.

rdination of units

Fig. 4 shows the DCA ordination of the units in data set A (1980s).
igher grounds units 17, 18 and 22 are found at the right side of the
iagram, alluvial plain units 14 and 23 on the left side. Glacial low-

and units are located in between. Only one gradient is visible, as
ost of the variance explanation (33.3%) is accounted for the first

xis, only 9.2% for the second axis. Fig. 5 shows the DCA ordina-
ion of the units in data set B (1990s). Higher grounds units 1–3 are
ocated on the right side of the diagram as well, being closely asso-
iated with units 4, 5 and 13. The alluvial plain unit 8 is found on the
eft side of the diagram. Glacial lowlands are situated in the center
f the ordination diagram. Here, the first axis accounted for 24.6% of
he variance, while the second axis explained 18.8%. Total variance
xplanation of the first two axes was similar for both ordinations

42.5 vs. 43.5%).

Fig. 6 shows a CCA biplot of all units showing both the main geo-
raphical and temporal gradients as well as isolines of the Shannon
iversity. The first axis, explaining 25.4% of the variance, was highly
of  the 1980s, open circles of the 1990s. 1st axis explains 25.4%, 2nd axis explains
10.4%. Contours show lines of equal Shannon diversity. Conditional effects of all
independent variables were significant.

correlated to the altitudinal gradient, while the second axis (10.4%)
was related to alkalinity. The north–south gradient points into the
opposite direction as the altitudinal gradient. Higher grounds units
of both sample periods (1, 2, 3, 18, and 22) including one unit close
to the higher grounds (4) are concentrated at the right side of the
diagram. Typical alluvial plain units of both sample periods (8, 14,
and 23) are shown on the left side. Both alluvial plain units formed
by young nutrient rich sediments and higher grounds units within
the reach of Mesozoic limestone are found at the lower side of
the diagram, while the units made up by sandy glacial deposits
are clumped in the center of the upper part. They were character-
ized by a similar stock of species for both sample periods. Altitude
and alkalinity contributed best to the distinction of units, however
conditional effects of all independent variables were significant
(p < 0.002 to p = 0.03). Diversity is generally lower in higher grounds
units. High values of H′ > 3.3 can be reached both in alkaline allu-

vial streams and acidic streams running through units formed by
glacial deposits.

Fig. 7 shows the position of species in the CCA ordination dia-
gram. Three different vegetation groups are distinguishable. On  the
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Fig. 7. CCA triplot showing the physiographic units (open circles), environmental
variables (arrows) and species positions (closed triangles). Ellipses indicate the most
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haracteristic species for each flora: left (alluvial plains), right (higher grounds),
enter (glacial lowlands). 1st axis explains 25.4%, 2nd axis explains 10.4% of total
ariance.

ower left side, pleustophytes such as U. australis, Lemna gibba and
. morsus-ranae were associated with helophytes such as Phrag-
ites australis and Carex acuta as well as parvopotamids such as

otamogeton trichoides.  All these species occurred in relative slow
owing streams in alluvial and glacial plains. On the lower right
ide, Z. palustris and R. fluitans, mosses such as F. antipyretica and
eptodictyum riparium and small helophytes such as Veronica becca-
unga were found, characterizing fast flowing reaches in the higher
rounds. In the upper central part of the diagram Nitella flexilis,  P.
lpinus, Myriophyllum alterniflorum, R. peltatus, R. penicillatus and
. obtusangula were associated. This species group was  typical for
lacial lowland areas, where the streams are still influenced by
round water inflow (Wiegleb, 1983b; Brux et al., 1988). C. hamu-
ata took an intermediate position between the second and third
roup, while Butomus umbellatus and P. pectinatus were intermedi-
te between the first and second group.

iscussion

requency and frequency variation of species

With our method we were able to sample the species pool of
mall to medium-sized water courses in northwest Germany. Veg-
tation in the 1980s and 1990s did not differ among observations
eriods with respect to important properties such as the number
f frequent species, the rank–frequency relations and main geo-
raphical gradients. This enabled us to compare the vegetation of
hysiographic units in space and time. The only considerable differ-
nce between the two data sets was the higher average frequency
f the 59 most frequent species, especially of helophytes. This can
e interpreted as a sampling artifact. Even within a group of well-
rained researchers, differences in the notion of the ‘current water
evel’ may  occur.

The rank–frequency curve of the total data set resem-
led a broken-stick distribution (Wilson, 1991), also known for
ank–abundance curves (Wiegleb et al., 2014a; Baattrup-Pedersen
t al., 2006). As species frequency and average abundance are

ositively correlated, in particular for hydrophytes (Riis and Sand-

ensen, 2002; Demars et al., 2014), we can assume that frequent
pecies contribute more to the standing biomass. The presence
f six core species and 15 satellite species (H1) indicates that
ica 51 (2015) 53–62 59

colonization is somehow limited but frequent species do not
exclude each other, they only use the resources or space differently.
There are not many more species available in the species pool. For
additional species, mostly laterally invading helophytes, habitats
become available only accidentally. This causes the long tail of very
rare species.

The core species P. arundinacea, C. platycarpa,  S. emersum, L.
minor, M. scorpioides and Agrostis stolonifera appear in many pub-
lished species lists from lowland areas all over north central Europe
(Great Britain: Haslam, 1978; Holmes, 1983; Denmark: Riis et al.,
2000; Baattrup-Pedersen et al., 2003, 2008; Southern Sweden:
Kohler et al., 1996; Poland: Szoszkiewicz et al., 2002, 2010; Slo-
vakia: Hrivnák et al., 2010; Latvia: Grinberga, 2011; Estonia: Körs
et al., 2012; Paal and Trei, 2004; Paal et al., 2007). Despite floris-
tic changes along the west–east gradient the basic composition of
river vegetation remains similar within the temperate region of
northern Europe. The inventory of species was  particularly simi-
lar to the vegetation type RBSQ A, as defined by Holmes (1983)
for southern British lowlands (RBSQ stands for River/Bank/Selected
Species/Quantitative). Differences are only found with respect to
the recognition of frequent helophytes, which may have method-
ological reasons.

The marginal delimitation of the sample site has a strong influ-
ence on the sampling result (see Staniszewski et al., 2006; Breugnot
et al., 2008; Körs et al., 2012). Sampling all species below the current
water level leads to the inclusion of a larger proportion of helo-
phytes. Helophytes make up a high percentage (12 of 21) of most
frequent species. Helophytes form an integral part of the aquatic
stream community (H3). Under largely undisturbed conditions,
helophytes would form large stands in and alongside the margins
of the stream (see Herr et al., 1989; Paal et al., 2007). The helophyte
free river is regarded as an artifact of an intensively managed land-
scape, were weed cutting, bank construction or grazing by domestic
animals destroyed the natural vegetation structure. Helophyte rich
stands are often particularly species rich (Wiegleb et al., 1989; Paal
and Trei, 2004). Helophytes may  facilitate the survival of small
submerged species, such as narrow leaved Potamogeton or Lemna
trisulca, and are thus crucial to the maintenance of biodiversity in
streams. Many helophytes are forming submerged morphotypes
in the main water course (see Table 1), such as P. arundinacea, M.
scorpioides, A. stolonifera,  Glyceria fluitans, Berula erecta,  Nasturtium
officinale, Persicaria hydropiper and Glyceria maxima. This indicates
a sufficient supply with CO2 (Sand-Jensen and Frost-Christensen,
1998; Demars and Trémolières, 2009). Regional variation in adapta-
tion to the aquatic life was  observed for Sparganium erectum, which
is less hydrophytic in our area than in southern Germany, while B.
umbellatus, G. maxima and P. arundinacea were more often found
as fully submerged forms than elsewhere (G. Wiegleb, K. van de
Weyer; own  observations).

Even though changes in species frequency occurred within a
decade, most frequent species kept their position in the rank order.
The high degree of floristic stability was also indicated by the
similarity between rank–frequency curves of both periods. Dur-
ing the observation period no major vegetation breakdown was
observed. In contrast to southern Germany (Van de Weyer and
Hussner, 2008) the northwest German lowlands were also rela-
tively immune against invasion. Since then only the neophyte E.
nuttallii has increased in frequency (Steffen et al., 2013). On the
other hand, R. penicillatus has become rare in glacial plains (H. Brux,
W. Herr, G. Wiegleb, unpublished data, 2012, 2013), where it grew
abundantly in the 1980s. Both findings confirmed trends already
visible in the 1990s.
The relation between frequency of species and variation among
units (H4) had never been studied before, as straight-forward meas-
ures of analyzing variation in frequency of areas of unequal size
and irregular shape are not available (Gotelli and Graves, 1996;
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egendre, 2008). We  expected to find a hump-back curve. At low
requencies the variation cannot be high, while in a ubiquitous
pecies occurring almost everywhere at high frequencies variation
ust be low as well. Our finding confirmed these assumptions.

ome outliers were associated with rare species of restricted geo-
raphical distribution or pleustophytes. Uneven distribution of
edium-frequent species among units may  be related to either

nsufficient dispersal abilities (lacking recolonization after disturb-
nce) or general unsuitability of some units for some species.

Shifting from a taxonomic to functional view (H5), physio-
raphic units shared only four growth forms over the whole
bservation period, i.e. graminids, herbids (both helophytes),
eplids and potamids (both hydrophytes). The respective niches
ere present everywhere. Despite the lower variance in all func-

ional groups as compared to species no full niche equivalence
mong units was found. Niches for myriophyllids, nymphaeids and
allisnerids may  be partially lacking in some units, while pleusto-
hytes and cryptogams may  be completely absent from units,
here their niches are nowhere realized.

rdination of units

In accord with the stability of the total flora of the study area
he units showed similar similarity patterns during both observa-
ion periods (H6). This is particularly expressed by the altitudinal
radient from the alluvial plains to the higher grounds, being more
r less congruent with the north–south gradient. Higher grounds
nits and alluvial plains were more robust against change than
lacial plains. Still, the degree of change at the scale of the region is
ow, compared to the drastic changes which occurred locally dur-
ng the observation period (Wiegleb et al., 2014a). At the reach
evel, temporal autocorrelation for most properties of the vegeta-
ion (species composition, dominance, growth form spectrum) is
ost after 3–5 years (Wiegleb et al., 2014a; Demars et al., 2014).
fter 7–10 years autocorrelation may  even be negative indicat-

ng a different system state. If we assume that reaches within a
hysiographic unit are showing unsynchronized stochastic vege-
ation fluctuations caused by local management interventions and
ischarge events we may  conclude that the net effect of local fluc-
uations lead to a high degree of resistance and resilience at the
egional level as predicted by McCluney et al. (2014). This indicated
hat the colonization extinction-dynamics of the three components
f the species pool (regional, longitudinal, and lateral) was still
ntact.

In the CCA ordination a second axis was identified, namely the
lkalinity axis (H7). Temporal changes were more pronounced at
igher altitudes and higher alkalinities. In our analysis, ‘alkalin-

ty’ stands for a whole array of chemical parameters which are
sually closely intercorrelated such as alkalinity, pH, nitrate and
hosphate (see Wiegleb, 1984; Demars and Harper, 1998, 2005;
emars and Edwards, 2009; Wiegleb et al., 2014b). We  assume

hat among the chemical variables inorganic carbon availability
as a higher importance than nitrogen or phosphorus limitation
see Demars and Thiébaut, 2007; Demars and Trémolières, 2009;
emars et al., 2012). The importance of alkalinity for large-scale
iscrimination among units and river systems had already been
eported by Wiegleb (1984) and was later confirmed by Riis et al.
2000), Baattrup-Pedersen et al. (2008) and Lewin and Szoszkiewicz
2012). The fact that the basic structure of ordination diagrams
with the main axes ‘current velocity’ and ‘alkalinity’) is preserved
ver various spatial scales indicates a form of self-similarity. An
nalysis of more than 300 sites in our study area showed that

one of the species found in northwest Germany has any signif-

cant relation to phosphorus concentrations of the water (Steffen
t al., 2014). Nor did changes in nutrient concentrations have
ny influence on the stochastic changes in cover, richness, species
ica 51 (2015) 53–62

composition, dominance and growth form over 21 years (Wiegleb
et al., 2014a; Demars et al., 2014).

Diversity was best maintained in the ‘true lowlands’ (alluvial
plains and sandy glacial lowlands), regardless of species compo-
sition (H6). The glacial lowland units 11/20, 12/24 and 6/7/16 all
comprised more than 90% of the 59 most frequent species and
were the hotspots of macrophyte diversity in northwest Germany.
Reaches where more than 20 species were found are located along
the edges of these three units, bordering alluvial plains (Herr et al.,
1989). Local species richness was  strongly related to occurrence of
frequent species. That is why  we did not explore the effect of rare
species on the discrimination among units.

Species frequency at the scale of the unit is dependent of the
species pool and of both spatial dependence and autocorrelation
(Wilson and Anderson, 2001; Legendre et al., 2002; Demars and
Thiébaut, 2007). Spatial dependence refers to explanatory vari-
ables such as alkalinity and altitude, for which the unit is regarded
as homogeneous. Spatial autocorrelation would reflect the influ-
ence of neighboring units. In addition, temporal autocorrelation
describes the fact that established species will prevail, at least
within the limit of their physiological tolerance, which is usually
not exceeded. To all terms several error terms must be added,
e.g. unknown effective habitat parameters (e.g. grazing), unknown
range of dispersal abilities of species, or insufficient knowledge
about the species pool prior to the start of the study.

Under the assumption of homogeneity as to important geofac-
tors neither size of the unit nor sampling intensity should influence
species percentages, at least not of the frequent species. The units
used here are homogeneous by definition for parameters such as
geology, geomorphology, hydrology and geochemistry. In addition
we assumed that they are homogeneous with respect to anthro-
pogenic influence, as all sampled reaches are characterized by
altered habitat conditions in the sense of O’Hare et al. (2006). Still
they may  violate the ceteris paribus clause as defined by Gotelli and
Graves (1996). They may  not be homogeneous for other parame-
ters which influence macrophyte frequency and abundance. Such
parameters are groundwater inflow or crossing of large rivers.
These ‘non-regional’ effects may  decrease the expected individu-
ality of a unit (Borcard et al., 2004). Connection of river systems by
canals beyond the limits of single units may  also blur the picture
(Herr et al., 1989).

Conclusions

In accord with our expectation, vegetation of adjacent physio-
graphic units was  sufficiently different to identify characteristic
species compositions. Thus the physiographic unit meets the
requirements of an ‘appropriate macrosystem’ in the sense of
Thorp (2013) and McCluney et al. (2014). In surface water man-
agement and protection under the WFD  statistical information of
this kind will be helpful for the definition of regionally differen-
tiated reference states (see Baattrup-Pedersen et al., 2008). So far,
published surveys did not allow any judgment about which species
are frequent, rare, or typical, nor which sites are representative
for which river system or physiographic unit in northern Germany
(e.g. Schaumburg et al., 2004; Baattrup-Pedersen et al., 2008; Birk
and Willby, 2010). Our data suggest that context independent river
typologies may  lead to inadequate judgment on reference states
and indicator values. A sandy lowland brook in one unit will have
a different vegetation from a sandy lowland brook in another
unit, indicating a non-stationary spatial process in the sense of

Fielding and Bell (1997). This may  be caused by functionally similar
species occupying the same niches. Similar sites are often colo-
nized by one species of the following three growth forms, peplids
(all Callitriche species), myriophyllids (small Ranunculus species or
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.  alterniflorum) and parvopotamids (P. pectinatus,  P. trichoides or
. berchtoldii). They may  simultaneously show maximum floris-
ic dissimilarity and maximum functional similarity. Many species
how characteristic distributional gaps because of lacking niches
n certain physiographic units. They are not bound to river types
ut to a combination of hydrological factors, which may  appear

ndependently in a variety of types.
The occurrence of frequent species such as S. emersum and

. canadensis does not indicate disturbed conditions. If their fre-
uency in a physiographic unit is around 90% they will inevitably
ccur both in disturbed and undisturbed as well in potamal and
hithral reaches because of the mass effect or longitudinal auto-
orrelation (see O’Hare et al., 2006; Birk and Willby, 2010). Only
requent occurrence as monodominant stands may  raise some con-
ern. Taxa which are rare or do not occur in a unit cannot be used
or classification and assessment. This holds for aquatic mosses
hich showed low frequencies in our study area, similar as in

oland (Szoszkiewicz et al., 2010). Still they play an important
ole in the system of quality assessment proposed for Germany by
chaumburg et al. (2004).

On the other hand, more information about helophyte distri-
ution and abundance must be gathered in order to include them

nto assessment schemes of lowland rivers. More attention should
e paid to the factor of carbon availability. In the 1990s pH values
arely exceeded 8.2 in the study area, while recently pH values of 9.1
ere frequently found in four of our physiographic units (Steffen

t al., 2014). This must have a negative influence on the growth
otential of submerged helophytes as well as of hydrophytes with-
ut floating leaves or the ability to assimilate hydrogen carbonate.
ven a dominant climax species such as S. emersum may  decline
nder such circumstances.
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