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SAMMANFATTNING 

Syftet med avhandlingen är att dels studera om ett topografiskt 
fuktighetsindex skulle kunna vara användbart för att förutsäga fördelningen 
av kärlväxters artrikedom i boreal skog, dels att studera om den rumsliga 
fördelningen av artrikedom hos kärlväxter, blad- och levermossor samt lavar 
sammanfaller.  

Ett fuktighetsindex, ln(a/tanβ), som bara är baserat på topografi 
användes för att beräkna ett indexvärde för varje 20 x 20 m grid i två 25 km2 
stora boreala skogslandskap (med i medeltal olika mark-pH) i norra Sverige. 
Det är känt att mark-pH påverkas av grundvatten och att pH i sin tur 
påverkar artrikedom hos kärlväxter i andra biom. Därför studerades även 
sambanden mellan kärlväxters artrikedom, mark pH och TWI.  

Resultaten visade att större delen av det studerade boreala landskapet 
var relativt torrt och artfattigt, medan mindre utspridda områden med höga 
TWI-värden var artrika på kärlväxter och här växte även arter som återfanns 
i de torra delarna av skogen. Sambandet mellan artrikedom hos kärlväxter 
och TWI var positivt i båda landskapen, men påverkades av de olika 
nivåerna på mark-pH. TWI förklarade 30 % av variationen i artrikedom i 
området med lägre mark-pH respektive 50 % i området med högre mark-pH. 
Andelen kärlväxter som klassificeras som icke vanliga i respektive region 
ökade också med TWI. Med andra beräkningsmetoder för TWI visade det 
sig att styrkan på korrelationerna mellan TWI och olika uppmätta variabler 
(artrikedom hos kärlväxter, mark-pH, grundvattennivå och markfuktighet) 
varierade mycket. Sambandet mellan artrikedom hos kärlväxter och TWI 
kunde förbättras ytterligare med vissa beräkningsmetoder.  

Då korrelationer i artrikedom studerades användes ett dataset från 
boreal skog i norra Sverige. Resultaten visade på starka, positiva 
korrelationer mellan kärlväxter, blad- och levermossor, men inga 
korrelationer mellan någon av dessa grupper och lavar. Detta kunde 
förklaras med att artrikedom hos de tre korrelerande organismgrupperna 
ökar med ökad fuktighet, medan artrikedom hos lavar inte är kopplat till 
fukt. 

Huvudslutsatsen i avhandlingen är att TWI, som endast är baserad på 
topograpfiskt data, skulle kunna bli ett värdefullt redskap i 
naturvårdsplanering för att identifiera särskilt intressanta skogsområden 
innan man gör fältinventeringar. Eftersom studien visar att kärlväxter kan 
användas som en indikator grupp för artrikedom hos blad- och levermossor 
indikerar höga TWI-värden områden med hög artrikedom även vad gäller 
dessa taxa. 
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INTRODUCTION 

Most of the world’s forest is today heavily impacted by humans in different 
ways. The main human impact in the boreal forest is silviculture, which 
today is intensive including clear-cutting of entire stands, drainage, planting, 
road building, and introduction of exotics. Following the reduction of the 
pristine forest, forest companies are exploiting new areas and the timber 
frontier is being moved into the last areas of more or less intact forest, 
especially in Canada and Russia. The decrease of the world’s biodiversity, 
which now has been shown to be faster than any known mass extinction 
(Reid 1997, Ricciardi and Rasmussen 1999), has recently become 
highlighted within the political community and put on the agenda. One 
hundred sixty-eight countries have signed the UN (Rio) Convention on 
Biological Diversity from 1992, committing to conserve biodiversity and to 
use resources in a sustainable manner. The increasing awareness of the 
decreasing biodiversity has also put pressure on forest companies to develop 
ecologically sustainable silviculture. In Sweden, the Swedish Forestry Act 
from 1993 (Anon. 1992), states that environmental and economic 
considerations should receive equal importance in forest management. This 
is of great importance since there are only fragments left of the pristine 
forest in Fennoscandia.  

The fast decrease of biodiversity causes great concern since it may 
lead to negative ecosystem consequences. It has long been recognized that 
high species diversity gives rise to ecosystem stability (Odum 1953, 
MacArthur 1955, Elton 1958). Recent research suggests that it is not the 
high species number per se that creates the stability but rather that the 
species in a community are capable of differential responses to 
environmental variables, or that a community contains species that are 
capable of functionally replacing important species (reviewed in McCann 
2000). A high species number is more likely to guarantee that a community 
has this capacity. It has also been shown that a high species number leads to 
higher productivity in plant communities as well as greater nutrient retention 
in ecosystems (Tilman and Downing 1994, Tilman et al. 1996, Hector et al. 
1999).  Not only aboveground, but also belowground diversity is important, 
since high diversity of arbuscular vesicular mycorrhiza has been found to 
increase plant production (van der Heijden et al. 1998).  Another reason for 
maintaining high diversity is a higher resistance against invading species 
(Tilman 1997, Levine and D'Antonio 1999). Conservation management to 
maintain biodiversity is therefore important in areas such as Fennoscandia 
with little remaining pristine forest.  

To improve conservation management, many forest companies in 
Sweden started in the 1990s to plan their activities on a landscape level. 
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Efficient planning on this level would benefit from easy identification of 
areas of special interest, as for example biodiversity hotspots. Today, aerial 
photographs and field inventories are used to find such areas. This work 
could become more efficient if there was a good tool for identifying areas 
that deserve special consideration in the office preceding field surveys. 
Understanding the processes creating the patterns of species distribution on 
a landscape level is also important for proper conservation management. 
One might ask which factors are important for creating hotspots of different 
organism groups in certain areas. Do hotspots of species richness coincide 
between different organism groups? If so, are the species distribution 
patterns for these organism groups regulated by the same environmental 
factors? Only by understanding these processes and knowing how human 
impact affects them, can we act to maintain biodiversity on a landscape 
level.  

I have in this thesis mainly focused on vascular plants, being the 
organisms that provide much of the structure to the forest ecosystem, as test 
taxa for studying if the spatial distribution of plant species in boreal forest 
landscapes can be predicted by a wetness index, based only on topography.  
The idea is that groundwater flow is the main controlling factor for the 
distribution of vascular plants in a boreal forest landscape, and that variation 
in groundwater flow is governed by landscape topography. Groundwater 
flow strongly affects many abiotic variables (e.g. soil moisture, soil pH, 
concentrations of soil N and base cations), and biotic components (e.g. 
mycorrhiza type and species composition of soil fauna) important for the 
distribution of plant species richness in the boreal forest, and could therefore 
serve as a good predictor of plant species richness (Fig. 1). To study if 
hotspots of species richness coincide for different organism groups within 
the same trophic level, I also assessed species numbers of liverworts, 
mosses and lichens in addition to vascular plants, and whether these groups 
are controlled by the same ecological processes.  
 
 
 

 
 
Fig. 1.  Schematic illustration of the idea behind using a Topographic Wetness Index (TWI) 
as a predictor of plant species richness. Topography controls groundwater flow on a 
landscape level in the boreal forest.  Groundwater flow in turn influences many abiotic 
variables mainly in the soil, which affect the distribution of plant species richness. 
 
 

Topography
Species 
richness of 
vascular plants

Soil 
chemistry

Ground-
water flowTopography

Species 
richness of 
vascular plants

Soil 
chemistry

Ground-
water flow



 9 

 
Brief history of vegetation type classification in the boreal forest 

It is well known that certain vegetation types are linked to specific soil 
characteristics as well as other environmental variables such as light, 
temperature and precipitation. In the beginning of the 20th century several 
classification schemes of forest types were developed in northern Europe. 
The first more well-known classification was made by the Finnish botanist 
Cajander (1909) in ‘Ueber Waldtypen’ where he identified forest types 
classified by the vegetation of the field layer.  Cajander developed these 
forest types to serve as units for determining site indices and thus provide a 
tool for forest management. This work was based on studies conducted in 
Germany, but some data from Finland were also reported. This classification 
gained much attention in Finland where it also was extensively used within 
forestry. During this time, important research on soil ecology was conducted 
where soil profiles were linked to vegetation types (Tamm 1929). This 
knowledge was included in the development of forest type classification 
schemes in Sweden (Tamm 1935, Eneroth 1936, Ronge 1936, Arnborg 
1945), which were used for deciding on forestry operations and stand 
regenerations. Malmström (1949) made an extensive survey of the boreal 
forest in northern Sweden (Västerbottens län) in the mid 1930s and used his 
knowledge to further develop the forest type classification schemes. Based 
on contemporary research he also more extensively linked forest types to 
soil moisture, nutrient levels and pH. Malmström (1949, p. 102) observed 
that the most species rich and productive forest sites were linked to areas 
rich in lateral groundwater flow close to the ground surface (‘rörligt 
vatten’), but he did not study this phenomenon further. In Norway, Dahl et 
al. (1967) published a paper in which they linked chemical characteristics of 
the soil  to different vegetation types defined by sociological classification 
methods of the Zürich-Montpellier school. They associated some vegetation 
types to areas with laterally flowing groundwater. 

Since 1923, an extensive inventory program of the forests in Sweden 
(the Swedish National Forest Inventory) has been carried out. The main 
purpose is to monitor the state of and changes in the Swedish forest 
resources. Data from this inventory program were used to further develop 
and modify the forest type classification schemes and to link forest types to 
site indices (Hägglund 1979, Hägglund and Lundmark 1981). In these new 
schemes, certain forest species of vascular plants are indicators of high 
nutrient content in the soil. These vascular plant species are divided into two 
groups, depending on their relative requirements for nutrients. Groundwater 
flow is also recognized by these schemes as important for site productivity. 
Lateral groundwater flow close to the ground surface increases productivity, 
giving the site a high site index. If vascular plant species of the most 
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nutrient requiring group (tall herbs, Sw. ‘högörter’) are growing at the site, 
the site index increases.  The forest type classification schemes demonstrate 
that there is a link between vegetation type and groundwater flow. However, 
the link between species number of vascular plants and groundwater flow, 
although observed (Malmström 1949) has not been explored more closely.  
One of the main questions in my thesis is: Can groundwater flow predict the 
spatial distribution of species numbers of vascular plants in the boreal 
forest? 

 

Topography, hillslope hydrogeochemistry and vegetation types 

Topography and groundwater flow 
In most parts of Sweden groundwater flow closely follows the surface 
topography. The reason for this is the relatively low hydraulic conductivity 
of the till layer and especially its decrease with depth. Due to the low 
conductivity, almost the entire soil layer is needed to transport water. At 
some meter(s) depth in the compact till, the water flows slowly creating a 
cushion of water. Above this cushion the water flows laterally through a 
more permeable layer close to the surface, following the topography of the 
landscape. At hilltops, in groundwater recharge areas, where groundwater 
mainly derives from precipitation, there is a vertical downward component 
in the groundwater flow (Fig. 2). Further downslope, groundwater comes 
not only from precipitation but also from upslope groundwater. At the end 
of a longer slope, in groundwater discharge areas, so much water is 
gathering that the groundwater surface is forced up onto or close to the 
ground surface. In tracts where there are thick layers of sediment or many 
bedrock fractures, the groundwater flow cannot be expected to follow 
topography to the same extent. 
 
Topography, soil chemistry and vegetation types 
Soil chemistry changes along a hill slope. In boreal forests soil pH as well as 
base saturation of the mor layer has been found to increase from 
groundwater recharge to discharge areas. The high pH-values in 
groundwater discharge areas are caused by a high base saturation (Skyllberg 
1996, Giesler et al. 1998). This in turn is probably caused by a transport of 
leached base cations with the groundwater from further upslope. In addition 
to soil pH and concentration of base cation variations, the N content of the 
soil solution increases from groundwater recharge to discharge area (Giesler 
et al. 1998, Nordin et al. 2001). Changes in chemical properties of the soil 
are reflected in vegetation types and productivity.  At hilltops, in 
groundwater recharge areas where the soil is dry and the soil pH, N and base 
cation content of the soil are all low, the understory is dominated by dwarf- 
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Fig. 2. Abiotic and biotic variables change along a hillslope from groundwater recharge to 
discharge area. In recharge areas there is a vertical downward component in the 
groundwater flow, whereas in discharge areas the groundwater table can be forced up onto 
or close to the ground surface. Soil pH, groundwater level and total nitrogen concentration 
increase from groundwater recharge to discharge area. 
 
 
shrubs and the tree layer by Scots pine (Pinus sylvestris, Fig. 2). The shrub 
layer is often scarce. Further down the slope, where the forest ground is  
mesic with higher soil pH, N and base cation contents, the dwarf-shrub 
vegetation is mixed with grasses and low herbs. The tree layer is a mixture 
of Scots pine, Norway spruce (Picea abies), and birch (Betula pubescens). 
Other deciduous trees and shrubs such as rowan (Sorbus aucuparia) and 
different Salix species are increasing in number. Tall herbs can be found in 
the understory of the moist to wet groundwater discharge areas at the base 
of hills with highest soil pH, N and base cation contents, and can often 
dominate the field vegetation. The tree layer consists mainly of Norway 
spruce, often mixed with birch (Fig. 2).   
 
Vegetation types and nitrogen uptake 
Nordin et al. (2001) found that the availability of different forms of N in the 
soil water, as well as plant uptake of different forms of N, change from 
groundwater recharge to discharge areas. In recharge areas with dwarf-shrub 
vegetation the plants used mainly organic N (amino acid glycine) and NH +
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small part. Therefore, organic forms of N seem to be important as an N 
source even if the plants are capable of extracting NH +

4 .  Further down the 

slope, plants in the low-herb forest mainly took up NH +
4 , which was the 

major part of the soil N pool in this forest type, but the plants also used 
organic N and NO −

3 . Plants in the tall-herb forest of the groundwater 

discharge area used equal amounts of the two inorganic forms, and this 
uptake exceeded several-fold that of glycine. This uptake coincided with the 
inorganic forms dominating the N soil pool in the groundwater discharge 
area. 

Mycorrhizas play a vital role for nutrient uptake. In the relatively 
acid mor layer in groundwater recharge areas where ericaceous plants often 
dominate, ericoid mycorrhizas are predominant (Read 1991). This 
mycorrhiza type is able to break down lignin and polyphenols which are 
found in high concentrations in ericaceous litter and together with lipids 
create high C:N ratios in the mor layer. The ability of the ericoid 
myccorhizas to break down these organic compounds provides the fungi 
with N which otherwise would be inaccessible. This is crucial in the overall 
nitrogen poor soil, which is the growth limiting nutrient in the main part of 
the boreal forest (Tamm 1991). In the low-herb forest there are also 
ericaceous species with ericoid mycorrhiza, as well as tree species 
associated with ectomycorrhiza and herb species which can be associated 
with arbuscular mycorrhiza. Nordin et al. (2001) found that plant species 
associated with ectomycorrhiza or arbuscular mycorrhiza also took up 
organic N. This is important since the litter produced in this low-herb forest 
type can have a relatively high C:N ratio (even if it is lower than in the 
dwarf-shrub forest), leading to shortage of inorganic N. In the tall-herb 
forest where soil pH is relatively high, nitrification is enhanced and NO −

3  

becomes more available. Phosphorus may in these areas replace nitrogen as 
the major growth-limiting nutrient (Giesler et al. 2002). The plant species in 
the tall-herb forest are mainly associated with arbuscular mycorrhiza 
(Nordin et al. 2001), which enhances the ability to capture phosphate ions.  

 

Modeling soil moisture 

Soil moisture is controlled by numerous factors like precipitation, 
evapotranspiration, topography, lateral flow, soil types and vegetation 
(Moore et al. 1991, Wilson et al. 2004). Within limited areas precipitation 
and evaporation can be assumed to be spatially uniform and thus these 
factors can be neglected. While there can be huge differences in 
precipitation for single events, the assumption of homogeneous precipitation 
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and evaporation is reasonable for the landscape scale when one looks at 
longer time scales. As mentioned above, in regions with relatively thick till 
layer (with few bedrock edges where water could follow alternative routes) 
groundwater flow is to a large extent dependent on topography (which is the 
case in the areas presented in this thesis). Topography has a major influence 
on hydrologic processes and the spatial distribution of soil moisture. 
However, the importance of soil type (Famiglietti et al. 1998, Houser et al. 
1998, Famiglietti et al. 1999) and vegetation (Hupet and Vanclooster 2002) 
has also been pointed out. Soil type can heavily affect soil moisture since 
coarse texture leads to good vertical drainage whereas fine texture can hold 
more water. On a landscape level the surface geology is often quite 
homogenous and this factor can be neglected (O'Loughlin 1986, Western et 
al. 1999).  In the study areas used in this thesis, the soil types are fairly 
homogeneous. They consist mainly of sandy-silty till mixed with boulders, 
whereas peat often was found in depressions.  The vegetation influences soil 
moisture by the degree of canopy conductance, root distribution and plant 
cover density (Hillel 1998).  However, vegetation and soil moisture are 
tightly interlinked since soil moisture also affects vegetation as mentioned 
above.  

The availability of digital elevation models has led to topographic-
hydrologic indices being one of the most common predictors used to 
estimate spatial soil moisture distribution (Moore et al. 1991). The most 
commonly used topographic index is the wetness index ln(a/tanβ) developed 
by Beven and Kirkby (1979). It was first used for predicting spatial 
distribution of soil moisture (Burt and Butcher 1985, Moore and Thompson 
1996, Bardossy and Lehmann 1998) but has also been used to predict for 
example groundwater level (Thompson and Moore 1996). This topographic 
index has been implemented in various hydrologic models such as 
TOPMODEL (Beven and Kirkby 1979). In this rainfall-runoff model the 
topographic index represents the extension of saturated areas and the spatial 
variation of soil moisture and groundwater levels. TOPMODEL in turn has 
been used for studying several hydrologic processes such as flood frequency 
(Beven 1987), flow paths (Beven and Wood 1983, Quinn et al. 1991) and 
water quality (Wolock et al. 1989, 1990) but also to represent the hydrologic 
variable in models to study photosynthesis and annual net primary 
production (White and Running 1994), carbon budgets (Band 1993) and 
vegetation patterns (Moore et al. 1993). I have in this thesis used this index 
(hereafter called Topographic Wetness Index, TWI) in a modified form to 
study the spatial distribution of species numbers of vascular plants.  
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Congruence in species richness 

The global biodiversity crisis evokes an urgency to identify which 
geographic areas to protect to sustain most of the biological diversity. 
‘Biodiversity hotspot’ has become a frequently used term when setting up 
conservation strategies.  It was first applied to regions threatened by habitat 
loss that contained large numbers of endemic species in a relatively small 
area (Myers 1988, 1990). This term has since been used for a geographic 
area that contains high numbers of species, endemic species, rare species or 
which is threatened to lose much of its habitat (Reid 1998).   

The resolution of scale affects patterns in congruence (Gaston 1996, 
Flather et al. 1997, Reid 1998). The well known pattern of increasing 
species richness with decreasing latitude applies to most taxa. This implies 
congruence in species richness among different taxa on a global or 
continental scale. It has been shown that the number of endemic species 
varies with latitude (Jansson 2003), implying that there also is a global 
pattern of endemism across taxonomic groups corresponding to the one in 
species richness.  Carroll and Pearson (1998) found congruence in species 
richness for butterflies and tiger beetles across North America, using a 275 x 
275 km grid size. In contrast, Prendergast et al. (1993) found poor overlap 
of species richness hotspots among butterflies, dragonflies, breeding birds, 
liverworts and aquatic plants covering Britain using 10 x 10 km grid size. 
Some of these taxa showed congruence in species richness in some, but not 
in other areas of Britain, but there was no consistent pattern. Poor overlap of 
hotspots in species richness among taxa at this and smaller scales of 
resolution is also supported by other studies (Lombard 1995, Flather et al. 
1997). The underlying processes creating overlap or lack of overlap in 
hotspots among different taxa are poorly understood, but it is obvious that 
the taxa chosen are of importance (Lombard 1995, Jonsson and Jonsell 
1999, Saetersdal et al. 2003). For example, it is not very surprising that 
hotspots in species richness of breeding birds, liverworts and aquatic plants 
do not coincide (Prendergast 1997).   

Conservation planning is often made on landscape or regional scales. 
On these scales, a more efficient method for choosing priority areas for 
maximizing the number of protected species is to use complementary areas 
(Reid 1998). The species content of existing reserves is identified and new 
areas are then selected that add the greatest number of new species (Pressey 
et al. 1993, Williams et al. 1996, Csuti et al. 1997). Even if this method 
would be the optimal, in reality it is most often not feasible because of 
restricted finances. Often, only a small number of sites are possible to 
protect. In this case, approaches based on species richness work well to 
capture a large proportion of overall diversity when identifying priority 
areas (Csuti et al. 1997). Since it is virtually impossible to make complete 
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inventories of all organism groups in an area, a common approach for 
identifying areas of high species richness or rarity is to use indicator species. 
Another approach is to use well-known organism groups which are easy to 
get reliable data on to predict other less known groups (e.g. Kremen 1992, 
1994, Lombard 1995, Dobson et al. 1997, Virolainen et al. 2000). For 
indicator taxa to be useful in setting priorities, they have to be chosen 
carefully depending on both scale and taxonomic resolution of interest. It is 
unlikely that one organism group would constitute a good indicator group 
for all other taxa in one area. The target taxa of interest need to be decided 
before choosing an indicator taxon. An indicator taxon which has high 
overlap in species richness with a wide range of other taxa would be very 
valuable when seeking hotspots for species richness in general. 

In boreal forests mixed results with both negative and positive 
correlations have been reported regarding species richness of vascular 
plants, mosses and liverworts (Jonsson and Jonsell 1999, Berglund and 
Jonsson 2001). One possible explanation for poor congruence in species 
richness could be the narrow range in soil moisture and vegetation type used 
in these studies. Positive correlations for species numbers of vascular plants 
and bryophytes were found in the boreo-nemoral forests of Norway (r = 
0.69, 0.25 ha plot size, Saetersdal et al. 2003) and Estonia (r = 0.25 – 0. 65, 
1 ha plot size, Ingerpuu et al. 2001).  Sætersdal et al. (2003) also reported 
positive correlations between macrolichens and each of vascular plants and 
bryophytes. In this thesis I discuss further the correlation between the four 
dominating groups of primary producers (vascular plants, mosses, liverworts 
and macrolichens) in the boreal forests (paper IV), using a wider range of 
vegetation type and soil moisture than in the previous studies conducted in 
the boreal forest.  

I have also studied which processes could cause the correlations in 
species richness or the lack thereof (IV). Substrate affiliation could be 
important for the mosses, liverworts and lichens since they grow on a wide 
range of substrates. Species groups growing on the same substrate should 
correlate better than total species richness provided there is a considerable 
variation in amount and/or quality of the substrate in question. However, 
dividing species into subgroups may decrease correlations by making the 
range in species number among plots narrower. The sampled plot size 
should also be important since more individuals and more different habitats 
are included when sample grid size increases. If species numbers in these 
four different taxa respond differently to disturbance and succession, the 
congruence in species richness could be influenced by stand age.  
 
 
 



 16 

OBJECTIVES 

The main objectives of this thesis are to investigate if spatial distribution of 
vascular plant species richness could be predicted by using a wetness index 
based only on topography, and to increase the understanding of the 
processes causing the spatial distribution of the four main autotrophic 
organism groups in the boreal landscape.  

 
Specific objectives were:  

• To study if the spatial distribution of vascular plant species numbers 
can be predicted by a topographic wetness index in the boreal forest 
(papers I, II) 

• To evaluate if hotspots - areas of high numbers of vascular plant 
species - can be identified by using a topographic wetness index in 
the boreal forest (papers I, II) 

• To quantify how well soil pH can explain the distribution in plant 
species number in the boreal forest (paper II) 

• To test different variants of the topographic wetness index with the 
aim of improving the prediction of vascular plant richness, soil pH 
and soil moisture (paper III) 

• To assess whether vascular plant species richness correlates with 
species richness of other less known groups of primary producers in 
the boreal forest (paper IV) 

 

 

STUDY AREA 

The field studies in this thesis have mainly been conducted in two landscape 
sections, each comprising 25 km2, in the middle boreal zone of Sweden 
(Ahti et al. 1968).  One landscape section is situated 15 km east of Åmsele 
(64º33’N, 19º35’E, midpoint of the area), Västerbotten county and the other 
one is located 240 km to the SW, just west of Kälarne, Jämtland (62º59’N, 
16º01’E, midpoint of the area).  Both landscape sections are fairly similar 
with elevations ranging 220 – 440 m a.s.l. in Västerbotten and 300 – 440 m 
a.s.l. in Jämtland. The soil type is mainly till in both areas with peat 
covering many of the depressions. In both landscapes, the bedrock is acidic 
consisting mainly of granite. Also climatologically the two areas are quite 
similar. The yearly precipitation is ~600 mm in both areas. The mean 
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temperature in January is –13°C and –10°C for the landscapes in 
Västerbotten and Jämtland, respectively, and in July +14°C for both 
landscape sections (Raab and Vedin 1995). The areas were chosen to mainly 
differ in soil pH of the O-horizon. The soil pH ranges from 4.0 to 5.2 in the 
landscape situated in Västerbotten and from 3.9 to 6.3 in the landscape 
situated in Jämtland. The vegetation in both areas is dominated by boreal 
conifer forest, composed mainly of Pinus sylvestris and Picea abies.  The 
forestry has developed from selective cuttings of large trees from the 19th 
century to intensive silviculture starting in the mid 20th century. In both 
landscapes square study plots of 200 m2 were randomly distributed but 
constrained in order to provide a certain range of wetness values (see 
below). High wetness values were not included since they represented tree-
less mires, streams or lakes. Subplots of 0.01, 0.25, and 1 m2 were set up in 
the 200 m2 plots. 

To study congruence in species richness among four taxa (IV), I 
used data from the short pH-gradient landscape and a regional dataset. The 
regional study area comprised much of the northern half of Sweden between 
62º11' and 66º25', situated within the Middle and North Boreal Zone (Ahti 
et al. 1968).  In this region we selected 18 main study sites each consisting 
of four plots, one plot in old and one in young small-stream forest, and one 
plot in old and one in young non-riparian forest.  Old forest sites were 
located within unmanaged, old-growth forest, whereas young sites were 
located within managed forests that had been completely clear-cut 30–50 
years prior to observation.  Pairs of old and young forest sites within each 
main site were selected to be as similar as possible in terms of physical and 
ecological characteristics, apart from forest management history.  Each plot 
covered 20 x 50 m with one 10 x 20 m subplot located in the center.  The 
data set of young forests included another six main study sites with each one 
plot in small-stream forest and one in non-riparian forest (in total 12 
additional plots). 
 
 

TOPOGRAPHIC WETNESS INDEX 

In this thesis, I have used the well known Topographic Wetness Index 
(TWI, ln(a/tanβ)) for producing a spatially distributed representation of 
groundwater flow. TWI is based mainly on contributing upslope area and 
slope. The upslope area is the local catchment area draining water through a 
certain location. In the TWI a is calculated as the upslope area per unit 
contour length. The upslope area can be calculated in several different ways 
by using calculations for the flow distribution, which determine how much 
catchment area contributes to the groundwater flow in a specific point. In 
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papers I and II we used a triangularly calculated flow (Tarboton 1997), 
which was modified so that the flow could be directed to non-restricted 
multiple directions. In another well known multidirectional flow distribution 
method developed by Quinn (1991), the flow is limited to eight possible 
directions of the surrounding cells.  In paper III, we tested which of these 
two flow distributions performed best in correlations between TWI-values 
and each of for measured variables (species number of vascular plants, soil 
pH, groundwater level and soil moisture). 

The flow distribution among down slope directions calculated 
according to Tarboton (1997) or Quinn (1991) can be modified by an 
exponent, h, according to tanβi

h/Σtanβi
h, where 0≤h≤∞, so that the steeper 

slopes receive a higher proportion of the area distributed. We tested 8 
different values of the h for each of the flow distribution calculation 
methods (III).   

Also the slope can be calculated in different ways.  We have mainly 
used the downslope index (Hjerdt et al. 2004) rather than the local slope (I, 
II). The downslope index is calculated as Ld/d, where Ld is the distance to 
the nearest cell having a height ≥d length units below the cell. The local 
slope tanβ is calculated as the slope of every unit cell. In paper III we tested 
tanβ as well as five different values of d. The distance to this point can be 
computed as beeline distance or distance along the flow path (i.e., always 
following the steepest downslope directions along the ground surface). We 
also tested which of these two alternatives (slope distances) yielded best 
results in correlations with the measured variables (III). The resolution of 
the digital elevation model (DEM) is important especially for the calculated 
slope (Wolock and Price 1994). Small scale topographic irregularities 
disappear as the grid size increases, leading to a smaller slope and hence to a 
larger wetness index than what would have otherwise been appropriate. It is 
important to note that the spatial resolution of the digital elevation model 
used for the calculations must be in accordance with the spatial resolution of 
the landscape properties determining the groundwater level. We used 20 x 
20 m grids, since the standard 50 m grid of Swedish topographic maps was 
considered too coarse (Quinn et al. 1995, Rodhe and Seibert 1999). The 
improved DEM was produced by METRIA based on aerial 
photogrammetry. 

The basic assumptions, which underlie the TWI, do not hold when 
there is a creek and, thus, creeks need to be considered. We assumed creeks 
to start when the accumulated area exceeded a certain creek initiation 
threshold area (cta). Eight cta-values were tested (III). When a creek is 
formed either all the accumulated area can be treated as creek cell soil water 
or the area up to the creek threshold area is considered soil water and only 
the area exceeding the threshold area is treated as creek water. We tested 
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which of these two alternatives (cta-down) yielded the best results in 
correlations between the calculation parameters and the measured variables. 

In total we tested 6 different calculation parameters in terms of 
correlating the calculated TWI-values with four different measured variables 
as well as one calculated wetness degree (based on the relationship between 
measured groundwater level and soil moisture, III). We used data from the  
two landscapes described above. In addition to testing which calculation 
method performed best for each of the single measured variables, we also 
tested which calculation method performed best when pooling different 
variables into groups. 
 
 

RESULTS AND DISCUSSION 

Relationship between plant species number and TWI 

The majority of the investigated boreal forest landscape was relatively dry 
and species-poor, whereas interspersed patches linked to areas with 
relatively high TWI had species rich vegetation. There was a positive 
relationship between species richness of vascular plants and TWI (I, II).  
The fact that I found this relationship in two different areas with different 
average soil pH-levels indicates that this is a general pattern in the boreal 
forest of Sweden (II). Depending on calculation method of the TWI the 
relationship between plant species number and TWI differed somewhat, but 
the overall trend of a positive relationship persisted. It seems to be a robust 
pattern since it remained consistent regardless of plot size. Species richness 
of vascular plants still increased with TWI in all plot sizes, from 0.01 to 200 
m2, although the relationship became weaker with decreasing plot size (I). 
TWI explained 30 % of the variation in plant species richness in the 
landscape with low average soil Ph (LP) and 52 % in the landscape with 
high average soil pH (HP, II). When changing the parameter values used for 
calculating the TWI, the relationship between species numbers and TWI 
became even stronger (III). When using calculation methods of the TWI 
that performed best for the pooled group of species richness and soil pH for 
both study sites, TWI explained 58 % of the variation in species numbers in 
the (HP) landscape and 38 % in the (LP) landscape (Fig. 3). These results 
support the idea that TWI can be used to predict plant species richness with 
reasonable accuracy, taking into consideration that the only input data into 
TWI is topography, i.e. meters above sea level.  

Number of plant species not classified as regionally common (here 
called uncommon) in the two landscapes, respectively, increased with TWI  
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Fig. 3. The number of vascular plant species in the HP and LP landscapes, respectively, 
plotted against TWI. The calculation method used to yield the TWI-values was the one 
performing best when pooling species richness and soil pH from both landscapes together. 
Linear least squares regressions (HP: R2 = 0.58, P < 0.001, n = 55; LP: R2 = 0.38, P < 
0.001, n = 80). The curves were constructed using LOWESS regression (for each point 50 
% of the total number of points were used).   
 
 
as well as for soil pH in both landscapes (I, II). The same results were found 
for the proportion of the uncommon plant species, implying that soil pH and 
TWI were even more important for the distribution of species classified as 
uncommon, than for the total species richness. The most probable reason for 
this is that forested areas with high TWI and pH values are scarce in boreal 
landscapes and plant species found mainly in such areas will therefore be 
classified as regionally uncommon. Plant species richness showed a nested  
pattern along the TWI-gradient, which explains why the highest proportion 
of uncommon plant species coincided with the highest total plant species 
numbers along the TWI gradient in both landscapes. The uncommon plant 
species are needed to create an unusually species rich area in the landscape. 

 

Relationships between plant species number, soil pH and TWI 

There were positive relationships between plant species number and soil pH 
as well as soil pH and TWI in both landscapes (II). The relationship 
between plant species number and soil pH did not differ between the two 
landscapes, whereas the relationship between plant species number and TWI 
as well as soil pH and TWI did. At low TWI-values the latter two 
relationships were similar in the two different landscapes, but diverged at 
high TWI-levels. Soil pH explained more of the variation in plant species 
richness than TWI. In the LP landscape soil pH explained 40 % and in the 
HP landscape it explained 74 % of the variation in plant species numbers 
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(II). The higher soil pH-values in areas with high TWI-values in the HP 
landscape compared to the LP landscape create a wider range of species 
numbers in the HP landscape. This wider range explains why soil pH and 
TWI explain more of the variation in plant species numbers in the HP 
landscape than in the LP landscape.  

There could be several explanations for the observed pattern of 
increasing species number with TWI and soil pH. The postglacial history of 
the boreal forest in northern Sweden could be one explanation. Many of the 
species found today in the boreal forest of Fennoscandia have immigrated 
from refugial areas on the Iberian Peninsula and in South-eastern Europe, as 
well as from Asia (Bennett 1997, Hewitt 2000, Willis and Whittaker 2000).  
The Fennoscandian boreal species pool therefore better reflects the 
conditions in their regions of origin with higher soil pH (Pärtel 2002) than 
the present-day conditions in northern and central Fennoscandia. After the 
latest glaciation the juvenile till was more base-rich and plant species 
favored by high soil pH could easily spread northwards (Grubb 1987). 
Where the till does not consist of base-rich minerals, the leaching process 
has left small base-rich areas that serve as refuges for plant species that 
cannot survive in the otherwise relatively acidic boreal forest soils.  The 
groundwater discharge areas that are scattered throughout the boreal 
landscape constitute such an example. 

Another explanation for the spatial distribution pattern of vascular 
plant species could be an increasing soil N availability along the TWI-
gradient. This was supported by the negative correlations between the C:N 
ratio and TWI as well as between C:N ratio and soil pH found in the HP 
landscape (II). Other studies have shown that total soil N increased with soil 
pH from groundwater recharge to discharge areas in boreal forests (Högberg 
et al. 1990, Giesler et al. 1998).  Thus, the high species numbers in 
groundwater discharge areas could be caused by a release from competition 
for N, since N is the limiting nutrient in the majority of these forests (Tamm 
1964, 1991).  It could also be an effect of the differentiation of the soil N 
pool taken up by different plants along the soil moisture gradient from 
groundwater recharge to discharge areas (Nordin et al. 2001), which also is 
related to changes in type of mycorrhizas associated with plants along such 
a moisture gradient (Read 1991). This is discussed further in paper II. 

A third explanation could be increasing habitat heterogeneity within 
plots with higher TWI-values (I). In areas with low TWI values, most often 
the entire ground is dry and acidic, whereas in areas with high TWI and soil 
pH values, there are often patches of drier and more acidic conditions, for 
example on boulders, logs and hummocks. This is supported by the nested 
pattern in plant species occurrences along the TWI-gradient in both 
landscapes (I, II). None of the plant species occurred exclusively in the 
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lower end of the TWI gradient. Species were added to the overall species list 
along the TWI-gradient so that species growing on plots with low TWI and 
soil pH values also could be found in plots with high TWI-values. 
 

Evaluation of different calculation methods of TWI  

The correlations between TWI-values and the measured variables varied 
much depending on the calculation methods of TWI. There was not one 
single calculation method, which was optimal for all measured variables and 
study sites. However ‘compromise’ methods, which performed well for 
groups of measured variables could be identified. When looking for 
common patterns among the measured variables we found two groups with 
plant species richness and soil pH in one and groundwater level, soil 
moisture and wetness degree in the other. Within each of these groups the 
calculation methods performing best overlapped quite well. The correlation 
coefficients decreased with the generality of the calculation method. The 
best overall calculation method when grouping all measured variables in 
both study sites together did not yield as strong correlations as the best 
calculation methods for each single measured variable.  

In general, Quinn’s flow distribution performed better than 
Tarboton’s and a low value of h yielded the best results. The downslope 
index, DI, was found in most cases to be superior to the use of the usual 
local slope tanß. A higher d and the beeline distance were best for soil pH 
and species richness, whereas a lower d and flow path distance was best for 
the hydrologic variables.  

There are some known problems with Quinn’s flow distribution 
method with overestimation of flow dispersion in near-stream areas (Kim 
and Lee 2004). The reason Quinn’s flow distribution method was still 
superior to the modification of Tarboton’s distribution method could be that 
most plots in our study sites were not located in stream-cells. Low values of 
h, which performed best, show that a multiple flow directional algorithm is 
better than a single directional flow algorithm. These results are supported 
by Pan et al. (2004) who found that the multiple flow direction is 
geometrically more accurate than the single flow direction. The outcome of 
h could depend on the slope steepness in the study sites. Güntner et al. 
(2004) found h values of 8-10 to be most suitable in a mountainous 
catchment, whereas in our study area with gentler slopes, lower values of h 
yielded the best results.  

The difference in which value of d performed best when calculating 
the DI for the two groups of measured variables indicates that downslope 
drainage conditions are more important for the plant species richness and 
soil pH than for groundwater level, soil moisture and wetness degree. This 
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could be explained by that local slope can reflect the hydrologic variables 
quite well, whereas larger geomorphic features are more important for 
species richness of vascular plants and soil pH. For example, a site on a 
plateau with relatively small upstream area and a low slope can be quite 
moist but have low soil pH and plant species richness. A higher value of d 
gives information on the downslope conditions, which can indicate where 
along a slope the site is situated. A larger value of d can also better reflect 
the slope of the groundwater table, which affects groundwater flow, which 
in turn affects plant species richness and soil pH. Everything else being 
equal higher groundwater flow yields higher plant species richness and soil 
pH than more stagnant water. 
 

Congruence in species richness between vascular plants, mosses, 
liverworts and macrolichens in the boreal forest 

Species richness of vascular plants correlated well with total species 
richness of mosses and liverworts. These results were consistent for three 
datasets: (1) 200 and 1,000 m2 plots in young (30-50 years after clear-
cutting) forest on a regional level; (2) 200 and 1,000 m2 plots in old 
unmanaged forest on a regional level, and (3) 0.01-200 m2 plots in a forest 
dominated landscape of 25 km2 (IV). The congruence in species richness 
among these three taxa seems to be robust since it was found irrespectively 
of plot size, which differed from 0.01 m2 to 1,000 m2. Total species richness 
of macrolichens (fruticose and foliose growth forms) did not correlate 
significantly with the other three organism groups.  The reason for this 
could be that species numbers of vascular plants, mosses, and liverworts 
increase with ambient moisture, maintaining strong positive correlations 
despite large differences in life form distribution of their species. In 
contrast, for macrolichens moisture seems not to be the most important 
factor. Epilithic and epiphytic species contributed most to the overall 
variability in species numbers of lichens, suggesting amount or quality of 
these substrates as the major factor. Light might also be a contributing 
factor, explaining the lack of correlation in species richness between 
macrolichens and liverworts/mosses despite their large overlap in life forms. 
It is known that lichen ground cover is better developed in light habitats and 
bryophyte cover is better developed in darker habitats (Pharo and Vitt 2000, 
Sulyma and Coxson 2001). 

Dividing the species into subgroups based on substrate affiliation 
resulted in still positive, but weaker correlations between vascular plants, 
liverworts and mosses. Otherwise, the most striking result was between 
mosses and lichens. Ground-living species became more negatively 
correlated compared to all species, whereas not ground-living became more 
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positively correlated, which is discussed further in paper IV. In general, 
increasing plot size resulted in stronger positive correlations among vascular 
plants, mosses, and liverworts.  Stand age did not influence the correlations 
much, except that ground-living mosses and liverworts correlated stronger 
in young, managed compared to old, unmanaged forests. 
 
 

CONCLUDING REMARKS AND FUTURE PROSPECTS 

The main conclusions of this thesis are: 

• Most boreal forest land in Sweden is relatively poor in vascular plant 
species. Only relatively small interspersed patches linked to 
groundwater flow close the ground surface are species-rich. 

• The topographic wetness index can be used as a tool for identifying 
areas of high probability of having high species number and rarity of 
vascular plants.  

• Total number of vascular plant species as well as number of 
regionally uncommon vascular plant species generally increase with 
the topographic wetness index and soil pH within the studied ranges 
of these variables. 

• The proportion of uncommon plant species increases with TWI and 
soil pH.  

• Different TWI calculation methods perform best for different 
measured variables and groups of these. In general, Quinn’s flow 
distribution performs better than Tarboton’s and a low value of h 
yielded the best results. The downslope index, DI, is found in most 
cases to be superior to the use of the usual local slope tanß. A higher 
d and the beeline distance are best for soil pH and species richness, 
whereas a lower d and flow path distance is best for the hydrologic 
variables. 

• There is high congruence in species numbers among vascular plants, 
liverworts and mosses. However, lichen diversity does not correlate 
with these three groups of land plants. 

• Moisture seems to be a main factor controlling the patterns in 
overlap of species rich areas among vascular plants, mosses and 
liverworts. 
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To ensure maintenance of boreal biodiversity, a better understanding is 
needed of the processes creating the spatial distribution of species richness. 
The TWI could be used both for research and as a predictive tool within 
conservation management. Below I outline some research which I think 
should follow from the results published in this thesis: 
 
Prediction ability of the TWI  

• This thesis has demonstrated a strong positive relationship between 
plant species richness and TWI in the boreal forest. It would be 
intriguing to test the generality of this relationship by studying other 
parts of the boreal forest, such as in Russia or Canada as well as in 
temperate areas. Different calculation methods of the TWI should be 
tested also in these areas to further investigate if it is possible to find 
a more general calculation method for different areas and measured 
variables. 

• The most species-rich areas in my studies coincided with areas 
having the highest proportion of regionally uncommon species. This 
implies that the TWI could be used to identify hotspot areas 
regarding uncommon plants in the boreal forest. It would be 
interesting to identify areas in the field rich in uncommon plant 
species and obtain TWI-values for these areas. If these hotspots all 
have a TWI-value within a reasonably narrow range it would be 
possible to predict the location of such areas using TWI. 

• This thesis provides support for congruence in species richness 
among vascular plants, liverworts and mosses in the boreal forest. It 
should be possible to construct predictive statistical models based on 
the relationship between vascular plant numbers and TWI to predict 
variability in species numbers of mosses and liverworts. This could 
become very useful since it is easier to collect data on vascular 
plants than on the other two organism groups. It would then be 
interesting to investigate if other taxa, which to a large extent are 
influenced by moisture, such as terrestrial gastropods (Hylander et 
al. 2004), also coincide with the land plants in species richness and 
whether they could be predicted using the TWI. 

• In this thesis the usefulness of one specific topographic index, the 
topographic wetness index, calculated in different ways has been 
tested. Other indices such as upslope area and slope separately could 
also be tested by using different calculation methods. The results 
indicate that the downslope index could help in distinguishing 
between stagnant and non-stagnant groundwater conditions, which 
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the index failed to do in the first two studies in this thesis. These two 
types of area have very different soil conditions as well as species 
numbers and composition. To make TWI more efficient in 
conservation planning these two kinds of area must be discerned by 
the index, which is a further development of the TWI. 

• Instead of using point-to-point data as in this thesis, variables could 
be measured more densely over the study area, which would allow 
more detailed analyzes of the studied relationships. In this case the 
study area has to be more restricted than the areas included in this 
thesis. 

 

Change in species composition  

• So far, my studies have focused on species richness. However, 
changes in species composition along the TWI-gradient are also of 
interest. I found a nested species richness pattern in the studied areas 
as well as a proportional increase in uncommon vascular plant 
species along the TWI-gradient. It would be interesting to study if 
the change in species composition along the wetness gradient in 
these two landscapes is similar both in terms of which species and 
which species characteristics such as life forms are involved.  

 

Underlying processes creating the spatial distribution of species richness 

• The processes creating the spatial distribution of species richness in 
the boreal forest deserve further study. The influence of amount and 
quality of different substrates for species richness of mosses, 
liverworts, lichens etc. needs to be elucidated. It would also be 
interesting to unveil which primary soil factors influence the 
distribution of vascular plant species. For example, from my results 
the effect of nitrogen concentration and form of nitrogen cannot be 
distinguished from pH. 

 
 

IMPLICATIONS FOR NATURE CONSERVATION 

The results presented in this thesis can potentially become very useful for 
conservation management of the forest landscape. Field inventories are 
often both time and labor consuming. To make the work more efficient, the 
TWI could be used for identifying areas of special interest, e.g. hotspots of 
species diversity. The results in my thesis show that one such habitat could 
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be groundwater discharge areas. In these areas, the soil is characterized by 
high levels of groundwater, soil pH and nitrogen, especially in the form of 
NO −

3 , which otherwise are scarce in the boreal forest. TWI can provide data 

on the spatial distribution of such conditions, information that can not be 
extracted from topographic maps or aerial photographs.  Results in this 
thesis show that discharge areas both have high total species numbers of 
vascular plants as well as high proportions of regionally uncommon vascular 
plant species. Since there are strong correlations in species richness between 
vascular plants and mosses as well as liverworts, all three taxa also have 
high species numbers in moist forest areas.  

In Fennoscandia, the tree layer in mature natural forests of 
groundwater discharge areas is dominated by Picea abies, often together 
with several deciduous tree species such as Betula spp., Populus tremula 
and Salix caprea. Whereas Pinus dominated forests in their natural state are 
characterized by frequent fire disturbance, Picea forests are more formed by 
small-scale gap formations due to autogenic disturbance (Kuuluvainen et al. 
1998). Single or groups of trees are killed by strong local winds, insects etc. 
creating multi-aged and multi-sized stands providing important 
microhabitats. Leaving discharge areas intact when logging the forest would 
lead to an accumulation of dead and dying wood in moist to wet forests. 
This would favor many epixylic liverwort species (Söderström 1988, 
Dynesius 2001) and epixylic moss species (Dynesius 2001) which are more 
frequent in moister than in drier sites. Moist discharge areas would also be a 
suitable habitat for not ground-living moss and liverwort species in general 
which were found in this thesis to correlate positively with number of 
vascular plant species.  

One disadvantage of the TWI is that the digital elevation model 
needed to get a good index has to be of finer resolution than the 50 x 50 m 
grid size readily available in Sweden. The information can be obtained by 
aerial photogrammetric analysis, but is quite costly. However, in the future 
digital elevation models based on laser technique which will increase both 
the resolution and accuracy of the TWI method will be available, probably 
to a lower cost. 
 
 

ACKNOWLEDGMENTS 

I would like to thank Christer Nilsson, Mats Dynesius, Jan Seibert, Reiner 
Giesler, Kristoffer Hylander and Jim Burger for valuable comments on 
earlier drafts of the text. Financial support for this study has been provided 
by The Lamm Foundation, the Foundation for Strategic Environmental 
Research (MISTRA), the Swedish Research Council for Environment, 



 28 

Agricultural Sciences and Spatial Planning (to Christer Nilsson), and by  
J.C. Kempe Foundation, Gunnar and Birgitta Nordin’s Foundation and Ruth 
and Gunnar Björkman’s Foundation for Botanical Research in Norrland. 

 
 

REFERENCES 
Ahti, T., L. Hämet-Ahti, and J. Jalas. 1968. Vegetation zones and their sections in 

north-western Europe. Annales botanici Fennici 5:169-211. 
Anon. 1992. Skogsvårdslagen. Handbok. Skogsstyrelsen, Jönköping. 
Arnborg, T. 1945. Det nordsvenska skogsbruksschemat. Svenska 

Skogsvårdsföreningens Förlag, Stockholm. 
Band, L. E. 1993. Effect of Land-Surface Representation on Forest Water and 

Carbon Budgets. Journal of Hydrology 150:749-772. 
Bardossy, A., and W. Lehmann. 1998. Spatial distribution of soil moisture in a 

small catchment. Part 1: Geostatistical analysis. Journal of Hydrology 206:1-
15. 

Bennett, K. D. 1997. Evolution and Ecology: The Pace of Life. University Press, 
Cambridge. 

Berglund, H., and B. G. Jonsson. 2001. Predictability of plant and fungal species 
richness of old-growth boreal forest islands. Journal of Vegetation Science 
12:857-866. 

Beven, K. J. 1987. Towards the use of catchment geomorphology in flood 
frequency predictions. Earth Surface Processes Landforms 12:69-82. 

Beven, K. J., and M. J. Kirkby. 1979. A physically based, variable contributing 
area model of basin hydrology. Hydrological Sciences Journal 24:43-69. 

Beven, K. J., and E. E. Wood. 1983. Catchment geography and the dynamics of 
runoff contributing areas. Journal of Hydrology 65:139-158. 

Burt, T. P., and D. P. Butcher. 1985. Topographic controls of soil moisture 
distributions. Journal of Soil Science 36:469-486. 

Cajander, A. K. 1909. Ueber Waldtypen. Acta Forestalia Fennica 1:1-175. 
Carroll, S. S., and D. L. Pearson. 1998. Spatial modeling of butterfly species 

richness using tiger beetles (Cicindelidae) as a bioindicator taxon. Ecological 
Applications 8:531-543. 

Csuti, B., S. Polasky, P. H. Williams, R. L. Pressey, J. D. Camm, M. Kershaw, A. 
R. Kiester, B. Downs, R. Hamilton, M. Huso, and K. Sahr. 1997. A 
comparison of reserve selection algorithms using data on terrestrial 
vertebrates in Oregon. Biological Conservation 80:83-97. 

Dahl, E., G. Odd, and J. Kielland-Lund. 1967. On the vegetation types of 
Norwegian conifer forests in relation to the chemical properties pf the humus 
layer. Meddelelser fra Det Norske Skogsforsøksvesen 85:501-531. 

Dobson, A. P., J. P. Rodriguez, W. M. Roberts, and D. S. Wilcove. 1997. 
Geographic distribution of endangered species in the United States. Science 
275:550-553. 



 29 

Dynesius, M. 2001. Spatial and evolutionary aspects of species diversity, species 
traits, and human impact with examples from boreal riparian and forest plant 
communities. Dissertation. Umeå university, Umeå. 

Elton, C. S. 1958. The ecology of invasions by animals and plants. Methuen & Co 
Ltd, London. 

Eneroth, O. 1936. Om skogstyperna och deras praktiska betydelse. Kungliga 
Lantbruksakademin handlingar och tidskrifter 75:821-837. 

Famiglietti, J. S., J. A. Devereaux, C. A. Laymon, T. Tsegaye, P. R. Houser, T. J. 
Jackson, S. T. Graham, M. Rodell, and P. J. van Oevelen. 1999. Ground-
based investigation of soil moisture variability within remote sensing 
footprints during the Southern Great Plains 1997 (SGP97) Hydrology 
Experiment. Water Resources Research 35:1839-1851. 

Famiglietti, J. S., J. W. Rudnicki, and M. Rodell. 1998. Variability in surface 
moisture content along a hillslope transect: Rattlesnake Hill, Texas. Journal of 
Hydrology 210:259-281. 

Flather, C. H., K. R. Wilson, D. J. Dean, and W. C. McComb. 1997. Identifying 
gaps in conservation networks: Of indicators and uncertainty in geographic-
based analyses. Ecological Applications 7:531-542. 

Gaston, K. J. 1996. Biodiversity - Congruence. Progress in Physical Geography 
20:105-112. 

Giesler, R., M. Högberg, and P. Högberg. 1998. Soil chemistry and plants in 
Fennoscandian boreal forest as exemplified by a local gradient. Ecology 
79:119-137. 

Giesler, R., T. Petersson, and P. Högberg. 2002. Phosphorus limitation in boreal 
forests: Effects of aluminum and iron accumulation in the humus layer. 
Ecosystems 5:300-314. 

Grubb, P. J. 1987. Global trends in species-richness in terrestrial vegetation: a view 
from the northern hemisphere. Pages 98-118 in J. H. R. Gee and P. S. Giller, 
editors. Organization of Communities Past and Present. Blackwell, Oxford. 

Güntner, A., J. Seibert, and S. Uhlenbrook. 2004. Modeling spatial patterns of 
saturated areas: An evaluation of different terrain indices. Water Resources 
Research 40. 

Hägglund, B. 1979. Ett system för bonitering av skogsmark- analys, kontroll och 
diskussion inför praktisk tillämpning. Swedish University of Agricultural 
Sciences, Umeå. 

Hägglund, B., and J. E. Lundmark. 1981. Handledning i Bonitering med 
Skogshögskolans boniteringssystem. Skogsstyrelsen, Jönköping, Sweden. 

Hector, A., B. Schmid, C. Beierkuhnlein, M. C. Caldeira, M. Diemer, P. G. 
Dimitrakopoulos, J. A. Finn, H. Freitas, P. S. Giller, J. Good, R. Harris, P. 
Hogberg, K. Huss-Danell, J. Joshi, A. Jumpponen, C. Korner, P. W. Leadley, 
M. Loreau, A. Minns, C. P. H. Mulder, G. O'Donovan, S. J. Otway, J. S. 
Pereira, A. Prinz, D. J. Read, M. Scherer-Lorenzen, E. D. Schulze, A. S. D. 
Siamantziouras, E. M. Spehn, A. C. Terry, A. Y. Troumbis, F. I. Woodward, 
S. Yachi, and J. H. Lawton. 1999. Plant diversity and productivity 
experiments in European grasslands. Science 286:1123-1127. 



 30 

Hewitt, G. 2000. The genetic legacy of the Quaternary ice ages. Nature 405:907-
913. 

Hillel, D. 1998. Environmental Soil Physics. Academic, San Diego, California. 
Hjerdt, K. N., J. J. McDonell, J. Seibert, and A. Rodhe. 2004. A new topographic 

index to quantify downslope controls on local drainage. Water Resources 
Research 40. 

Högberg, P., C. Johannisson, H. Nicklasson, and L. Högbom. 1990. Shoot nitrate 
reductase activities of field-layer species in different forest types. 
Scandinavian Journal of Forest Research 5:449-456. 

Houser, P. R., W. J. Shuttleworth, J. S. Famiglietti, H. V. Gupta, K. H. Syed, and 
D. C. Goodrich. 1998. Integration of soil moisture remote sensing and 
hydrologic modeling using data assimilation. Water Resources Research 
34:3405-3420. 

Hupet, F., and M. Vanclooster. 2002. Intraseasonal dynamics of soil moisture 
variability within a small agricultural maize cropped field. Journal of 
Hydrology 261:86-101. 

Hylander, K., C. Nilsson, and T. Göthner. 2004. Effects of buffer strip retention 
and clearcutting on land snails in boreal forests. Conservation Biology 
18:1052-1062. 

Ingerpuu, N., K. Vellak, T. Kukk, and M. Partel. 2001. Bryophyte and vascular 
plant species richness in boreo-nemoral moist forests and mires. Biodiversity 
and Conservation 10:2153-2166. 

Jansson, R. 2003. Global patterns in endemism explained by past climatic change. 
Proceedings of the Royal Society of London Series B-Biological Sciences 
270:583-590. 

Jonsson, B. G., and M. Jonsell. 1999. Exploring potential biodiversity indicators in 
boreal forests. Biodiversity and Conservation 8:1417-1433. 

Kim, S., and H. Lee. 2004. A digital elevation analysis: a spatially distributed flow 
apportioning algorithm. Hydrological Processes 18:1777-1794. 

Kremen, C. 1992. Assessing the indicator properties of species assemblages for 
natural areas monitoring. Ecological Applications 2:203-217. 

Kremen, C. 1994. Biological inventory using target taxa - a case-study of the 
butterflies of Madagascar. Ecological Applications 4:407-422. 

Kuuluvainen, T., K. Syrjanen, and R. Kalliola. 1998. Structure of a pristine Picea 
abies forest in northeastern Europe. Journal of Vegetation Science 9:563-574. 

Levine, J. M., and C. M. D'Antonio. 1999. Elton revisited: a review of evidence 
linking diversity and invasibility. Oikos 87:15-26. 

Lombard, A. T. 1995. The problems with multi-species conservation: Do hotspots, 
ideal reserves and existing reserves coincide? South African Journal of 
Zoology 30:145-163. 

MacArthur, R. H. 1955. Fluctuations of animal populations and a measure of 
community stability. Ecology 36:533-536. 

Malmström, C. 1949. Studier över skogstyper och trädslagsfördelning inom 
Västerbottens län. Meddelanden från Statens Skogsforskningsinstitut 37:1-
231. 

McCann, K. S. 2000. The diversity-stability debate. Nature 405:228-233. 



 31 

Moore, I. D., R. B. Grayson, and A. R. Ladson. 1991. Digital terrain modeling - a 
review of hydrological, geomorphological, and biological applications. 
Hydrological Processes 5:3-30. 

Moore, I. D., T. W. Norton, and J. E. Williams. 1993. Modeling environmental 
heterogeneity in forested landscapes. Journal of Hydrology 150:717-747. 

Moore, R. D., and J. C. Thompson. 1996. Are water table variations in a shallow 
forest soil consistent with the TOPMODEL concept? Water Resources 
Research 32:663-669. 

Myers, N. 1988. Threatened biotas: 'Hot spots' in tropical forests. Environmentalist 
8:187-208. 

Myers, N. 1990. The biodiversity challenge: expanded hotspots analysis. 
Environmentalist 10:243-256. 

Nordin, A., P. Högberg, and T. Näsholm. 2001. Soil nitrogen form and plant 
nitrogen uptake along a boreal forest productivity gradient. Oecologia 
129:125-132. 

Odum, E. P. 1953. Fundamentals of ecology. Saunders Company, Philadelphia. 
O'Loughlin, E. M. 1986. Prediction of surface saturation zones in natural 

catchments by topographic analysis. Water Resources Research 22:794-804. 
Pan, F., C. D. Peters-Lidard, M. J. Sale, and A. W. King. 2004. A comparison of 

geographical information system-based algorithns for computing the 
TOPMODEL topographic index. Water Resources Research 40:1-11. 

Pärtel, M. 2002. Local plant diversity patterns and evolutionary history at the 
regional scale. Ecology 83:2361-2366. 

Pharo, E. J., and D. H. Vitt. 2000. Local variation in bryophyte and macro-lichen 
cover and diversity in montane forests of western Canada. Bryologist 
103:455-466. 

Prendergast, J. R. 1997. Species richness covariance in higher taxa: Empirical tests 
of the biodiversity indicator concept. Ecography 20:210-216. 

Prendergast, J. R., R. M. Quinn, J. H. Lawton, B. C. Eversham, and D. W. 
Gibbons. 1993. Rare species, the coincidence of diversity hotspots and 
conservation strategies. Nature 365:335-337. 

Pressey, R. L., C. J. Humphries, C. R. Margules, R. I. Vanewright, and P. H. 
Williams. 1993. Beyond opportunism - key principles for systematic reserve 
selection. Trends in Ecology & Evolution 8:124-128. 

Quinn, P., K. Beven, P. Chevallier, and O. Planchon. 1991. The prediction of 
hillslope flow paths for distributed hydrological modeling using digital terrain 
models. Hydrological Processes 5:59-79. 

Quinn, P. F., K. J. Beven, and R. Lamb. 1995. The ln(a/tan-beta) index - how to 
calculate it and how to use it within the Topmodel framework. Hydrological 
Processes 9:161-182. 

Raab, B., and H. Vedin. 1995. The national atlas of Sweden: Climate, Lakes and 
Rivers. SNA Publisher, Stockholm. 

Read, D. J. 1991. Mycorrhizas in ecosystems  - Nature's response to the 'law of the 
minimum'. Pages 101-130 in D. L. Hawksworth, editor. Frontiers in 
Mycology. Honorary and general lectures from the fourth International 



 32 

Mycological Congress, Regensburg, Germany, 1990. C.A.B. International, 
Wallingford. 

Reid, W. V. 1997. Strategies for conserving biodiversity. Environment 39:16-43. 
Reid, W. V. 1998. Biodiversity hotspots. Trends in Ecology & Evolution 13:275-

280. 
Ricciardi, A., and J. B. Rasmussen. 1999. Extinction rates of North American 

freshwater fauna. Conservation Biology 13:1220-1222. 
Rodhe, A., and J. Seibert. 1999. Wetland occurrence in relation to topography: a 

test of topographic indices as moisture indicators. Agricultural and Forest 
Meteorology 98-9:325-340. 

Ronge, E. 1936. Skogsmarkstyper och beståndsbehandling: Ett försök till populär 
lokal skogsvårdskatekes. Norrlands Skogsvårdsförbunds Tidskrift:141-186. 

Saetersdal, M., I. Gjerde, H. H. Blom, P. G. Ihlen, E. W. Myrseth, R. 
Pommeresche, J. Skartveit, T. Solhoy, and O. Aas. 2003. Vascular plants as a 
surrogate species group in complementary site selection for bryophytes, 
macrolichens, spiders, carabids, staphylinids, snails, and wood living 
polypore fungi in a northern forest. Biological Conservation 115:21-31. 

Skyllberg, U. 1996. Small scale pH buffering in organic horizons of two boreal 
coniferous forest stands. Plant and Soil 179:99-107. 

Söderström, L. 1988. The occurrence of epixylic bryophyte and lichen species in 
an old natural and a managed forest stand in northeast Sweden. Biological 
Conservation 45:169-178. 

Sulyma, R., and D. S. Coxson. 2001. Microsite displacement of terrestrial lichens 
by feather moss mats in late seral pine-lichen woodlands of north-central 
British Columbia. Bryologist 104:505-516. 

Tamm, O. 1929. Om sambandet mellan skogstyper och marktyper i övre Norrlands 
urbergsområde. Skogen 16:223-228. 

Tamm, O. 1935. Ett försök till klassifikation av skogsmarken i Sverige. 
Meddelanden från Statens Skogsförsöksanstalt 28:269-298. 

Tamm, O. 1964. Determination of nutrient requirements of forest stands. 
International Review of Forestry Research 1:115-170. 

Tamm, O. 1991. Nitrogen in Terrestrial Ecosystems. Springer Verlag, Berlin. 
Tarboton, D. G. 1997. A new method for the determination of flow directions and 

upslope areas in grid digital elevation models. Water Resources Research 
33:309-319. 

Thompson, J. C., and R. D. Moore. 1996. Relations between topography and water 
table depth in a shallow forest soil. Hydrological Processes 10:1513-1525. 

Tilman, D. 1997. Community invasibility, recruitment limitation, and grassland 
biodiversity. Ecology 78:81-92. 

Tilman, D., and J. A. Downing. 1994. Biodiversity and stability in grasslands. 
Nature 367:363-365. 

Tilman, D., D. Wedin, and J. Knops. 1996. Productivity and sustainability 
influenced by biodiversity in grassland ecosystems. Nature 379:718-720. 

van der Heijden, M. G. A., J. N. Klironomos, M. Ursic, P. Moutoglis, R. 
Streitwolf-Engel, T. Boller, A. Wiemken, and I. R. Sanders. 1998. 



 33 

Mycorrhizal fungal diversity determines plant biodiversity, ecosystem 
variability and productivity. Nature 396:69-72. 

Virolainen, K. M., P. Ahlroth, E. Hyvarinen, E. Korkeamaki, J. Mattila, J. 
Paivinen, T. Rintala, T. Suomi, and J. Suhonen. 2000. Hot spots, indicator 
taxa, complementarity and optimal networks of taiga. Proceedings of the 
Royal Society of London Series B-Biological Sciences 267:1143-1147. 

Western, A. W., R. B. Grayson, G. Bloschl, G. R. Willgoose, and T. A. McMahon. 
1999. Observed spatial organization of soil moisture and its relation to terrain 
indices. Water Resources Research 35:797-810. 

White, J. D., and S. W. Running. 1994. Testing scale-dependent assumptions in 
regional ecosystem simulations. Journal of Vegetation Science 5:687-702. 

Williams, P., D. Gibbons, C. Margules, A. Rebelo, C. Humphries, and R. Pressey. 
1996. A comparison of richness hotspots, rarity hotspots, and complementary 
areas for conserving diversity of British birds. Conservation Biology 10:155-
174. 

Willis, K. J., and R. J. Whittaker. 2000. Paleoecology - the refugial debate. Science 
287:1406-1407. 

Wilson, D. J., A. W. Western, and R. B. Grayson. 2004. Identifying and 
quantifying sources of variability in temporal and spatial soil moisture 
observations. Water Resources Research 40. 

Wolock, D. M., G. M. Hornberger, K. J. Beven, and W. G. Campbell. 1989. The 
relationship of catchment topography and soil hydraulic characteristics to lake 
alkalinity in the northeastern United-States. Water Resources Research 
25:829-837. 

Wolock, D. M., G. M. Hornberger, and T. J. Musgrove. 1990. Topographic effects 
on flow path and surface-water chemistry of the Llyn-Brianne catchments in 
Wales. Journal of Hydrology 115:243-259. 



 34 

TACK 
 
Innan jag började som doktorand funderade jag länge och väl på om det var 
vad jag ville göra och om det var värt att spendera 5 år av mitt liv på detta 
’projekt’. Jag minns så väl att Roland som jag frågade ut om hur det var att 
vara doktorand sa: ’de åren går så fort’. Så sitter jag här och de åren, lite 
drygt, har gått. Var det värt det? Jo det var det! Jag har lärt mig otroligt 
mycket, både vetenskapligt men också byråkratiskt, hur en sådan här enorm 
arbetsplats som universitetet fungerar (eller inte fungerar), fått känna på 
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varit ganska krokig på vägen till mål. Du har visat stor förståelse och stöttat 
mig så att jag har kunnat slutföra arbetet. Jag har lärt mig mycket om 
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helheten finns och fungerar. 
 
... Mats för att lika oförtröttligt finnas till hands för frågor, manusläsande, 
vetenskapliga diskussioner (ofta flera gånger om samma sak eftersom jag 
glömmer eller min misstro gör sig påmind), men även för peppning, tröst, 
stöttande och en aldrig sinande nyfikenhet på vad naturen uppvisar. Jag har 
lärt mig enormt mycket av dig med ditt breda kunnande som du är generös 
att delge dig av. 
 
... Kevin för att du introducerade frågan ’vad är rörligt markvatten?’, gav 
mig bilden av grundvattenlagret i marken som en krockkudde och fr a att du 
nog räddade denna avhandling när du var påstridig om att jag skulle 
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... Roland som när jag fältarbetade sommaren 1997 peppade mig att bli 
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Kristoffer för mosskunskap och att du sprider glädje runt dig. Birgitta för 
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att du är så bra att skrivsvettas ikapp med. Vi har omväxlande stöttat och 
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sommar... på kontoret. Elisabet, du har både varit en klippa i arbetet, typ 
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