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ABSTRACT

The lack of a clear understanding of the factors
governing the often-great variation of species
numbers over entire landscapes confounds at-
tempts to manage biodiversity. We hypothesized
that in a topographically variable boreal forest
landscape the availability of shallow groundwater is
a major determinant of plant species numbers. We
then developed a topographically derived hydro-
logic index based on multidirectional flow algo-
rithms to account for the variation in availability of
such groundwater in the landscape. We found a
positive correlation between species numbers of
vascular plants in plots ranging from 0.01 to 200 m®
and the hydrologic index. Generally, the landscape
was relatively dry and species-poor, but inter-
spersed patches with shallow groundwater had
high species numbers and high proportions of
regionally uncommon plant species. The index
explained 30% of the variation in vascular plant

number and correlated quite well (r; = 0.50) with
groundwater level, but not as well with a
community H* concentration value (instead of
community pH, ry=-0.31), based on species
composition. In addition, we found a very strong
correlation between species number and the com-
munity H" concentration value (r, —0.84). The
hydrologic index is a useful tool for the identifica-
tion of spatial of species number patterns across
entire landscapes. This is an important step in
identifying the areas most in need of protection or
restoration, designing survey techniques, and
understanding the fundamental processes that
control the spatial distribution of species.

Key words: species richness; wetness index; bor-
eal forest; vascular plants; slope; nestedness; scale
dependence.

INTRODUCTION

Recent studies suggest that the processes deter-
mining species richness vary with spatial scale
(Zobel 1997; Crawley and Harral 2001; Whittaker
and others 2001). The understanding of such var-
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iation, and especially the processes that govern
species richness patterns over landscapes and re-
gions, has become increasingly important as the
deterioration of the world’s natural habitats con-
tinues to escalate. This is true from a protection as
well as a restoration standpoint, and the need for
knowledge becomes acute when conservation
management is combined with other kinds of land
use. Such situations of optimized multiple use
could be termed ‘“normative landscapes’” — that is,
landscapes maintaining the highest level of eco-
logical functioning possible within the economic
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and social constraints at hand (Stanford 1997;
Williams and others 1999).

We considered the common case of a boreal
forest landscape where commercial forestry is the
dominant land use and where, for that particular
reason, only a small proportion of the landscape
could be considered for conservation management.
In such landscapes, especially in cases where the
topography is variable, the spatial variation of
groundwater availability is an important factor
affecting both tree growth and vegetation compo-
sition (Cajander 1926; Ebeling 1978). Riparian
forests have a constant supply of groundwater close
to the surface. In boreal areas, these riparian forests
have considerably more vascular plant species than
upland forests. For example, two to three times
higher species densities of bryophytes (Dynesius
2001) and vascular plants (M. Dynesius and C.
Nilsson unpublished) were found in riparian forests
along small streams in boreal Sweden than in
randomly chosen upland forests. Unlike riparian
forests, groundwater flow only intermittently
influences most vegetation types of boreal forests.
We hypothesized that a topographically based
hydrologic index could be used to predict variations
in the influence of groundwater flow and thus
species numbers over entire landscapes. If such a
prediction becomes successful, it would provide a
tool that could replace much laborious field work.

Several hydrologic indices based partially on
topographic variables have been produced to
predict the distribution of vegetation types (Moore
and others 1991; Iverson and others 1997; Os-
tendorf and Reynolds 1998; Dorner and others
2002). Some studies have partially used topo-
graphic variables to predict species richness. In
Rhode Island, USA, the topographic variables
slope and aspect explained only 0.04% and
0.02%, respectively, of the variation in vascular
plant species richness (Nichols and others 1998),
whereas soil drainage explained 53%. Hutchinson
and others (1999) used an Integrated Moisture
Index based on three topographic variables and
one soil variable—a slope aspect shading index,
water flow accumulation, hillslope curvature, and
total water-holding capacity—which explained
35% of the variation in species number of vas-
cular plants in a mixed oak forest in Ohio, USA.
Species number increased from dry to mesic
habitats; however, moist and wet stands were not
included. Chipman and Johnson (2002) found
that hillslope position, being a topographic vari-
able, together with surficial geology and an
interaction term of canopy basal area and time-
since-fire explained 52% of the variation in vas-

cular plant species number in the boreal forest of
Saskatchewan, Canada. Skov and Svenning
(2003) modeled understory species diversity in a
managed forest in eastern Jutland, Denmark. The
model, based on three maps of soil, topography,
and forest stands, together with distribution data
from a floristic survey, explained 6% of the vari-
ation of observed species numbers.

In this study, we set out to test how well
topography by itself can predict vascular plant
species densities from dry to wet forests. We
therefore kept the model simple, using only ele-
vation above sea level as the input variable in an
algorithm, partially developed by us, to produce a
topographic wetness index. We hypothesized that
the wetness index can predict level and flow
groundwater level and flow, which in turn influ-
ences species numbers directly or indirectly, be-
cause areas with groundwater discharge in boreal
forests have higher base saturation and pH than
upland recharge areas (Giesler and others 1998).

METHODS
Topographic Wetness Index

The primary control of soil moisture in boreal forest
landscapes is usually topography, because precipi-
tation and evaporation are relatively uniform
across space at the scale of interest. Variation of
surficial geology can be assumed to be of minor
importance, because glacial till covers most of these
landscapes (see also O’Loughlin 1986; Wood and
others 1988; @kland and Eilertsen 1994; Yeakley
and others 1998; Western and others 1999). These
soils have in general a high infiltration capacity and
show a systematic variation of hydraulic conduc-
tivities decreasing with depth. The groundwater
table is usually rather close to the surface and thus
groundwater flow can be assumed to follow the
topography. The local upslope area—that is, the
area from which water is assumed to drain through
a certain location—is the most important variable
determining groundwater flow, because it provides
a measure of the amount of water flowing through
this location. Together with the slope as a measure
of how quickly water drains from the location, the
topographic wetness index In (a/tanf) can be
computed. This index can be derived theoretically
to predict the local depth to groundwater (Beven
and Kirkby 1979). Iverson and others (1997) and
Hutchinson and others (1999) used a one-direc-
tional flow algorithm to compute upslope areas for
their Integrated Moisture Index. In this study, we
instead used a multidirectional flow algorithm for
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the computation of a Topographic Wetness Index
(TWI).

The TWI was computed from the upslope area
per unit contour length (a) which indicates the
amount of water flowing toward a certain location,
and the local slope (tanf), which is a measure of
the drainage from a place, as In(a/tanf). This index
can be calculated from gridded elevation data using
various algorithms, which differ mainly in the way
the upslope area is computed (Wolock and McCabe
1995). Multidirectional flow algorithms tend to
give more realistic-looking spatial patterns (Wolock
and McCabe 1995) than single-directional flow
algorithms where the flow is concentrated in dis-
tinct lines. One problem of a single-directional flow
algorithm, where the area from one cell is routed
into the steepest of its eight neighboring cells, is
that the steepest gradient might actually fall be-
tween two of the eight cardinal and diagonal
directions. Tarboton (1997) tackled this problem by
using triangular facets, thus enabling water to flow
in more than eight discrete directions. The method
we used in this study combines the advantages of
the multidirectional flow algorithm (Quinn and
others 1991) with the use of triangular facets
(J. Seibert unpublished). The area accumulated at a
certain cell was distributed among the neighboring
cells by first calculating all downslope directions
from the cell and then selecting those directions
where the surface perpendicular to the flow direc-
tion was concave. Around the midpoint (M) of the
pixel, eight planar triangular facets were con-
structed with midpoints (P, and P,) of two adjacent
neighboring pixels (Figure 1). For each of these
local planes, the direction of the steepest gradient
was computed. If this steepest direction from M
was outside the 45° (n/4 radian) angle range of the
particular triangular facet (that is, not between the
vectors pointing from M toward P; and P,,
respectively), the direction with the steeper gradi-
ent, of the two directions toward P, or P,, was used
as the steepest direction. After computing the
steepest direction for all eight triangular facets, the
directions with the steep lest gradient compared to
both adjacent facets were considered the concave
local outflows. Flow was then distributed to these
local outflows using a weighting based on the
gradients.

Our flow algorithm also differed from other
algorithms on two additional points. First, streams
were assumed to start when the accumulated area
exceeded a certain threshold area (set to 15,000
m?). The accumulated area of a ““stream cell” was
routed downslope as ‘‘stream area’”” and not con-
sidered in the calculation of 4 in any downslope

Figure 1. Procedure used to compute the upslope area.
Around the midpoint (M) of the pixel in question, eight
planar triangular facets were constructed with midpoints
(P1 and P2) of two adjacent pixels. The slope direction of
each of these triangular facets was then calculated. Area
was routed to all facets that were down-slope from the
midpoint and had a steeper slope than both adjacent
facets (that is, maximal four directions).

cell, because the basic assumptions that underlie
the TWI do not hold when there is a stream. Sec-
ond, we treated cells without any adjacent down-
slope cell, or that is depressions—differently from
most algorithms, where these so-called sinks are
“filled”” with water before the index is calculated.
Instead, we considered depressions as real topo-
graphic features and continued the search for
downslope cells using all cells located 2, 3, . . . cells
away, until at least one downslope cell was found
and the area was routed to this/these cell(s) (Rodhe
and Seibert 1999). Finally, we replaced the com-
monly used local gradient, tanf3, by a downslope
index, tanfBy (Hjerd (2004)). This index is calculated
as d/l where Lg is the distance to the nearest cell
having a height at least 4 length units (here set to 2
m) below the cell. This index takes downslope
topography into account, which might impede or
enhance local drainage. The idea is that the
downslope index might be a better estimate of the
slope of the groundwater table than the local gra-
dient of the surface, especially in locations with a
strong profile curvature.

High values of TWI indicate high groundwater
levels but do not necessarily coincide with locations
of high groundwater flow. The amount of flow
would be better expressed by the values of the
upslope area, a, but this flow might not always
correspond to near-surface groundwater. High
values of TWI, on the other hand, can indicate both
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2 Kilometers

high flow and stagnant groundwater (because of
low gradients). In our case, however, the values of
TWI for each plot were determined mainly by the
variation of the contributing areas a [r = 0.89, P <
0.0001, n = 88 for the correlation between TWI
and In(a)]. Therefore, similar results were obtained
for TWI and In(a), but we used TWI because the
correlation with species number was somewhat
higher for TWI than for In(a).

We investigated all hydrologic conditions in the
landscape from hilltops to areas where the
groundwater coincides with or exceeds the ground
surface level during the vegetation period. Seepage
areas are often quite small and can be missed on
low-resolution maps. We therefore used a 20-m
grid supported by new elevation data produced for
this study by the National Land Survey of Sweden.
The elevation of the ground (meters above sea le-
vel) was determined for every 20 m in the 25-km?
study area from aerial photographs using the Zeiss
PlaniComp analytic stereo instrument with the
Microstation program (accuracy of = 0.7 m). The
standard 50-m grid of Swedish topographic maps
was considered too coarse (Rodhe and Seibert
1999; Quinn and others 1995), but it was com-
puted for comparison.

Study Area and Sampling of Sites

The 25-km? study area was located in the county of
Visterbotten, in boreal Sweden (64°33’N, 19°35’E)
(Figure 2). The temperature sum during the vege-
tation period (the days during a year with mean
temperature greater than +5°C) is within the range
of 750-900°C and both the precipitation and
evaporation during the same period are within the
range of 300-350 mm (data from the Swedish
Survey of Forest Soils and Vegetation). The eleva-
tion of the area is 220-400 m above sea level. The

Figure 2. Location of the study
site in northern Sweden and map
of the 25-km? study area
showing the results of the
hydrologic classification. * TWI =
Topographyic Wetness Index
(TWI) Each 20 x 20 m pixel was
assigned a TWI value.
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bedrock is acidic (mainly granites, with some
intrusions of metasedimentary rocks and amphib-
olites). The soil consists mainly of glacial till, but
peat covers many of the depressions (Figure 2). The
vegetation is mainly forest, dominated by Pinus
sylvestris or Picea abies. The forest developed from
selective cutting of large trees from the 19" up to
the mid 20" century, to clear-cutting of entire
stands, drainage, planting, and even the introduc-
tion of exotics (Pinus contorta and Abies sp.). Today a
fragmented forest with clear-cut areas, young
plantations with native and exotic tree species, and
older semi-natural forest patches covers the area.
The entire 25-km”® area yielded TWI values
ranging between 2 and 18 (Figure. 2). We restricted
the study to forest land having TWI values no
higher than 11.5. Higher TWI mostly represented
treeless marshlands, streams, and lakes. For the
sampling procedure, TWI values were classified so
that TWI 2 = 1.50-2.49, TWI 3 = 2.50-3.49, and so
on. Quadratic plots measuring 200 m? were to the
center of eighty-eight 20-m cells of the digital ele-
vation data. the selection of these cells was ran-
dom, but stratified according to TWI values so that
study plots were evently distributed along the TWI-
gradient. The plots were located in the field using a
differential global positioning system (DGPS) re-
ceiver. In total, we analyzed 88 plots, in 88 grid
cells. To evaluate the influence of plot size, we also
located subplots measuring 0.01, 0.25, and 1 m?,
respectively, from the center of each 200-m? plot.

Field Sampling and Data Analysis

We recorded the presence of all vascular plant
species at the four plot scales during July 1999, and
analyzed the relationships between species number
and TWI using linear least square regression. To
explore the relationship between species number
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Table 1. Mean, Range and Spearman’s Rank Correlation Coefficients for the Relationship between Species
Number and the Environmental Variables Used in the Multiple Regression Model

Variable Mean Range rs” Substrate Frequency (%)

Species numbers 23.23 8-48

TWI 6.96 2.95-11.34 0.56%**

Light (pEinstein) 65.13 8.18-159.54 NS

Altitude (m a.s.l.) 299.15 225-425 0.23*

Tree diameter (m)° 16.06 0-29.45 NS

Substrate number 2.32 1-4 NS

Aspect (°)¢ 173 5-343 NS

Basal area (m?*/ha)
Total 12.19 0-37.39 NS
Pinus sylvestris 7.53 0-33.05 —0.38***
Picea abies 2.06 0-20.90 0.25%
Deciduous trees 2.60 0-19.99 0.40%**

Substrate types
Bedrock 2.5 0-80 NS 6
Boulders 55.6 0-99 NS 89
Sandy till 1.4 0-60 NS 9
Fine sandy till 16.7 0-94 NS 59
Silty till 2.0 0-70 NS 14
Peat 10-30 cm 18.0 0-100 0.34** 39
Peat > 30 cm 14.6 0-100 0.24* 28

Topographic Wetness Index (TWI), altitude and basal area of Pinus sylvestris, were included (in that order) in the multiple regression model. Substrate numbers were not
included in the multiple regression analysis, but analyzed using univariate analysis of variance. n = 88
“Spearman’s rank correlation coefficients for the relationship between species numbers and the environmental variables. *P < 0.05, ** P < 0.01, ***P < 0.001, NS = P > 0.05,

bPercemage of number of plots where the different substrate types were found.
‘Mean tree diameter for the five largest trees per plot.
“Transformed aspect.

and TWI more closely, we performed a locally
weighted regression scatterplot smoothing, or
LOWESS regression (Trexler and Travis 1993),
using 50% of the total number of points to calcu-
late each LOWESS regression point in Sigma Plot
Version 7-101 (SPSS Inc, Chicago, Tuinois) We also
analyzed the relationship between number of
uncommon species and TWI. Uncommon species
were those not classified as regionally common by
Krok and Almquist (2001).

All environmental variables except light were
estimated during 1999 at the 200-m? level. By
using a soil probe sampler, we estimated the per-
centage cover of substrate types (peat more than 30
cm deep, peat 10-30 cm deep, bedrock, boulders,
and five different till types) (Table 1) for the entire
200-m? plots. Substrate heterogeneity was calcu-
lated as the number of different substrate types.
Altitude was obtained from the digital elevation
data provided by the National Land Survey of
Sweden. We noted aspect in the field, taking a
somewhat larger area into consideration, not only
the very local slope exactly at the point of interest.
We then calculated a transformed aspect, which is a

function of cos (Anax-A) + 1 (Beers and others
1966), where A is the slope aspect in radians
measured clockwise from north and A,.. is the
direction assumed to have most impact on species
number and is given the highest value equal to
2.00. We assigned southwest-facing slopes the
maximum value of 2.00 because maximal variation
in plant communities has been found on south-
west-facing slopes in previous studies (Heikkinen
1991). Mean tree diameter for the five largest trees
was used as an indicator of stand age. We measured
tree diameter of all trees larger than 5 cm diameter
at breast height and calculated basal areas of
P. sylvestris, P. abies, and deciduous trees, respec-
tively, for each plot, as well as the total basal area
for all tree species. Light was measured with a light
sensor in pEinstein on 16 evenly distributed points
0.5 m above the ground (above the understory) in
the 200-m? plots between 11 am and 3 pm (daylight
savings time) during four completely cloud-free
days in the year 2000 (6 and 26-28 July).

For the 200-m? plots, we constructed a model to
predict species number using the forward stepwise
procedure in a linear least-square regression with
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TWI, substrate composition (each substrate type
was entered as a separate variable), light, altitude,
aspect, basal area (total basal area or basal area
divided into three categories), and stand age as
independent variables (Table 1). Because number
of substrates is an ordinal variable, the relationship
between species number and number of substrates
was analyzed using univariate analysis of variance,
with the number of substrates as the random fac-
tor, and the other variables (Table 1) as covariates.

To validate the accuracy of the wetness index
and to relate groundwater level to other environ-
mental variables, we measured groundwater level
and installed wells consisting of 0.75-m plastic
tubes, as closely as possible to the center in of the
200-m? plots, to a depth of 0.70 m. In one plot, the
cover of bedrock and boulders made it impossible to
install a tube. For the same reason, all tubes could
not be inserted down to 0.7 m. The length of the
tube restricted observations of groundwater levels
below 0.7 m, but this depth was considered suffi-
cient to capture the most important groundwater
variations and to comprise the range from which
most water uptake by boreal plants usually takes
place (Bishop and Dambrine 1995). When we in-
serted a smaller tube into the installed tube and
blew into it gently, the sound of bubbles indicated
where the inserted tube hit the water level.
Groundwater level was measured four times (once
a month) during the vegetation period (June to
September) in 2001. During analysis, we excluded
all 37 plots where the tube could not be inserted
down to 0.7 m and where no water was recorded.
We correlated both mean and September ground-
water levels (when the overall water level was
highest) with TWI, community H" concentration,
and species density in the 200-m? plots using
Spearman’s rank correlation (r;). For the seven
plots with groundwater levels lower than 0.7 m in
September, the level was set to 0.7 m.

To make a gross assessment of the difference in
species pool size for different TWI levels, we pooled
the species lists of groups of plots with similar TWI
(eight 200-m? plots, totaling 1.6 ha). First, the 88
plots were sorted by increasing TWI. We then cal-
culated the total number of different species in
eight consecutive plots along the TWI gradient,
starting with the eight plots (plots 1-8) with the
lowest TWI values, continuing with plots 2-9, and
so on up to the last plots (81-88), which had the
highest TWI. We also calculated the fraction of each
of the 10 TWI classes in the entire study area (25
km?) by summing the 400 m? pixels.

We asked whether there is a high turnover
of plant species along the wetness gradient, or

whether there is a nested pattern going from dry,
species-poor areas to wetter, species-rich ones. A
perfectly nested species distribution means that
species in plots with less species richness are mere
subsets of species in more species-rich plots
(Patterson and Atmar 1986). When species richness
increases, species are added only to the total species
list. No species found on species-poor sites are lost
in the species-rich sites. We tested if the species
distribution was nested by creating a species-by-site
matrix, with sites in columns and species in rows.
The species were sorted by decreasing frequency
and the sites by decreasing species numbers. A
perfectly nested matrix would have all matrix cells
filled toward the upper left corner of the matrix.
We then calculated the discrepancy for the matrix,
which is the number of species occurrences that
need to be shifted to produce a perfectly nested
matrix from the observed matrix (Brualdi and
Sanderson 1999). To assess if the observed dis-
crepancy significantly deviated from randomness,
we compared it with 1,000 random matrices under
the RANDNEST null model (Jonsson 2001) in a
Monte Carlo test. The species in these matrices are
randomly dispersed, with the sole constraint of
having the same mean frequency as in the ob-
served data set. We then made the formal signifi-
cance test by assuming normal distribution of the
discrepancy for the 1,000 random null matrices and
calculating the probability of the observed dis-
crepancy against this normal distribution (using the
NORMDIST function in Excel).

To test indirectly how TWI relates to soil pH, we
constructed a community H* concentration vari-
able (instead of using pH, because its logarithmic
nature) from the species composition at each site.
We used independently derived soil H* concentra-
tions for regionally sampled sites where species
included in our study grow. We obtained the data
from the Swedish Survey of Forest Soils and Veg-
etation. The pH measurements had been made
during 1994-97. We included 736 circular plots
with a radius of 5.64 m that were situated within a
circle with a 200-km radius from the center of our
study area. In the survey, a humus sample had
been taken from the center of each circular plot,
and the presence of specific vascular plant species
within these circular plots was noted. These plots
had 54 vascular plant species in common with our
study plots, which occurred on at least five of the
736 plots. For each of these 54 species, a species H"
concentration was calculated using the mean of the
H* concentrations from the plots where they oc-
curred. The mean H* concentration value for each
species was then used to calculate the community
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Table 2. Spearman’s Rank Correlation Coefficients for the Relationships between Topographic Wetness
Index (TWI), Mean Groundwater Level (GW,ean), Groundwater Level in September 2001 (GWgep),
community H* Concentration (H*conc), and Species Number on the 200-m? Level (SpN)

TWI GW nean GWsepy H*conc SpN
TWI 1 0.47* 0.53** -0.37* 0.47*
GWinean 1 0.94** —0.50** 0.52%*
GWSept 1 —0.51** 0.55%*
H*conc 1 —0.84+**
SpN 1
Data include only the plots where the groundwater-measuring tube could be inserted to a depth of 0.7 m or where water could be recorded. n = 50.
*P < 0.01
**P < 0.001

H* concentration value (mean value of all species’
mean H* concentration values within each plot) for
each of the eighty-eight 200-m? plots in our study.
The relationship between species numbers and
both the community H* concentration and its
standard deviation was analyzed using linear least-
square regression.

RESULTS

The correlation between distance to groundwater
level in September 2001 and TWI was statistically
significant and stronger than for mean groundwa-
ter level (Table 2). Therefore, we used the Sep-
tember measurements for further analyses. This
correlation must be interpreted as an approximate
measure of the ability of the TWI to predict
groundwater levels because levels could not be
measured in many plots. The correlation between
distance to groundwater level and community H*
concentration was significant but slightly weaker.
The correlation between TWI and community H*
was also statistically significant but not very strong
(Table 2). The strength of the latter correlation in-
creased using the larger dataset (ry =-0.51, < P
0.001, n = 88). These negative correlations were
caused by an increase in the number of species
restricted to soils with lower H' concentrations
(higher pH values) with TWI, which is shown by
the within-plots standard deviation of the species
H* concentrations increasing with TWI (r, = 0.39, P
< 0.001, n = 88). For species numbers in the 200-
m? plots, the correlation coefficient increases from
TWI (1, = 0.47) to groundwater level in September
(rs = 0.55) to being very strong for community H*
concentration (r; = —0.84) (Table 2).

Using least-square regression, we found a sig-
nificant positive relationship between species
numbers and TWI for all plot sizes, but the rela-

tionship was strongest for the 200-m? plots (200m?:
R’=0.30; 1 m* R* = 0.18; 0.25 m*: R* = 0.20; 0.01
m?: R? =0.13; for all scales: P < 0.001, n = 88)
(Figure 3). We also tested for quadratic relation-
ships between species numbers and TWI, but the
quadratic term (TWI?) did not significantly improve
the fit on any of the four scales (for the linear
relationship: P > 0.05, lack-of-fit test). As expected,
the model explained less of the variation when
using the lower, 50 m pixel, resolution (R = 0.20, P
< 0.001, n = 88 for the 200-m? plots).

For the largest plots, LOWESS regressions indi-
cated that species numbers increased with TWI up
to 8.9. TWI explained as much of the variation in
species number within this range as when using
the full TWI gradient (R° = 0.30, P < 0.001, n = 68,
linear least square regression) (Figure 3). For TWI
values higher than 8.9, we found no relationship
between species numbers and TWI (R2 = 0.01,
P = 0.68, n = 20). For the 1.0-m? and 0.25-m? plots
(Figure 3B), species numbers increased with TWI
up to 8.7 in the LOWESS models (1 m*: R® = 0.28,
P < 0.001, n=67; 0.25 m*: R* = 0.27, P < 0.001,
n = 67, linear least-square regression), thereafter
decreasing with TWI (1.0 m?*: R = 0,29, P = 0.012,
n=21;0.25m* R’ =0.23, P=0.028, n = 21). The
same two localities for both the 0.25-m? and 1-m?®
plots caused this decrease (Figure 3B). Excluding
these two plots resulted in a nonsignificant rela-
tionship to the right of the peak. One of these two
localities had the highest TWI and the second
highest total species number of all 88 plots on the
200-m?* level. However, unvegetated boulders
covered a large part of the plot, including the area
of the subplots; thus, there were very low species
numbers in the subplots. There was also a signifi-
cant increase of species numbers with TWI on the
0.01-m? scale up to TWI=28.4 (R°=0.16, P =
0.001, n =61), but no relationship was found
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Figure 3. A Species numbers of vascular plants (200-m?
plots) increased linearly with increasing wetness index
up to TWI = 8.9 (R°=0.30, P < 0.001, n = 68, linear
least-square regression), above which there was no
relationship between species numbers and TWI. The
curve was constructed using LOWESS regression (frac-
tion of data points used for each regression = 50%). On
all 88 plots together, 116 species were found. B As in A
for the 0.25-m? plots. Species numbers increased linearly
up to TWI = 8.7 (R? = 0.27, P< 0.001, n = 67), thereafter
decreasing with TWI (R = 0.23, P = 0.028, n = 21). The
observed pattern for the 1-m? plots was similar to B, for
the 0.01-m? plots, it was similar to A.

above this level (R =0.017, P=0.514, n = 27).
The relationships between species numbers and
TWI were all stronger when we excluded the
highest TWI values in the small plots (0.001-1m?).

The set of eight 200-m? consecutive plots along
the TWI gradient with the highest total number of
species comprised 85 of the 116 species (73%)
(Figure 4A) within a TWI range of 8.03-8.46. The
two most species-poor sets (each with 25%, or 29
of the 116 species) had the lowest TWI ranges
(Figure 4A). The eight most species-rich plots also
included the highest number of regionally
uncommon species (18 species, or 56 % of the 32
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Figure 4. A Total number of different species in eight
consecutive 200-m? plots along the TWI gradient, start-
ing with plots 1-8, 2-9 and so on up to 81-88. The
plotted TWI of each group of eight plots represents the
midpoint of the group’s TWI range. B As in A but only
including the 32 uncommon species [not classified as
common in Krok and Almquist (2001)]. C Relative area
(%) of each TWI class. The TWI values were classified so
that TWI of 2 = 1.50-2.49, 3 = 2.50-3.49, and so on. The
calculations include areas within the TWI range 1.5-11.5.
Note that species numbers are greatest in relatively
uncommon TWI classes.

uncommon species found), whereas only three
uncommon species were found in the most species-
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poor group (Figure 4B). Also, the proportion of
regionally uncommon species in the 200-m? plots
increased with TWI, up to TWI = 8.9 (R = 0.15, P
< 0.001, n = 68, linear least-square regression),
thereafter decreasing with TWI (R2 =0.20, P =
0.047, n = 20). The most common TWI class had
relatively few species (For all and uncommon spe-
cies), whereas the TWI classes with most species
covered approximately 13% of and study area,
excluding marshland and lakes (Figure 4C). We
found a significantly nested pattern (P < 0.05),
where none of the plant species occurred exclu-
sively in the lower end of the TWI gradient (TWI 2—
4, 14 plots).

To examine whether the presence of peat, which
indicates stagnant groundwater, affected the re-
sults, we excluded 12 sites with more than 50%
peat cover (of more than 30 cm depth) at the 200-
m? scale. The relationship between plant number
and TWI remained almost unchanged; there was a
positive linear relationship (R2 =0.28, P < 0.001,
n = 62) below TWI 8.9, and no relationship above
(R°=0.02, P=0.615 n=14). In the multiple
regression model constructed to predict species
number, only altitude and basal area of P. sylvestris
(in that order) were included in the model after
TWI. This model explained another 8% of the
variation in species number (R2 = 0.38, P < 0.001,
n = 88) compared to the model including only TWL.
The regression coefficient for altitude was positive,
whereas it was negative for basal area of P. sylvestris
(Table 1). Basal area of P. sylvestris had the strongest
correlation with TWI (r, = -0.46, P < 0.001,
n = 88) but despite this, contributed significantly to
the multiple regression model. Substrate number
did not significantly contribute to the explanation
of the variation in species number.

DiscussioNn

We found that most of the boreal forest landscape
was relatively dry and species-poor, with TWI val-
ues less than 7.5, whereas interspersed patches
linked to areas with relatively high TWI had spe-
cies-rich vegetation (Figure 2-4), including the
species of the drier parts of the forest landscape.
Regionally uncommon species were dispropor-
tionately concentrated in these hotspots of plant
species number (Figure 4B), further indicating
special habitat conditions. The consistent pattern of
increasing species numbers with TWI regardless of
plot size indicates that this is a robust pattern in this
landscape.

Data conformed with our hypothesis that the
connection between species number and TWI is

mediated in several steps. This wetness index pre-
dicts groundwater level, which affects soil factors
(Giesler and others 1998), which in turn affects
species numbers. Therefore, the correlation coeffi-
cient increased from TWI versus species number, to
groundwater versus species number, to community
H* concentrations versus species number (Table 2).
This pattern is also illustrated by TWI being more
strongly correlated to groundwater level than to pH
and species number. The main shortcoming of TWI
in this context seems to be its failure to predict
areas of high soil pH. This might have to do with
the restricted ability, mentioned in the Methods
section, of TWI to predict the mobility of the
groundwater. However, compared to previous
studies where topographic variables have been
used to predict the variation in species number of
vascular plants, the TWI is a good predictor,
explaining 30% of the variation. For example, the
model used by Hutchinson and others (1999)
which explained 35% of the variation in species
numbers, also included water-holding capacity of
the soil in addition to topographic variables. There
were also several nontopographic variables in-
cluded in the model by Chipman and Johnson
(2002), which explained 52% of the variation in
species number. In the study by Nichols and others
(1998), a single variable (soil drainage) explained
53% of the variation in species number, topo-
graphic variables contributed little. If surficial
geology is heterogeneous and/or the landscape is
flat, soil drainage may become more important
than topography for the plant distribution patterns.
In our study, the number of soil types did not add
to the explanation of the variation in plant species
numbers (Table 1). The soil in our study area was
relatively homogeneous; if the plots were not peat-
dominated, we found mainly fine sandy till. Boul-
ders were also common but bedrock was only
found on five plots (Table 1).

The latest glaciation in Scandinavia left behind
mainly till, except in areas temporarily covered by
prestages of the Gulf of Bothnia, where sediments
are frequently found. In this landscaps, almost
entirely situated above the former highest coast-
line, topography therefore becomes more impor-
tant than soil type.

We see three major explanations for the distri-
bution pattern of species numbers. The first
explanation is based on our observation that the
proportion of species inhabiting soils with higher
pH (lower H' concentrations) increased with TWI.
The present Swedish flora originated mainly in
southern Europe, where soil conditions are less
acidic (Partel 2002). Glaciations have repeatedly
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destroyed the established vegetation of northern
Sweden, paving the way for recolonization of
plants from the south (Bennett 1997; Hewitt 2000;
Willis and Whittaker 2000). Because the juvenile
glacial till was generally base-rich, plant species
requiring high pH could easily spread northward
(Grubb 1987). In general, the till has been leached
and has become more acidic since the latest glaci-
ation, and where it does not consist of base-rich
minerals, only small patches (such as discharge
areas) offer benign conditions for plants growing in
high-pH soils. This evolutionary history might ex-
plain why there are relatively few species that can
withstand the acidic soil conditions currently
dominating the boreal parts of Sweden, whereas
many vascular plant species are restricted to pat-
ches of less-acidic soil.

Second, the positive correlation between the
within-plot standard deviation of the species H"
concentrations and TWI indicates higher habitat
heterogeneity within plots with higher TWI. In
areas with low TWI values, most often the entire
ground is dry and acidic; whereas in areas with
high TWI values, there are often patches of drier
and more acidic conditions—for example, on
boulders, logs, and hummocks. The nested pattern
for species occurrences along the TWI gradient
shows that all species, including those typical of
areas with low pH and low nutrient and water
availability, grow in discharge areas, supporting the
heterogeneity interpretation. Vascular plant species
are mainly added to the overall species list along
the increasing wetness gradient up to the optimal
level. Few species are lost along the gradient.

Third, better nitrogen availability in areas with
high soil-pH can affect species numbers. Giesler and
others (1998) found a positive correlation between
soil total nitrogen and soil pH along a moisture
gradient in a forest area only 40 km from ours. It is
well known that there is a positive correlation be-
tween soil nitrogen and pH, as well as between
these two edaphic variables and species numbers in
the boreal forest (Cajander 1926). Thus, the nega-
tive relationship between species numbers and
basal area of P. sylvestris could mirror nutrient
availability, because P. sylvestris is well adapted to
low-nutrient conditions.

The variation in species number unexplained by
TWI can partly depend on the insufficient resolu-
tion of the digital elevation map. Small-scale
topographic heterogeneity is not detected by the
20-m resolution, implying that the TWI does not
reflect the details of groundwater movement in the
area (Rodhe and Seibert 1999; Western and others
1999). Difficulties in finding the exact position of a

site in the field may also add noise. For some plots
with dense tree cover, the DGPS receiver showed
position errors up to 8 m, implying that parts of the
200-m? plots might have been situated in neigh-
boring pixels with different TWI values. Undetected
variation in the depth of the soil layer, origin and
compactness of soil, and isolated occurrences of
cation-rich bedrock intrusions are other factors that
may play a role. Variation is also added by are
competition, herbivory, and human land use
(Western and others 1999).

In conclusion, the wetness index offers a tool to
identify areas with high (and low) probability of
having high species numbers and rarity of vascular
plants [and potentially other organisms, for exam-
ple bryophytes (Dynesius 2001)]. The correlation
between TWI and local groundwater levels (r; =
0.53) was as high as in previous studies (Moore and
Thompson 1996; Lamb and others 1997; Seibert
and others 1997). Compared with previous studies,
the predictability of species numbers was good, gi-
ven that the only input variable was topography-
quantified without resource-demanding field
investigations. Landscape assessment using the
methods we describe here could precede decisions
about forestry operations, road constructions, bio-
diversity surveys, and conservation management,
or other activities that require finding and protect-
ing spots with high species numbers and rarity. Note
that because of the observed pattern of nestedness,
protection of the most species-rich areas will cover
most of the total species pool in this area. Last, but
not least, the wetness index offers a comprehensive
tool for further research into the processes govern-
ing plant distribution patterns on the landscape
scale, knowledge that can be used to predict chan-
ges in species distributions related to global warm-
ing and the associated hydrologic alterations.
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