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We studied the distribution patterns of emergent aquatic macrophytes in relation to land
use, geomorphology and climate variables throughout Finland, using data collected from
848 catchments. Our results confirmed previous findings on climatic factors as major deter-
minants of macrophyte distribution, but also catchment land-use, especially drainage ditch
intensity, appear to be significant. Drainage ditch intensity had equal or higher contribution
to emergent aquatic macrophytes as compared with that of geomorphology variables. To our
knowledge this is the first analysis to show that ditch intensity increases emergent aquatic
macrophytes at the national level. Overall, our results demonstrate that neither overgrowth
problems nor natural distribution patterns of emergent aquatic macrophytes can be under-
stood without analyzing the joint effects of land use, climate and geomorphology.

Introduction

Environmental determinants of a biotic com-
munity structure are typically hierarchical, so
that large-scale biogeographic processes and
constraints interact with biotic and abiotic fac-
tors at the regional and local scales. Ecological
mechanisms operating in regional extent may
overstep local-scale patterns in species distribu-
tions (Cottenie 2005). Hence, identification of
large-scale processes affecting communities is
often prerequisite for understanding variation
in species distributions at local scales. Large
extent studies of species distributions in terres-

trial ecosystems are numerous (Parviainen et al.
2009, Powney et al. 2010), but congruent spatial
studies on aquatic ecosystems are mostly lacking
(however, see Huidobro et al. 2006, Blanck and
Lamouroux 2007, Heino and Toivonen 2008,
Heikkinen et al. 2009).

Aquatic—terrestrial ecotones are considered to
be the most productive and diverse of the aquatic
ecosystems (Wetzel 1990, Mitsch and Gosselink
2000). Emergent aquatic macrophyte zones are
scenically and ecologically important compo-
nents of this ecotone. Emergent macrophytes pro-
vide shelter, breeding areas and food resources
for other terrestrial and aquatic species (Perrow



186

et al. 1999, Schmidt et al. 2005). Emergent
aquatic vegetation also traps nutrients, dimin-
ishes erosion and influences quality and quantity
of sediments (Spence 1982, Pieczynska 1990,
Lacoul and Freedman 2006), which in turn poten-
tially buffers against wide scale deterioration of
water quality and ecological status of aquatic
ecosystems. Emergent aquatic macrophytes indi-
cate in general changes in hydromorphological
conditions, such as shoreline structure and water
level fluctuations (Hellsten 2001 and references
therein, van Geest et al. 2005). Water qual-
ity changes affect emergent aquatic macrophyte
stands indirectly, e.g. via enhanced sedimentation
of organic and inorganic matter (Toivonen and
Huttunen 1995, Partanen et al. 2009). Response
of different species varies greatly. For example,
Phragmites australis often benefits from delayed
spring floods and eutrophication, whereas most
of the Carex species and Equisetum fluviatile
suffer from water level fluctuations (van den
Brick et al. 1995, Partanen et al. 2006). However,
due to high seed production capacity, Carex ros-
trata seems to benefit from a fluctuating water
level and can stand longer submersion than other
Carex species (Hellsten 2001). In addition, Typha
latifolia favours eutrophic conditions (Toivonen
and Huttunen 1995). Because of these varying
responses to boreal environmental conditions,
emergent aquatic macrophytes are used in Finn-
ish ecological status assessments according to the
EU Water Framework Directive (European Com-
munities 2000).

Emergent aquatic macrophyte cover expan-
sions (overgrowth) may occur due to natural
succession or anthropogenic factors related to
land-use practices. The overgrowth process of
boreal lakes and wetlands includes filling up
of the littoral areas with plant remains. Conse-
quently, the vegetation cover slowly expands
over larger areas. Overgrowth can be classi-
fied as bottomward, surfaceward and within the
water column (Segal 1971). Overgrowth is often
accelerated by anthropogenic impacts derived
from different land-use activities such as agricul-
ture, forestry, lake regulation and infrastructure
(Spence 1982, Pieczynska 1990, Lacoul and
Freedman 2006). Land-use changes result in
increased nutrient and suspended solids concen-
trations, siltation and physical disturbances of
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the littoral area (Mensing et al. 1998, Arts 2002).
One of the most significant sources of nutrient
leaching and siltation is ditch drainage (Astrom
et al. 2001, Holden et al. 2004), which is tradi-
tionally executed on peat soils in boreal regions.
As a consequence, species composition changes
and vegetation cover increases (Spence 1982,
Sand-Jensen et al. 2000, Heegaard et al. 2001,
Lougheed et al. 2008). Emergent aquatic mac-
rophyte overgrowth, when due to anthropogenic
sources, may cause deterioration of the ecologi-
cal status of lakes.

Ecological assessments have been increas-
ingly performed with GIS applications (Aspinall
and Pearson 2000, Zhou et al. 2008). Improved
data sets have enabled time-saving GIS-based
assessments on different spatial scales. In order
to capture ecologically plausible causal relation-
ships in these assessments, appropriate study
scales must be addressed (Decamps and Naiman
1990, Dermars and Harper 2005). In the case of
emergent aquatic macrophytes, studies have gen-
erally been performed in relatively small lakes
or wetlands of one region and/or with small
datasets (e.g. Médemets and Freiberg 2004, Par-
tanen and Luoto 2006). Novel GIS applications
and sophisticated statistical procedures may
enable more profound understanding of causal
relationships between emergent aquatic macro-
phyte growth and environmental variables on
larger spatial scales. In addition, these large scale
assessments can provide first hand cost-efficient
estimation of changes of emergent aquatic mac-
rophyte distribution and point out research needs
at more local scales. Moreover, changes in the
aquatic—terrestrial ecotone can indicate wider
ecological deterioration of aquatic ecosystems
such as eutrophication or loss of biodiversity that
should be taken into consideration in ecosystem
management planning.

We studied the occurrence and percentage
cover patterns of emergent aquatic macrophytes,
and their spatial structure, in relation to land-use,
geomorphology and climate variables throughout
Finland, using data recorded in 848 catchments
in an area of ca. 250 000 km?*. We used GIS data
considered to represent emergent aquatic mac-
rophyte overgrowth or large continuous stands
that are about to become expanded (see Material
and methods). We hypothesized that climate pri-
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marily controls distribution patterns of emergent
aquatic macrophytes at this national level and
that also geomorphology influences macrophyte
distribution (Crow 1993, Heino and Toivonen
2008). Responses of individual explanatory vari-
ables should indicate that factors known to con-
trol vegetation, such as growing degree days
and ice cover duration, show clear latitudinal
gradient (Hellsten 2001). We further anticipated
that altitude limits vegetation distribution in high
altitude catchments (Gacia et al. 1994) and large
lake-surface area provides more available habi-
tats for emergent macrophytes as compared with
low lake cover (Rgrslett 1991). Furthermore,
we expected that land use in general may not
have high contribution to distribution patterns
of emergent aquatic vegetation at this spatial
scale, thought high proportions of agricultural
land might stimulate distribution due to nutrient
leaching (Sand-Jensen et al. 2000). However,
based on previous findings (Ecke 2009) and the
fact that the Finnish catchments are very inten-
sively drained, we assumed that drainage ditches
might also have some positive effect on emer-
gent aquatic macrophyte distribution even at the
national level. Finally, we tested the applicability
of GIS modelling techniques for a cost-effi-
cient country-scale ecological assessment and
expected our analysis to show good modelling
performance at this large spatial scale.

Material and methods
Study area

Finland is located in northern Europe (19°-32°E,
60°—70°N) and it belongs to the taiga zone char-
acterized by landscapes dominated by coniferous
forests with sparse settlements and agricultural
areas usually close to waters. The annual average
temperature varies from +5 °C in southern Fin-
land to -3 °C in northern Finland (Atlas of Fin-
land 1988). The most common rocks are granite
and granite gneiss, and moraine is the dominant
landform type (Atlas of Finland 1990). The
country is hydrologically divided into lentic-
rich inland areas situated in central and eastern
Finland and lotic-rich parts in coastal areas and
northern Finland. A total of 10% of the surface
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area is covered by aquatic ecosystems. Wetlands
constitute 30% of the surface area, but nowadays
two thirds of wetlands are drained for forestry
and peat production, and also dried for agricul-
tural use (Peltomaa 2007). We studied 848 catch-
ments representing second division size category
(1.33-4263.52 km?) in the Finnish hydrological
regime (Fig. 1). These catchments consist pre-
dominantly of inland catchments. Coastal land
areas and those of the main Aland islands were
also included, but the smaller archipelagos were
not.

Emergent aquatic macrophyte and
explanatory data

Emergent aquatic macrophyte occurrence
(present/absent) and percentage cover (emergent
aquatic macrophyte cover per each catchment,
%) were derived from the Finnish CORINE land
cover classification, which is based on auto-
mated interpretation of Landsat ETM satellite
images (from the years 1999-2002) and data
integration with existing digital maps (see Luoto
et al. 2007). The macrophyte variables have
also been introduced elsewhere (Alahuhta er al.
2011). The Finnish CORINE data includes a spe-
cific class for the emergent aquatic macrophytes
growing in shallow water areas covered with silt
deposits, flooded areas and wetlands without
peat cover or tree vegetation. This class con-
sists predominantly of typical emergent aquatic
macrophytes, mainly common reed (Phragmites
australis), water horsetail (Equisetum fluviatile),
cattail (Typha latifolia), common club rush (Sch-
oenoplectus lacustris) and several large sedges
such as Carex rostrata, Carex lasiocarpa and
Carex vesicaria (Virkkala et al. 2005). However,
species-level identification was not possible in
the CORINE classification, but the studied class
represented these emergent aquatic macrophyte
species together. Emergent aquatic macrophytes
constitute a growth form representing same
kind of structural characteristics and adaption
to the environment (see Spence 1982, Lacoul
and Freedman 2006). According to the botani-
cal records of the Finnish Museum of Natural
History, all these species occur in entire Finland,
except for Typha latifolia and Schoenoplectus
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Fig. 1. The studied
catchments represent-
ing the so-called second
division size category
(1.33-4263.52 km?) in
the Finnish hydrological
regime, altogether 848
catchments, and percent-
age cover of emergent
aquatic macrophytes in
these catchments. Cover
classes are based on the
natural groupings inher-
ent in the data (natural
breaks), where the break
points are identified by
picking the class breaks
that best group similar
values and maximize the
differences between the
classes. The broken line
indicates the national bor-
ders of Finland, including
sea areas.

lacustris (Lampinen and Lahti 2009). These two
species have latitudinally limited distribution
patterns as their northern distribution limits are
at 66°N and 68°N, respectively. Phragmites aus-
tralis, Carex lasiocarpa and Carex vesicaria also
show uneven abundances especially in northern
Finland. The studied species occur in diverse
aquatic macrophyte communities and many of
them do not indicate any particular trophic status
(Toivonen and Huttunen 1995). However, Carex
vesicaria and Typha latifolia grow in meso-
eutrophic waters, whereas Carex lasiocarpa pre-

fers oligo-mesotrophic conditions. Phragmites
australis has also been reported to benefit from
eutrophication (Miemets and Freiberg 2004,
Partanen et al. 2009).

Based on distributions and structural char-
acteristics of these species, we considered that
Phragmites australis primarily dominates in
the CORINE class along with Carex rostrata.
According to Mossberg and Stenberg (2006),
Phragmites australis, which has broad leaves
(=3 cm wide), grows 1-4 m high and forms
often continuous, dense stands along littoral
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zones in boreal region. Carex rostrata can also
form continuous stands though its detectability is
less obvious from satellite images due to smaller
size (leaves < 8 mm wide and stem < 1 m high)
as compared with that of Phragmites australis.
Despite wide distributions, narrow habitus pre-
vents the detectability of Equisetum fluviatile
from the images unless stands are considerable.
In addition, Typha latifolia and Carex vesicaria
probably contribute to the class in the southern
catchments. Especially Typha latifolia can grow
extensive formations in boreal lakes. Contribu-
tions of Carex lasiocarpa and Schoenoplectus
lacustris to the emergent aquatic macrophytes
class seem to be minor due to limited distribu-
tion patterns and low detectability from satel-
lite images. The emergent aquatic vegetation
indicative CORINE class has a resolution of 25
X 25 m. In order to detect the emergent aquatic
macrophytes from the satellite images at this
resolution the vegetation stands must be continu-
ous and large. Thus, we considered that the class
represents overgrowth or stands that are about
to become expanded. The GIS-based delinea-
tion of the emergent aquatic macrophyte areas
was made by using a topographic database and
a digital elevation model together with the areas
interpreted to present vegetation in water (digi-
tized water mask). Hence, our vegetation data
basically describe emergent aquatic macrophyte
cover in aquatic littoral areas and wetlands.
Determination of the emergent aquatic macro-
phytes was empirically verified against aerial
photograph interpretations of well-investigated
lakes in southern part of Finland where the emer-
gent macrophyte species mentioned above were
identified (Virkkala er al. 2005). The CORINE-
based emergent aquatic macrophyte data were
chosen because we wanted to assess their capa-
bility to represent emergent aquatic macrophytes
and because they spatially cover entire Finland.
CORINE derived from the years 1999-2002
was also used to obtain land-cover data. The
original data were reclassified to nine land-cover
classes used as explanatory variables for emer-
gent aquatic macrophyte occurrence and per-
centage cover (Table 1). These included infra-
structure (all 12 infrastructure classes combined,
ranging from residential and industrial areas
to dumping sites and urban parks), agricul-
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tural areas (arable land, pastures and agricul-
tural mosaic areas), forest areas (coniferous and
deciduous forest) and sparse vegetation areas
(sparse vegetation, open mire and peat exca-
vation). Land-use variables were calculated as
percentage covers for each catchment. In addi-
tion, ditch intensity (km km™) was calculated
from a ditch sub-dataset of the Topographic
Database (1:10 000) provided by the National
Land Survey of Finland. The dataset consisted
of combined new and restored ditches executed
over the last 30 years and they represented
mainly silvicultural ditches as 97% of them were
located in forests. Forests with peat soils are
commonly drained to increase forest growth in
boreal regions (Peltomaa 2007), so these ditches
were assumed to be in organic soils.

Two altitude variables (mean altitude and
altitude range within a catchment area) were
derived from the digital elevation model (DEM)
at the 25-meter resolution. DEM is calculated
from the contour lines and coastline elements
of the basic map by triangulation network inter-
polation into a grid model. Basically, in inter-
polation, unknown values are predicted from
observed data at known locations. In addition,
we obtained four soil and landform types and
three reclassified bedrock types from digital
maps (1:1 000 000) of national Quaternary
deposits and pre-Quaternary rocks (Atlas of Fin-
land 1990). The soil and landform variables used
in the analysis were: (1) moraine, (2) rock, (3)
clay and (4) sand and gravel. Bedrock types were
reclassified from the original data according to
acidity: acidic, intermediate and calcareous. Pro-
portion of lake cover was used as a hydrological
variable and a surrogate for lake surface cover in
the evaluation of occurrence of emergent aquatic
macrophytes.

Climate data with a 10-km resolution
(mean values) from the period 1961-1990 were
obtained from the Finnish Meteorological Insti-
tute (Venildinen and Héméldinen 2002). This
dataset was downscaled from the original resolu-
tion to the 0.5-km (25 ha) resolution by krieg-
ing interpolation. Considering these notions, we
calculated the following climatic variables: (1)
growing degree days (> 5 °C), (2) mean tem-
perature (°C) of the coldest month (January), and
(3) mean annual precipitation (mm). In addition,
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ice-derived variables — duration of the ice cover
period (days) and ice cover thickness (mm) in
March — were employed in the analysis. Ice
variables were interpolated by krieging from
the data of 50 lakes (mean values) to the resolu-
tion of 25 m from the review period 1961-2000
(Korhonen 2005). As the ice variables were sig-
nificantly correlated with the climatic variables,
they were grouped with climatic variables.

All the data sets were prepared using
ArcView ver. 9.2. (ESRI 1991), and a new,
programmed ditch intensity extension tool for
ArcView was also utilized. The empirically
validated ditch intensity tool separates natural
brooks, streams and rivers from artificial drain-
age ditches. A stream is classified as a man-made
ditch if it has fewer than 25 curves per kilometer
and the curves do not exceed 45°. The accuracy
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of this tool improved with high artificial ditch
intensities (V. Leppédnen unpubl. data). At high
percentages of natural brooks and streams (ca.
20% of the total proportion of lotic features) the
correctness of the tool was over 70% and at low
percentages of natural brooks and streams (ca.
3%) over 90%.

Statistical analyses

Statistical analyses were performed using the R
statistical package (R Development Core Team
2004). Generalized linear models (GLMs) are
mathematical extensions of linear models which
can handle non-linear relationships and different
types of statistical error distributions, such as
Gaussian, Poisson, Binomial and Gamma (Vena-

Table 1. Descriptive statistics of the land use, geomorphology and climate variables in the studied catchments.

Variable Unit Minimum Maximum Mean SD
Land use
Infrastructure % 0 68.3 4.0 5.5
Arable Y% 0 56.7 7.9 10.0
Pasture % 0 7.7 0.2 0.4
Agriculture mosaic % 0 3.8 0.7 0.6
Coniferous forest % 0 74.8 46.3 125
Deciduous forest % 0 45.8 5.1 5.4
Sparse vegetation % 3.9 96.0 20.9 10.9
Open mire % 0 1.1 0.04 0.1
Peat excavation % 0 9.3 0.4 0.9
Drainage ditch intensity % 0 3.1 0.9 0.7
Geomorphology
Topography
Altitude mean m 4.3 840.9 144.0 97.0
Altitude range m 0 1310 150.0 108.2
Soil/Landform
Moraine % 0 94.5 51.4 19.2
Rock % 0 63.3 11.6 12.4
Clay % 0 73.6 10.2 15.4
Sand and gravel % 0 87.8 9.5 10.4
Rock type
Acidic % 0 100.0 29.5 41.3
Intermediate % 0 100.0 58.1 45.3
Calcareous % 0 100.0 14 9.2
Hydrology
Lake cover % 0.0 51.0 6.2 8.1
Climate
Ice thickness cm 41.6 78.7 57.0 8.5
Duration of ice period days 143.3 226.2 180.3 21.1
Degree growing days (> 5 °C) °C 165.9 1335.2 978.3 222.0
Temperature of the coldest month °C -17.5 -4.5 -11.1 3.0
Mean annual precipitation mm 416.5 639.8 564.4 53.5
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bles and Ripley 2002). In this work, we built
GLM models using a full stepwise approach,
in which explanatory variables are included or
excluded from the full model according to their
statistical significance. In the model building, the
variable selection criterion (p < 0.05) was based
on the F-ratio test for the inclusion or exclusion
of predictors. We also examined the possibility
of curvilinear relationships between explanatory
and dependent variables by entering the quad-
ratic terms of the variables in the models (Austin
2002).

The variation partitioning (VP) approach was
used to divide the variation in emergent aquatic
macrophyte occurrence and percentage cover
among the three groups of predictors: land use,
geomorphology and climate. Variation in occur-
rence and percentage cover of emergent aquatic
vegetation was partitioned using a series of par-
tial regression analyses with GLMs (Borcard et
al. 1992, Heikkinen et al. 2004). In the first step,
within each of the three groups of predictors,
selection of predictor variables was performed
to include variables that contributed significantly
to the explained variation. The goodness-of-fit
for each added variable was measured by the
deviance statistics and the change in deviance
(Venables and Ripley 2002). Detailed descrip-
tion of variation partitioning with three explana-
tory matrices can be found elsewhere (Anderson
and Gribble 1998, Heikkinen et al. 2004). Here,
it leads to eight fractions: (a) pure effect of land
use, (b) pure effect of geomorphology, (c) pure
effect of climate; combined variation due to the
joint effects of (d) land use and geomorphology,
(e) land use and climate, (f) geomorphology and
climate, and (g) the three groups of explanatory
variables; and finally (h) unexplained variation.
Several fractions, or groups of fractions, can be
obtained directly by a (partial) GLM run such
as a +d + e + g: explained variation by land-use
variables; b + d + f + g: variation by geomor-
phology variables; ¢ + e + f + g: variation by
climate variables; and a + b + d: variation by
land use and geomorphology variables. The total
explained variation in the data (a+b+c+d+e
+ f + g) was obtained by regressing the depend-
ent variables using the selected statistically sig-
nificant variables of the three groups of explana-
tory variables together (‘full model’).
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Hierarchical partitioning (HP, Chevan and
Sutherland 1991) using ordinary GLMs was per-
formed in order to study the effects of individual
explanatory variables on emergent aquatic mac-
rophytes. In the hierarchical analysis, all the
possible combinations of explained variance are
calculated, thus enabling assessment of the pro-
portion of variation explained independently by
each variable. The calculation process was con-
ducted with R (R Development Core Team 2004)
and the ‘hier.part’ package 1.0 therein (Walsh
and MacNally 2003). We selected the variables
that were the most significant based on VP (p),
and represented a wide range of different envi-
ronmental features.

Autocorrelation is a frequently observed fea-
ture in spatially sampled biological data that
can hamper attempts to identify plausible rela-
tionships between biota and the environment
(Legendre 1993). Due to spatial autocorrelation,
values of particular variables in neighboring
sites are rather similar to the expected values in
the case of random set of observations. We stud-
ied the role of spatial autocorrelation in the data
sets by calculating spatial correlograms (Moran’s
I) for emergent aquatic macrophytes, land use,
geomorphology and climate variables using the
program ROOKCASE (Sawada 1999). Ten inter-
sample distance classes were formed using a lag
of 10 km (Legendre and Fortin 1989). Moran’s 1
ranges between —1 and +1, where +1 means the
strongest positive spatial autocorrelation, —1 the
strongest negative autocorrelation, and 0 no cor-
relation or random distribution. Positive spatial
autocorrelation is exhibited when neighboring
areas are similar or the same. A checkerboard is a
good example of negative spatial autocorrelation
(Luoto and Hjort 2006).

Results
Descriptive statistics

Percentage covers of emergent aquatic macro-
phytes were highest in southern Finland and
undetected from the 68th latitude northward
and from the catchments with average altitude
exceeding 300 m (Fig. 1). Because the data
resolution of the studied macrophyte class was
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catchments representing
the second division size
category in the Finnish
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aquatic macrophytes were present in the catch-
ments when the mean January temperature
was above —15 °C and the cumulative growing
degree temperatures were at least 700 (Fig. 2b).
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It was also typical that emergent aquatic macro-
phytes were absent if catchments did not have
any clay soils or agricultural areas.

The proportion of different land-use types
and the values of other environmental varia-
bles varied considerably among the 848 studied
catchments (Table 1). In general, forests and
sparse vegetation dominated. Ditch intensity was
the highest in the western and central parts of the
country. Climatic variables showed latitudinal
and altitudinal gradient, as for example growing
degree days correlated negatively (Spearman: r
<-0.7) with relative altitude in all but the largest
emergent aquatic vegetation covers (Fig. 2a).

The explanatory variables correlated with
each other and many of the relationships were
self-evident. Some land-use variables, such
as infrastructure, arable land and agricultural
mosaic areas, were negatively correlated with
altitude (ry = -0.556) and positively with grow-
ing degree days (rg = 0.631). Moreover, infra-
structure positively correlated with arable land
(rS = 0.846; Fig. 3a), agricultural mosaic areas
(ry = 0.704) and clay soils (r; = 0.796). Agricul-
tural areas were also concentrated on clay soils
(ry = 0.589). Mixed forests and open mire were
positively inter-correlated (rg = 0.513) and both
variables were situated in catchments with lower
temperatures (r, <-0.629). Drainage ditches had
some correlation with peat excavation areas (rg =
0.486), sparse vegetation (r;, = 0.301) and inter-
mediate bedrock (r; = 0.369). Ditch intensity
also correlated positively with infrastructure in
the largest helophyte covers (Fig. 3b).

Variation partitioning

Both occurrence and percentage cover of the
emergent aquatic macrophytes in the Finnish
catchments were negatively related to moraine
and rocky soils, duration of ice cover period and
ice thickness and acidic bedrock, and positively
to growing degree days, mean altitude, cover of
arable land, peat excavation and drainage ditch
intensity.

A summary of the selected explanatory vari-
ables for emergent aquatic macrophyte occur-
rence and percentage cover from the three vari-
able groups is presented in Table 2. The results
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of variation partitioning for the occurrence and
percentage cover of the emergent aquatic mac-
rophytes in terms of the fractions of variation
explained are shown in Fig. 4. For the occurrence
of the emergent aquatic vegetation, the amount

Table 2. The significance of the linear (L) and quadratic
(Q) terms for the land use, geomorphology and climate
variables selected and used in the variation partition-
ing procedures. Generalized linear regression models
with full stepwise selection of statistically significant (p
< 0.05) variables were calculated separately for each
variable group and for the emergent aquatic macro-
phyte occurrence (binomial distribution of error) and
percentage cover data (Poisson distribution of error).
Jan = January, NS = not selected; L = linear term; Q =
quadratic term; * for p < 0.05, ** for p < 0.01, *** for p <
0.001. The variables set in boldface were selected for
hierarchical partitioning analysis of emergent aquatic
macrophytes.

Occurrence Cover (%)
Land use
Infrastructure +LF—QF* +L*-Q*
Arable +L—Q*** +L*-Q**
Pasture +L*** NS
Agriculture mosaic +L—QF NS
Coniferous forest +L*—Q** +L*
Deciduous forest —L** NS
Sparse vegetation +L—Q** -L*
Open mire -L* NS
Peat excavation +L*-Q* +L*
Drainage ditch intensity ~ +L**—Q** +L*
Geomorphology
Topography
Altitude mean +L***—-Q** NS
Altitude range -L* —L
Soil/Landform
Moraine -L*+Q* NS
Rock —L** -L*
Clay +L—Q*** +L*-Q*
Sand and gravel +L*-Q*
Rock type
Acidic -L***+Q* NS
Intermediate +L*** NS
Calcareous NS NS
Hydrology
Lake cover +L***-Q* —L**
Climate
Duration of ice period —L -L*
Ice thickness -+ Q L +Q**
Growing
degree days (>5 °C) +L—Q** +L*—Q**
Temperature of
coldest month (Jan) +L** NS
Mean annual precipitation NS NS
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Fig. 3. Percentage covers
of emergent aquatic mac-
rophytes in Finland in
relation to (a) covers of
arable land and logarith-
mically transformed infra-
structure, and (b) ditch
density and logarithmically
transformed infrastructure
inside the catchments
representing the second
division size category in
the Finnish hydrologi-
cal regime. The sizes of
five different circles follow
emergent macrophyte
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of variation captured by all selected environmen-
tal variables was 59.3%, and 44.8% for percent-
age cover of the emergent aquatic macrophytes.
The decomposition of the variation showed that

between 75% and 50%,
below 50% and absent,
respectively.

the largest fractions of the variability in emergent
macrophyte occurrence were mainly accounted
for by the joint effect of land use, geomorphol-
ogy and climate variables (fraction g in Fig. 4;
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26.7%). Similarly, the largest fractions of the
variability in emergent aquatic macrophyte per-
centage cover were accounted for by the joint
effect of land use, geomorphology and climate
variables (fraction g; 21.2%). Additionally, the
joint effect of geomorphology and climate vari-
ables was considerable for macrophyte occur-
rence (fraction e; 13.0%). The pure effects of
land use (fraction a), geomorphology (fraction b)
and climate variables (fraction c) varied between
1.2% and 6.7% in both occurrence and percent-
age cover of the emergent aquatic macrophytes.

The joint contribution of geomorphology
and climate was negatively related to emergent
aquatic macrophyte occurrence. A negative joint
contribution of two variable groups indicates
that these groups are multicollinear, and there-
fore less variation is explained when the two
groups of variables are included together than is
expected on the basis of their effects in isolation
(e.g. Chevan and Sutherland 1991).

Hierarchical partitioning (HP)

The HP analysis revealed that climate had the
highest explanatory value in occurrence and per-
centage cover of emergent aquatic macrophytes
(growing degree days 19.2% and 15.0%, respec-
tively). In the case of macrophyte occurrence,
ditch intensity together with mean altitude had
the second highest effect (12.1%), whereas rela-
tive altitude (10.1%) and ditch intensity (9.0%)
were the next highest contributors to the per-
centage cover of emergent aquatic vegetation
(Table 3).

Spatial autocorrelation

In the emergent aquatic macrophyte percent-
age cover data, a clear spatial structure was
revealed and Moran’s correlograms indicated a
positive autocorrelation for small-distance cat-
egories. Spatial autocorrelation in the residu-
als was reduced considerably after including
the environmental variables in the final model
(statistically non-significant, p > 0.05) (Fig. 5).
Clearly the highest autocorrelation occurred in
the first distance class (10 km), where it was
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40.7 55.2

Fig. 4. Results of variation partitioning for the occur-
rence (left) and percentage cover (right) of emergent
aquatic macrophytes, in terms of the proportions of
variation explained. Variation of the species data matrix
is explained by three groups of explanatory variables:
land use (a), geomorphology (b) and climate (c), which
denote the unique effects of these factors, whereas
the categories d—g are the percentages indicating the
joint effects of land use and geomorphology (d), land
use and climate (e), geomorphology and climate (f)
and land use, geomorphology and climate together (g),
respectively. Category h represents unexplained effect.

reduced from 0.60 (original response variable)
to 0.17 (residuals of the final model) in the emer-
gent aquatic macrophyte data. In the distance
class of 60 km or longer, autocorrelation was
less than 0.05 in the residuals of the final model.
Furthermore, we tested the effect of geographi-
cal location on the modelling results. Inclusion
of east and north co-ordinates in the final models
improved the amount of explained deviance only
marginally for the emergent aquatic macrophyte
percentage cover data (0.9%).

Discussion

Relations between emergent aquatic
macrophytes and environmental
variables

Together, the three groups of explanatory vari-
ables captured the variation in occurrence
(59.3%) and percentage cover (44.8%) of emer-
gent aquatic macrophytes quite well. The emer-
gent aquatic vegetation was mostly explained by
spatially structured climate and geomorphology
variables as expected. Considering the spatial
scale of this study, climatic conditions vary con-
siderably with latitude, which is also relevant
to aquatic macrophytes (Crow 1993, Hillebrand
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Fig. 5. Spatial correlograms for emergent aquatic mac-
rophyte data. Filled symbols present original abun-
dance data and open symbols present residuals after
environmental variables were included in the final GLM
model. Only the correlogram of abundance data is sta-
tistically significant (p < 0.01) after Bonferroni correc-
tion, i.e. at least one of the coefficients was significant
at the Bonferroni-corrected level 0.01/10 = 0.001.

Table 3. Proportion of explained variance according to
hierarchical partitioning. The analyzed variables were
selected on the basis of the significance of the vari-
ables in the variation partitioning procedures (p) and
representation of a wide range of different environmen-
tal features.

Occurrence Cover (%)

Land use
Infrastructure 5.9 4.2
Arable - 4.8
Pastures 4.9 -
Agriculture mosaic 9.6 -
Coniferous forest 71 4.7
Deciduous forest - -
Sparse vegetation 5.4 5.9
Peat excavation - 4.5
Drainage ditch intensity 12.1 9.0
Geomorphology
Topography
Altitude mean 121 -
Altitude range - 10.1
Soil/Landform
Rock 5.6 5.7
Clay 5.5 5.0
Rock type
Intermediate 7.7 -
Hydrology
Lake cover 5.2 -
Climate
Duration of ice period - 18.0
Ice thickness - 13.2
Growing degree days (>5°C) 19.2 15.0
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2004, Chambers et al. 2008). Moreover, climate
directly or indirectly influences geomorphology
and land cover (Spence 1982), which is a plau-
sible reason for the fact that geomorphology has
the highest pure effect on emergent aquatic mac-
rophytes. The pure explanation effect of land use
was lower as compared with that of climate and
geomorphology. However, joint effects of climate
and land use in occurrence and geomorphology
and land use in the percentage cover of emergent
aquatic macrophytes were considerable.

It was not surprising that emergent mac-
rophyte distribution increased with increasing
growing degree days. In addition, in boreal
regions aquatic vegetation is limited by harsh
winter conditions including thick ice cover and
freezing of bottom sediments, and for example,
Phragmites australis is sensitive to ice erosion
(Hellsten 2001). Indeed, the emergent aquatic
macrophytes in our data were restricted by the
temperature of January, duration of ice period
and ice cover thickness.

Another anticipated response was that emer-
gent aquatic macrophytes were limited by high
altitudes (Rgrslett 1991, Gacia et al. 1994).
The distribution of emergent aquatic vegetation
increased with altitude, but at a certain altitude
this effect leveled off, which is illustrated by the
saturation of the quadratic term (see Heikkinen
et al. 2004). In Northern Ireland, the aquatic
macrophyte correlation with altitude was related
to hard water, nutrient-rich lakes situated in
lowlands (Heegaard et al. 2001). The situation is
much the same in Finland, as the clay soil catch-
ments are concentrated to lowlands located in
southern parts of the country. On the other hand,
the proportion of organic soils is higher in high
altitude catchments. High altitudes of northern
catchments are also characterized by nutrient-
poor alpine lakes that provide poor conditions
for colonization (Virola et al. 2001).

In addition, nutritious and finer-grain soils
promoted vegetation covers, and the distribution
of emergent aquatic macrophytes also increased
with nutritious bedrocks. Emergent macrophytes
generally favour inorganic sediments (Spence
1982, Weisner 1991) and Partanen et al. (2009)
found clay soils to be the primary factor con-
trolling littoral overgrowth both at the lake and
habitat levels in boreal catchments. Clay soils
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are nutrient-rich and their erosion by waves and
further by wind and rainfall from catchments
increases nutrient background concentrations in
water bodies. Because clay sediments can pro-
vide only few rooting microsites and the dom-
inant Phragmites australis prefers sandy and
oxygen-rich sediments (Lacoul and Freedman
2006, Partanen et al. 2009), we considered the
positive effect of clay soils to be related prima-
rily to nutrient enrichment of water bodies. Of
the emergent aquatic macrophytes in our study,
at least Typha latifolia and Carex vesicaria grow
in more nutrient rich waters and Phragmites
australis benefits from nutrient surplus in oli-
gotrophic water bodies (Toivonen and Huttunen
1995, Partanen et al. 2009).

Our results supported the previous findings
that large lake-surface area is often associated
with higher macrophyte species richness and dis-
tribution as compared with small lake-surface
area (Rgrslett 1991). Occurrence of emergent
aquatic macrophytes and lake surface area were
positively related in small and mid-sized lake-
surface areas, but the gradient levelled off in
large lake-surface areas. Emergent macrophytes
are more exposed to wave action than sub-
merged macrophytes, and the exposure gener-
ally increases with the lake area (Spence 1982,
Lacoul and Freedman 2006). To our surprise, the
descriptive results indicated that the relationship
between shoreline length and vegetation occur-
rence was weaker than that of lake-surface area
and vegetation occurrence. Shoreline length is
considered a better indicator of new habitats for
macrophytes because vegetation often grows in
fringe or marginal habitats represented evidently
in shoreline length (Rgrslett 1991, Thomaz et
al. 2003). However, in Danish ponds, a positive
relationship was also found between lake-surface
area and richness of emergent plants, despite
the lack of correlation with other growth forms
(Mgller and Rgrdam 1985). This suggests that
lake-surface area may be a better indicator of new
habitat for emergent macrophytes than shoreline
length. Other growth forms are more restricted
by light limitation (Thomaz et al. 2003) and thus
shoreline length might be a suitable surrogate of
habitat diversity for them. However, this conclu-
sion is somewhat tentative, because we do not
know whether catchments consisted of many
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small water bodies or a single large one, and a
detailed analysis might have revealed complex
curvilinear relationship between shoreline length
and emergent aquatic macrophytes not indicated
in the descriptive analysis.

Land use affecting emergent aquatic
macrophytes

Response of emergent aquatic macrophytes to
land use appeared significant, which was some-
what surprising considering the scale of our study.
Effect of land use is generally low at large spatial
scales (Luoto et al. 2007, but see also Heino
and Toivonen 2008). Here, land-use variables
affected emergent aquatic macrophytes equally
or more than natural geomorphological variables
with drainage ditch intensity impact being the
highest (Table 3). Other land-use types affecting
emergent aquatic vegetation included agriculture
and infrastructure. Several studies conducted at
a water-body scale have reported acceleration
of emergent aquatic macrophyte overgrowth in
northern Europe due to anthropogenic pressures
(Sand-Jensen et al. 2000, Andersson 2001, Brin-
son and Malvarez 2002, Miemets and Freiberg
2004, Partanen er al. 2009). Emergent aquatic
vegetation overgrowth can lead to dominance of
a few species, hindering the diversity and eco-
logical functioning of the littoral zone (Lougheed
et al. 2008). Our results indicate that the over-
growth problem in boreal catchments is related
especially to drainage ditching, but with a strong
mediating effect of the prevailing climatic and
geomorphological conditions.

Emergent aquatic macrophytes had an over-
all positive response to drainage ditching. To our
knowledge this is the first analysis to show that
ditch intensity promotes emergent aquatic mac-
rophytes at a wide, national level. Ditching is
generally executed in low-altitude areas, where
the soil is saturated with water and emergent
aquatic macrophytes have often naturally wider
distributions. Therefore, altitude might explain
the positive influence of ditch intensity on emer-
gent aquatic vegetation. However, we treated
drainage ditches and altitude as separate vari-
ables, also recognizing possible inter-correla-
tions. The negative correlation between drainage
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ditch intensity and altitude was weak, probably
because altitude differences were minor between
majority of the catchments and the extreme
values of drainage ditching and altitude did
not meet. Drainage ditches were concentrated
in the western and central parts of the country,
whereas high altitude catchments were located
in northern Finland. We consider that these vari-
ables probably show a clearer relationship at a
more local scale where environmental differ-
ences between areas are more pronounced. Thus,
our results highlight the importance to study
environmental determinants of biotic community
structures at different hierarchical levels.
Drainage ditches were mainly located in peat
soils. Hence, the positive influence of ditch inten-
sity on emergent aquatic macrophytes is prob-
ably related to the ability of vegetation to toler-
ate increased leaching of suspended solids (both
organic and inorganic) and dissolved humic sub-
stances, which is a typical consequence of peat-
land drainage (Astrom et al. 2001, Holden et al.
2004). One competition advantage of emergent
aquatic macrophytes over the submerged ones
includes better tolerance to toxicants and anoxic
sediments (Barko and Smart 1983). For exam-
ple, Phragmites australis can favor moderate
accumulation of organic sediments (Miemets
and Freiberg 2004). Another mechanism favor-
ing emergent macrophytes in drained catchments
is an increase in nutrient concentrations and
decreased light penetration inhibiting growth of
submerged macrophytes due to eutrophication
(Toivonen and Huttunen 1995). However, excess
eutrophication can lead to a decrease in emergent
aquatic macrophyte stands (Arts 2002, Lacoul
and Freedman 2006). Siltation also expands the
area of low water level, which is favorable for
many emergent aquatic plants with good coloni-
zation capability (e.g. Santamaria 2002).
Dispersal of seeds and propagules through
ditches can partly explain the positive influence
of ditch intensity on emergent aquatic macro-
phytes. Aquatic macrophytes are known for their
broad distributions due to their efficient growth
strategies and high dispersal capacities (Barrat-
Segretain 1996, Brochet et al. 2010). Ditches
probably disperse seeds and propagules between
water bodies and wetlands within a catchment,
but ditches do not directly affect between catch-
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ment dispersal. Catchments are individual enti-
ties that are usually connected to each other via
a single outlet stream. Thus, at a regional scale
ditches may increase within catchment dispersal
and indirectly also between catchment disper-
sal, thought actual between catchment dispersal
happens via waterfowl, stream flows and wind,
depending on species ecological characteristics.

Ecke (2009) found that the covers of agri-
cultural and forest land could not explain either
water quality or occurrence of aquatic macro-
phytes in boreal lakes in Sweden, but that drain-
age ditching of these land-use areas accounted
for both water quality and aquatic macrophytes.
This study suggested that drainage ditches in
agricultural areas increased emergent macro-
phyte occurrence through nutrient leaching and
erosion of fine, inorganic clay to littoral areas.
Further, Ecke (2009) stated that forestry ditch-
ing and emergent macrophyte occurrence were
also positively related, although the correlation
was not statistically significant. Our results also
strongly suggested that silvicultural drainage
ditching promotes both occurrence and percent-
age cover of emergent aquatic macrophytes.

It was conservatively hypothesized that agri-
cultural areas might stimulate emergent aquatic
macrophytes. Agricultural areas are primary
sources of nutrient leaching to water bodies due
to fertilization and increased erosion that further
lead to deterioration of community structure
of aquatic macrophytes (Penning et al. 2008).
Despite the large spatial scale of our study, agri-
cultural areas had clear positive effect on emer-
gent aquatic macrophyte distribution. Nutrient
enrichment from agricultural areas is particularly
high, because drainage ditching of cultivation-
rich clay soils increases remarkably nutrient ero-
sion, leaching and transport. In water bodies
with a higher trophic status, nutrient availability
is no longer a limiting factor, but in eutrophic-
hypertrophic lakes intense primary production
limits emergent aquatic plant growth and distri-
bution (Arts 2002). This fact may have caused
the leveling off of the positive influence of agri-
cultural areas in our data.

We could not foresee that infrastructure pro-
motes emergent aquatic macrophytes, which is
in contrast to what was reported in some previ-
ous studies (Partanen and Luoto 2006, Miemets
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and Freiberg 2004). Infrastructure was positively
correlated with agricultural areas, suggesting
that these land-use forms are geographically
intersected. Hence, influence of infrastructure is
most probably related to the presence of agricul-
tural areas close to rural settlements. The posi-
tive effect of infrastructure levelled off when the
proportion of infrastructure increased within a
catchment in densely populated urban areas.

Applicability of GIS modelling in
ecological assessment

GIS-data-derived ecological assessments have
been increasingly popular due to improved data
sets and cost-efficient execution of these analy-
ses (Aspinall and Pearson 2000, Zhou et al.
2008). Our cost-efficient assessment of emer-
gent aquatic macrophytes produced ecologically
plausible results and the explanation power of
the models were comparable to those reported
in other methodologically similar studies (e.g.
Heikkinen et al. 2004, Demars and Harper
2005, Partanen and Luoto 2006). Introduction
of a quadratic term, which represents curvilinear
relationships between variables, improved the
ecological rationality of our results. This has also
been recognized in other studies (Austin 2002,
Heikkinen et al. 2004). Curvilinear response
curves were ecologically more plausible as com-
pared with pure linear relationships.

As a caution measure, we placed more relia-
bility on some independent variables over others
(pure climate variables over ice cover variables)
due to downscaling of the data with denser
empirical observations. In addition, temporal
variability of different data may have had some
impact on the modeling performance. Never-
theless, we recognize that our explanatory data
had many limitations, such as lack of species-
level identification and general roughness. These
shortcomings may, to some extent, weaken cau-
sality of our results, although many relation-
ships between emergent aquatic macrophytes
and explanatory variables were very clear and
ecologically rational. More explicit explanatory
data should be used in studies addressing inter-
relations of land use, catchment characteristics
and climate and local macrophyte distributions.
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However, good performance of our models indi-
cated that spatial scales of different variables
were suitable for this type of cost-efficient catch-
ment study, and that the resolutions were not too
fine or coarse for the analysis (Legendre 1993,
Luoto and Hjort 2006).

The unexplained contributions in our models
can be explained by the accuracy of percent-
age cover data (25 X 25 m) and unmeasured
environmental variables (Austin 2002). How-
ever, we consider that the unexplained effect is
more related to unmeasured limnological and
hydrological variables, as was also demonstrated
elsewhere (Partanen and Luoto 2006, Partanen
et al. 2009). Characteristics specific to each
water body and wetland probably determine
the majority of percentage cover of emergent
aquatic macrophytes. Exposure, sediment qual-
ity, light penetration, water quality, lake and
wetland topography, water level fluctuations and
permanent lowering of lake water level affect
the growth and distribution of emergent aquatic
vegetation (Wetzel 1990, Mitsch and Gosselink
2000). Despite the lack of limnological vari-
ables, the proportion of agricultural and urban
land in catchments is a significant predictor
of water quality (Johnson et al. 1997, Crosbie
and Chow-Fraser 1999, Uuemaa et al. 2007).
Moreover, emergent aquatic macrophyte species
respond differently to various limnological and
hydrological variables (Arts 2002).

In summary, our results demonstrate that
neither overgrowth problems nor natural distri-
bution patterns of emergent aquatic macrophytes
can be understood without analyzing the joint
effects of land use, climate and geomorphology.
As emergent aquatic vegetation was strongly
related to climate and land use, distribution pat-
terns of this plant growth form will probably
change due to global warming and deteriora-
tive effects of land use. More specific studies
focusing on the emergent aquatic macrophyte
species and related environmental characteris-
tics (including limnology, hydrology and climate
change projections) in different water body and
wetland types are needed in order to develop
predictive tools for assessment of land use and
climate change impacts on littoral ecotones. This
study gave a good first hand knowledge of the
national distribution pattern of emergent aquatic
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macrophytes, which need to be carefully mon-
itored in ecosystem management planning in
order to avoid further deterioration of this sceni-
cally and ecologically important ecotone.
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