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Abstract
In this thesis, I studied the patterns in the assemblage composition as well as the biogeography and
ecology of spring macroinvertebrates and bryophytes in Finland. My main objectives were to
assess the importance environmental variables to macroinvertebrate and bryophyte assemblage
composition in springs at the level of multiple spatial scales. In addition, I assessed the importance
of springs in the boreal mire landscape, and sought the ecological and environmental determinants
of a key species in boreal springs. In a large-scale study, I also examined the concordance between
macroinvertebrates and bryophytes across boreal ecoregions, and assessed how macroinvertebrate
assemblage variation corresponds to terrestrially-based ecoregions.

Locally, spring macroinvertebrate assemblage structure displays high variation between
different kinds of mesohabitats within springs, highlighting the importance of careful sampling of
all habitat types in spring surveys. Helocrenes and other aquatic-terrestrial ecotone habitats
harbour the highest species diversity and most spring-dependent species among spring habitat
types. Further, spring-influenced mire patches were shown to have distinct cranefly assemblages
in the mire landscape and to harbour higher cranefly diversity than mire types with lower trophic
status, emphasising the importance of springs for mire biodiversity. Regionally, a red-listed
spring-dependent caddisfly species appeared to be a surrogate for a high spring conservation
value, indicating high overall species diversity and the occurrence of additional red-listed species.

On a large geographical scale, intersecting the boreal ecoregions, a pattern of gradual change
of benthic macroinvertebrate assemblage composition from south to north was detected, largely
corresponding to terrestrially-derived ecoregions. However, the physical attributes of springs also
need to be taken into account in bioassessment studies. Macroinvertebrate assemblage variation
also correlated with physical habitat-scale variables, but not with changes in water chemistry. In
contrast, spring bryophyte assemblages showed a distinct response to variation in water chemistry,
but not to variation in physical habitat characteristics. Bryophytes and insect assemblages were
concordant with each other on the large geographical scale, although the concordance was rather
weak. Because of their different kind of responses to the physical and chemical variables, insects
and bryophytes of springs are poor surrogates for each other in boreal springs.

Keywords: assemblage composition, benthic macroinvertebrates, biodiversity,
biogeography, bryophytes, concordance, conservation, ecoregions, springs, surrogate
taxa
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Preface 

My interest in spring fauna started in 1998. I learned then that almost nothing was 
known of the aquatic insect fauna of Finnish springs, and as a result, the habitat 
became even more intriguing as a focus for study. When I began my studies in 
1999 in southern Finland, I was immediately contacted by Lauri Paasivirta and a 
year later, Jukka Salmela joined our group of Finnish crenobiologists. Our studies 
continued for many years as local surveys funded by variable sources and pretty 
much as a hobby in the little spare time that was available outside work and 
family responsibilities. At the start of 2003, the possibility for a more 
comprehensive project was made available via the PUTTE research project and 
we were thus able to continue our studies with intensified effort. Marking the 
culmination of our research work, this thesis summarises a substantial part of our 
research results. At the time of thesis writing, there still remains research material 
to be developed and written up for publication. Additional information, including 
lists of the bryophytes and macroinvertebrates identified can be found at URL: 
http://www.jilmonen.com/springs.htm. 
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1 Introduction 

1.1 General background 

Freshwater ecosystems are threatened globally because of pollution, flow 
regulation, intensified land use, and overexploitation of freshwater resources and 
species (Abell 2002, Baron et al. 2002). While the degradation of surface waters 
has received wide attention in the world, the state and conservation value of 
groundwater-dependent ecosystems (GDEs) are still poorly understood (Boulton 
2005). GDEs include a wide array of ecosystems, ranging from purely aquatic to 
semi-terrestrial, dependent on continuous or seasonal groundwater influx. GDEs 
face threats additional to those influencing surface waters through 
overexploitation of groundwater resources, disruption of the hydrological linkage 
between groundwater aquifers and their dependent ecosystems, and 
contamination of groundwater.  

Spring habitats, dependent on continuous discharge of groundwater, are an 
excellent example of the importance of GDEs in the landscape. They form 
subsurface-surface water and aquatic-terrestrial ecotones, and are thus vital 
components of riverine landscape biodiversity, especially in headwater reaches 
(Ward & Tockner 2001). Springs are often called “hotspots” for aquatic 
biodiversity (Scarsbrook et al. 2007). Spring habitats merge into groundwater-
influenced mires representing an important ecological factor in boreal mire 
ecosystems (Persson 1961, Eurola et al. 1984). Springs have also been identified 
as biodiversity hotspots in the forest landscape and are included in the 13 
woodland key habitats designated in the national Forest Act of Finland (see 
Pykälä 2007). Moreover, in arid areas springs provide mesic refugia for plants 
and animals (Knott & Jasinska 1998). Springs also provide a reliable source of 
pure water, a necessity for wildlife, human settlement and agriculture (Sada et al. 
2005, Scarsbrook et al. 2007, Barquín & Scarsbrook 2008). However, spring 
habitats have suffered from human disturbance across the world and the unique 
biota of springs is becoming threatened (Fensham & Price 2003, Heino et al. 
2005, Sada et al. 2005, Cantonati et al. 2006, Barquín & Scarsbrook 2008).  

In Finland, massive peatland drainage for forestry purposes, at its most 
intensive in the latter half of the 20th century, has destroyed or degraded more 
than half of the area of pristine mires (Lindholm & Heikkilä 2006). This has led 
to a vast loss of mire habitats, including springs, especially in southern Finland 
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where drainage has been most intensive. Recently, the conservation status of 
spring habitats in Finland was assessed as vulnerable (Ilmonen et al. 2008). 
Primary reasons for this were drainage and direct effects of silviculture (e.g. wood 
harvesting without a buffer zone), followed by groundwater and gravel 
abstraction, and minor but widespread human activities, such as modification of 
springs for domestic water use. The degree of spring habitat destruction and 
degradation was estimated to be more than 90% in southern Finland, while in 
northern Finland most springs have remained in pristine or near-pristine state.  

Global warming may pose a new threat to boreal spring biota. Global 
warming is likely to result in changes in precipitation and evapotranspiration 
(increased risk of floods and droughts), with potentially cascading effects on 
groundwater discharge and quality (IPCC 2007). Climate warming per se may 
also cause stress to spring biota mediated by rising spring water temperature, 
which in a coldwater spring (but not a geothermal spring) is related to the mean 
annual air temperature of the region in which the spring is located (Nielsen 1950, 
Van Everdingen 1991, McCabe 1998, paper IV). Moreover, the increasing 
pressure on groundwater use (see Boulton 2005) is likely to cause an indirect 
threat to the last remnants of near-pristine springs in the future. Therefore, time is 
running out for studying the natural biological variation of pristine boreal springs 
and realizing the conservation value of what is left of them. 

1.2 Freshwater biogeography 

Processes determining the structure and dynamics of ecological communities are 
affected both by local-scale factors and constraints and processes operating at 
broader spatial extents. Therefore, the mechanisms that determine local 
assemblage structure may reflect broad-scale spatial patterns in species' 
distributions that result from dispersal limitation, historical effects, climatic 
constraints, or spatially autocorrelated variation in local environmental conditions 
(e.g. Cottenie 2005). The investigation of spatial patterns of terrestrial 
biodiversity has been a cornerstone of regional biogeography (e.g. Väisänen et al. 
1992, Heikinheimo et al. 2007, Manthey & Box 2007), while interest in the 
geographical variation of freshwater assemblages has only arisen relatively 
recently. Knowledge of the factors and processes influencing assemblage 
variation of freshwater organisms is needed to detect changes in biodiversity due 
to natural vs. anthropogenic causes.  
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Benthic macroinvertebrates are a diverse component of freshwater 
biodiversity, often used in freshwater bioassessment and classification studies (e.g. 
Hawkins et al. 2000). Environmental filters at various temporal and spatial scales 
constrain the distribution of individual freshwater macroinvertebrate species and 
assemblages. Locally, the occurrence of a species may be regulated by e.g. 
thermal regime (Nolte & Hoffman 1992), availability of optimal food resources 
(Wotton 1979), or by specific microhabitat demands (Lindegaard et al. 1975). 
Species’ occurrences are also affected by interspecific interactions (Hemphill 
1988, Suutari et al. 2004) and their colonisation ability in habitats prone to 
disturbances (Downes & Lake 1991, Hoffsten 2003a, 2004). Species do not 
usually occur evenly throughout their geographical range. Instead, site occupancy 
and abundance of a species may decrease towards the edges of its geographical 
range, thus showing a distribution pattern called ‘diffusive rarity’ (Schoener 1987). 
A species may also become more specialised in its habitat preferences towards the 
limits of its geographical range (Svensson 1992).  

At the community level, the importance of local stream or reach-level factors 
in regulating stream macroinvertebrate assemblages has been detected repeatedly 
across the world (e.g. Van Sickle & Hughes 2000, Heino et al. 2002). On larger 
geographical scales, regional factors increase in importance. The assemblage 
composition of benthic macroinvertebrates of Fennoscandian lakes (Johnson et al. 
2004) and streams (Sandin & Johnson 2000, Heino et al. 2002) changes gradually 
from south to north, corresponding partly to terrestrially-based ecoregions 
delineated by climate, bedrock and vegetation. However, ecosystem and habitat-
scale characteristics often explain in more depth the among-site variation in 
streams and lakes than do regional-scale variables (Johnson et al. 2004). In 
general, terrestrially-derived landscape classifications provide a useful basis for 
stratifying spatial variability in lotic biodiversity, but the prediction of biotic 
assemblages needs to be adjusted for local reach-scale characteristics (e.g. 
Hawkins et al. 2000, Heino et al. 2002).  

Bioassays, as well as biodiversity surveys are usually based on selected 
taxonomic groups (e.g. birds, fishes, benthic macroinvertebrates). However, 
different taxonomic groups do not necessarily respond to environmental 
conditions in a similar way, and one cannot automatically assume that the results 
obtained from studying one taxonomic group apply to another group. The analysis 
of community concordance indicates whether the compositional patterns of 
different taxonomic groups are consistent among sites. Community concordance 
may result from functional interdependences (Jackson & Harvey 1993), similar 
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species-environment relationships (Ormerod et al. 1987, Bowman et al. 2008), 
and shared biogeographical and evolutionary history (Mitter et al. 1991, 
DeChaine & Martin 2005, Qian & Ricklefs 2008). Community concordance is 
also scale-dependent, being higher at the level of larger geographical scales 
(Allen et al. 1999, Paavola et al. 2006). Although community concordance has 
been detected in a number of ecological systems, it has been often found to be 
relatively weak, bringing up uncertainty on the use of a surrogate species 
approach in conservation planning (Rodrigues & Brooks 2007). In boreal streams, 
concordance among taxonomic groups (fishes, macroinvertebrates and bryophytes) 
has been found to be rather weak on local (within-drainage system) scales 
(Paavola et al. 2003, Paavola et al. 2006), but stronger on a regional scale 
(between drainage systems; Paavola et al. 2006).  

1.3 Springs as a study system 

Due to their relatively stable environmental conditions and isolation as habitat 
patches, springs are an important research system for basic and applied ecology 
(Glazier 1998, Williams & Williams 1998). Spring biota has been studied 
intensively in the 20th century in North America (e.g. Ferrington 1995) and 
continental Europe (e.g. Botosaneanu 1998), but not in Fennoscandia. While 
spring macroinvertebrate assemblages have been studied intensively in Denmark 
(Lindegaard et al. 1998), knowledge of spring macroinvertebrates was nearly 
completely lacking in Sweden (Hoffsten & Malmqvist 2000) and Finland (paper I) 
before the turn of the 21st century. In Sweden there was practically no information 
on spring benthic macroinvertebrate assemblages, and in Finland only a few 
published studies on selected taxonomic groups of aquatic invertebrates in springs 
were available (Hirvenoja 1960a, Hirvenoja 1960b, Hirvenoja 1960c, Särkkä et al. 
1997, Särkkä et al. 1998, Bagge 1999). 

Springs occur in headwater reaches, changing gradually to surface runoff-
dominated streams, or as patches anywhere along the river continuum (McCabe 
1998, Ward & Tockner 2001). Springs differ from surface-fed streams in some 
physico-chemical features important for the variation of benthic 
macroinvertebrate assemblages (McCabe 1998). First, springs are highly stable 
environments with little seasonal variation in water temperature and discharge 
regime, being less prone to natural disturbances (floods, droughts, extreme 
temperatures) than headwater streams (Nielsen 1950, Lake 2000, Hoffsten 2003a). 
Second, springs include semi-terrestrial as well as lotic and lentic habitats, 
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resulting in high habitat heterogeneity within a habitat type (see below). Lower 
species diversity of macroinvertebrates has been repeatedly detected in springs 
than in runoff-fed headwater streams in the northern hemisphere (McCabe 1998, 
Barquín & Death 2004). In addition to limited temperature tolerances of 
individual species, biotic interactions (resource competition and predation) 
enhanced in a stable environment, are also likely to affect assemblage structure in 
springs (Nielsen 1950, Barquín & Death 2004, 2006). On the other hand, the 
specific environmental conditions of springs favour the occurrence of specialised 
and regionally restricted species (e.g. DiSabatino et al. 2003, Fensham & Price 
2004, Sada et al. 2005), thus increasing their value when wholesale freshwater 
biodiversity is concerned. 

There have been several approaches to classifying springs with respect to 
their biota, and chemical and physical characteristics (e.g. Lindegaard et al. 1998, 
Hoffsten & Malmqvist 2000, Zollhöfer et al. 2000). The classification most often 
used in zoological studies includes three categories of spring types according to 
the groundwater flow rate and topography of the groundwater source area: 
helocrene, rheocrene and limnocrene springs (e.g. Danks & Williams 1991, Smith 
1991). In helocrenes groundwater percolates through a layer of detritus or 
vegetation into a marshy holding area, whereas in rheocrenes emergent 
groundwater flows rapidly over a gravel or sand substrate, and in limnocrenes a 
stenothermic groundwater pool is formed at the point of discharge. However, 
springs often form heterogenous habitat complexes comprising of a mosaic of 
lentic and lotic habitats and madicolous seepage areas (Danks & Williams 1991, 
DiSabatino et al. 2003, Cantonati et al. 2006). Contrary to the 
hydromorphological approach used by zoologists, the phytosociological approach 
aims at describing characteristic vegetation combinations using plant taxa. 
Accordingly, European spring vegetation (Montio-Cardaminetea) has been 
further divided into numerous smaller units of recognisable vegetation types 
(syntaxa) (eg. Påhlsson 1994, Zechmeister & Mucina 1994, Molina 2001). 

When springs are studied at the level of small or intermediate (local to 
regional) geographical scales, relatively distinct spring types can usually be 
identified with respect to variation in environmental and biological characteristics. 
The occurrence of different spring habitat types and the associated high habitat 
heterogeneity within springs are usually the most important factors influencing 
the composition of macroinvertebrate assemblages (e.g. Glazier & Gooch 1987, 
Lindegaard et al. 1998, DiSabatino et al. 2003). Especially, emergent mosses 
provide a wide array of habitats with environmental conditions changing 
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horizontally from the edges to the inner parts of the moss carpets, and vertically 
from dry to submersed habitats through a madicolous transition zone (Lindegaard 
et al. 1975, Thorup & Lindegaard 1977). The moss carpet provides an ecotone 
between terrestrial and aquatic conditions, and is known as a source of great 
invertebrate diversity and the preferred habitat of many crenobiont (obligate 
spring species) arthropods (Fischer 1993, Lindegaard 1995, DiSabatino et al. 
2003).  

The large-scale geographical variation of benthic macroinvertebrate and 
bryophyte assemblages of springs has remained poorly studied. In Europe, only a 
few studies have included a substantial number of springs, and even those few 
cover rather small geographical areas. In the case of Danish springs, the presence 
of a spring brook and water alkalinity were identified as the most important 
environmental factors related to assemblage variation (Lindegaard et al. 1998). 
Substrate type (Von Fumetti et al. 2006), discharge (Hoffsten & Malmqvist 2000, 
Von Fumetti et al. 2006), hydrogeological setting (Hoffsten & Malmqvist 2000), 
flow permanence (Erman & Erman 1995, Smith et al. 2003), water pH (Hahn 
2000) and riparian shading (Scarsbrook et al. 2007) have also been identified as 
key factors regulating spring macroinvertebrate diversity. In contrast, water 
chemistry has often been identified as the single most important driver of the 
bryophyte composition of spring or groundwater-influenced mire habitats (e.g. 
Persson 1962, Tahvanainen 2004, Eurola et al. 1984). The relationship between 
local and large-scale environmental variables to spring macroinvertebrate and 
bryophyte assemblage variation has hitherto remained unknown. 

Fennoscandian springs differ from central European springs in geological age: 
they are younger (< 10 000 years), fed by aquifers formed after the retreat of the 
Last Glacial Maximum ice sheet, which covered the whole of Fennoscandia 
(Tikkanen 2006a). Insect dominance over amphipods in the northern latitude 
springs of North America has been suggested to be related to glacial history, 
where more vagile insects were dominant in more recently glaciated areas 
(Williams & Williams 1998). An earlier study of springs in central Sweden 
showed that they were insect-dominated in comparison with more southern areas, 
harbouring poorly developed spring specialist fauna (Hoffsten & Malmqvist 
2000). In general, the current distribution of many spring-associated taxa in 
Fennoscandia suggests constriction caused by their slow post-glacial dispersal 
(Hoffsten 2004). Thus, patterns in spring macroinvertebrate assemblage 
composition and diversity may diverge between Fennoscandia and central Europe, 
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with comparative patterns in spring macroinvertebrate assemblages across Europe 
remaining poorly known. 
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2 Aims of the thesis 

The purpose of my research was to investigate patterns in the assemblage 
composition as well as the biogeography and ecology of spring 
macroinvertebrates and bryophytes in eastern Fennoscandia, at the level of 
multiple spatial scales. In brief, the overall goal was to provide basis for a better 
understanding of the spring faunal and floral assemblages and their conservation 
status, and to identify scenarios for the conservation of boreal spring biodiversity. 
Firstly, I studied the influence of environmental factors on macroinvertebrate 
assemblage variation and species richness on a local scale, and assessed the 
importance of mesohabitat-level environmental variation within springs (I). 
Secondly, I studied the adult craneflies (Diptera: Tipuloidea) of a boreal mire 
system with hydrologically different habitats (II). Although the study primarily 
focussed on the variation of cranefly assemblages in peatlands, the study also 
aimed at examining the importance of springs in the boreal mire landscape. 
Thirdly, I studied the relative importance of different patch-level (individual 
spring) variables on the occurrence of a red-listed spring-dependent caddisfly 
species in order to discover the ecological and environmental determinants of a 
key species of boreal springs (III). In addition, I studied whether red-listed spring 
species co-occur in certain springs more often than expected by chance, and 
assessed the relationship between the occurrence of the target species and the 
species richness of benthic macroinvertebrates and bryophytes (III). Fourthly, in a 
large-scale study (IV), I examined the influence of environmental factors on 
macroinvertebrate assemblage variation across boreal ecoregions. I also assessed 
the correspondence of spring macroinvertebrate assemblage variation to 
terrestrially-derived ecoregion classification, and the similarity of the observed 
environment-assemblage patterns to other freshwater habitats. Finally, I studied 
the assemblage-environment relationships and cross-taxon concordance of spring 
bryophytes and the EPTC taxa (Ephemeroptera, Plecoptera, Trichoptera and 
Coleoptera) and chironomids (Diptera: Chironomidae) across boreal ecoregions 
(V). 
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3 Materials and methods 

3.1 Geographical setting and field sampling  

This thesis consists of studies based on a dataset comprising of 179 springs 
studied over the period 1999–2005. The biogeographic zonation used here is 
based on the vegetation zonation of Ahti et al. (1968), further modified and 
subdivided for regional conservation assessment of plant and animal species in 
Finland (Mannerkoski & Ryttäri 2007). This zonation divides the country into the 
hemiboreal (1a-b), southern boreal (2a-b), middle boreal (3a-c) and northern 
boreal (4a-d) ecoregions, with 2–4 subregions each (Fig. 1). Individual studies 
varied in geographical extent from the level of local (one subregion; papers I and 
II) to regional scale (three subregions; paper III), and large scale encompassing all 
the ecoregions (hemiboreal, southern boreal, middle boreal and northern boreal) 
of Finland, with a latitudinal span of more than 1 000 km (Fig. 1). 

The springs studied ranged in size and complexity from small distinct spring 
sources (< 1m2) to spring complexes covering several hectares. For each spring, 
the total spring area, and the area of spring pools, helocrenes and spring brooks 
with minerogenic or organogenic substrates was estimated in the field using a 
classification based on a logarithmic scale (1: <10 m2, 2: 10–99 m2, 3: 100–999 
m2, 4: 1000–9999 m2, and 5: ≥10000 m2). The degree of human disturbance was 
assessed using a 1–3 scale (1: severe damage, e.g. logging or ditching affecting 
the hydrological conditions of the spring; 2: minor disturbance in or near the 
spring; 3: pristine or near-pristine spring and its surroundings) (see Heino et al. 
2005). Most of the springs studied were in reference condition, i.e. unmodified, 
near-pristine springs. Water temperature was measured and water samples 
collected in each spring prior to benthic sampling. Water samples were analysed 
for pH, conductivity, and colour using national standards. Altitude was estimated 
from topographic maps (scale 1:20 000) to the nearest five metres. Aquifer type 
(glaciofluvial or moraine) was assessed based on field observations and 
geological maps. The proportion of peatlands within a 100 -m radius of the spring 
was analysed with the aid of the Corine 2000 landcover data, using ArcView 3.2 
with Spatial Analyst. The mean annual air temperature at a spring location was 
estimated by overlaying the study sites on a map of long-term (1961–1990) mean 
annual temperatures in Finland (Tikkanen 2006b). The mean annual temperature 
for each locality was assigned to the closest full degree isopleth. 
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Fig. 1. A map of the springs studied (black dots) in Finland over the period 1999–2005. 
Roman numerals indicate the location of the sites studied in papers I (six springs) and 
II (20 mire patches). Springs in the subregions 1b and 2a and the southernmost 
springs in the subregion 3a were used in the analyses of paper III. Papers IV and V 
covered the whole country from subregions 1b to 4d. See text for the explanations of 
the zonation used, and individual papers for more details of the study sites. 
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Benthic samples were taken during 1999–2005 at the time, ranging from early 
May (south) to mid-June (north), when most boreal spring-dwelling insect species 
start their emergence. Samples were taken by sweeping submerged substrates, or 
by pressing mossy or muddy substrates and collecting loose material into a 
semicircular hand-net (width 0.2 m, mesh size 0.5 mm). Because of a large 
variation in the size and complexity of the springs surveyed, a semi-quantitative 
sampling protocol was used when collecting data for papers III, IV and V. 
Sampling effort was related to spring area (area 1: 2 minutes; area 2: 5 min; area 3: 
10 min; area 4: 20 min; area 5: 30 min) (see also Sada et al. 2005). In paper I, a 
more quantitative sampling protocol was applied. Altogether 34 benthic samples 
were collected from six springs, 4 – 8 samples per spring, by sweeping the 
substrate along a 1-m length, the sampling area being thus 0.2 m2. All habitat 
types (spring pools, helocrenes, spring brooks with minerogenic or organogenic 
substrate) within a spring were sampled. Sampling was restricted to within the 
first 20 m from the spring source in large complexes, and to the immediate 
discharge area (max. 5 m downstream) of small springs. Benthic 
macrocrustaceans and insects were identified by the author, L. Paasivirta, and J. 
Salmela. Benthic macroinvertebrates other than macrocrustaceans and insects (e.g. 
Oligochaeta, Hydracarina, Mollusca) occurred in low numbers, and the sampling 
method used was not optimal for collecting e.g. semi-terrestrial mites living in 
springs (see Smith 1991). Hence, benthic macroinvertebrates other than 
macrocrustaceans and insects were excluded from all analyses. A complete list of 
the macroinvertebrates identified from the samples is given at URL: 
http://www.jilmonen.com/springs.htm. 

Adult flies (paper II) were collected by bilateral Malaise traps (length 110 cm, 
height 140 cm, width 70 cm). A total of 20 traps were set in the Kauhaneva mire 
system in early May and the traps were removed in mid October 2003. A solution 
of 50% ethylene glycol, 5% NaCl and a few drops of detergent was used as a 
preservative and the traps were emptied in one-month intervals. Finally, the 
material was stored in 70% alcohol for sorting and identification (by J. Salmela). 

The total cover (%) of bryophytes within a spring was routinely assessed in 
the field for all studied sites. Additionally, bryophytes were sampled 
quantitatively in the 138 springs included in paper V, using 0.5 × 0.5 m plots 
placed at intervals of 1–2 m from the spring source along the main course of 
water flow. The number of sample plots was usually 6–7, but in the smallest 
springs only 1–4 plots could be sampled. The percentage cover of each bryophyte 
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species was assessed in the field for each plot and the mean cover of bryophyte 
species per spring was used in the analyses. Sampling was restricted to submersed 
and helocrene habitats. Bryophyte nomenclature follows Ulvinen et al. (2002). A 
complete list of the bryophytes identified from the samples is given at URL: 
http://www.jilmonen.com/springs.htm. 

3.2 Benthic macrocrustacean and insect assemblages in relation 
to spring habitat characteristics 

The springs studied in paper I were located in south-western Finland (southern 
boreal subregion 2a) around a single large groundwater area, located in the third 
Salpausselkä end moraine formation (Fig. 1). We studied in detail the fauna of six 
springs located at the proximal north-west slope of the formation, the distance 
between the farthest sites being less than eight kilometres and that between the 
closest sites being approximately one kilometre. Five distinct spring a priori 
habitat types were identified in the springs studied: 1) spring brooks with 
minerogenic substrate; 2) spring brooks with organogenic substrate; 3) helocrenes; 
4) floating moss carpets; and 5) limnocrene pools. 

Nonmetric Multidimensional Scaling (NMDS) was used to analyse patterns 
in the assemblage structure across environmental gradients. NMDS shows the 
ranked distances of samples in the ordination space in k dimensions based on the 
species data (Legendre & Legendre 1998). The correlations of the quantitative 
environmental variables were overlain on the ordination diagrams and presented 
as joint plots. The goodness-of-fit of the k-dimensional ordination space to the 
original p-dimensional space is expressed by a stress value, and the best fit and 
the necessary number of dimensions were sought for by running several NMDS 
analyses with random starting configurations. We used Sørensen’s coefficient as 
the distance measure and four as the maximum number of dimensions, and 
repeated the analysis ten times, applying 100 runs with different random starting 
configurations each time, and the solution with the lowest stress was chosen as 
the final solution.  

Further, Two-Way Indicator Species analysis (TWINSPAN) was used to 
create an a posteriori classification based on species data, and to assess how the a 
priori habitat classification corresponded with the a posteriori classification. 
TWINSPAN is a divisive hierarchical clustering method widely used in 
community ecology (Legendre & Legendre 1998).  
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Indicator species for different habitat types were identified by Indicator 
Species Analysis (INDVAL) using the method established by Dufrêne and 
Legendre (1997). The indicator value varies between 0 and 100, attaining its 
maximum value when all individuals of a species occur in a single group of sites, 
and when the species occurs in all sites of that group. The significance of 
indicator values of each species was tested using the Monte Carlo test with 10 000 
permutations. One-Way ANOVA with Tukey post-hoc tests was used to analyse 
differences in benthic macroinvertebrate abundance and species richness between 
habitat types. Species richness of samples pooled across habitat types with 
varying sampling effort was standardised using the rarefaction method (Krebs 
1989). The non-parametric Mann-Whitney U test was used to test for differences 
of environmental variables between TWINSPAN groups. 

3.3 Cranefly fauna of a boreal mire system in relation to mire 
trophic status 

The Kauhaneva mire system (paper II), located in western Finland in the middle 
boreal subregion 3a (Fig. 1), belongs to the concentric bog zone in western 
Finland (Heikkilä et al. 2001). Both ombrotrophic (extremely poor, all nutrients 
and minerals received from rainfall) and minerotrophic (enriched by seasonal 
surface runoff or groundwater) mire types are present in Kauhaneva. 
Ombrotrophic bogs are relatively poor in plant species, whereas the greatest plant 
species richness is encountered in areas influenced by groundwater or human 
activity. Altogether 20 mire patches were selected for study, with hydrological 
conditions and trophic status ranging from spring-fed mesotrophic swamps to 
oligotrophic bogs, reliant on rainfall for nutrients. Ten traps (1–10) were set on 
open minerotrophic mires varying from oligotrophy (7 sites) to mesotrophy (3 
sites), and another ten (11–20) on open ombrotrophic sites. Two traps on 
mesotrophic sites were set near a spring brook. Mire types and trophic status of 
the sampling sites were assessed using a detailed mire vegetation map (R. 
Heikkilä, unpublished). 

NMDS was used to analyse patterns in cranefly assemblage composition 
across sites with variable trophic status. Indicator species for the mire trophic 
status classes were identified using INDVAL. Finally, the difference between 
cranefly assemblages across mire trophic status classes was tested using the 
Multi-response Permutation Procedure (MRPP). MRPP is a non-parametric 
procedure for testing the hypothesis of no difference between two or more groups 



 28 

of entities (Legendre & Legendre 1998). The method compares observed within-
group distances in each pre-defined group with those expected by chance by using 
random reassignment of sample units to groups. Effect size is expressed by 
chance-corrected within-group agreement (A). When all items are identical within 
groups, A = 1 and if heterogeneity within groups equals expectation by chance, A 
= 0. Sørensen’s coefficient was used as the distance measure, and 1 000 Monte 
Carlo permutations were used to assess the significance of the null hypothesis of 
no difference between assemblages.  

All analyses were first run for two mire trophic status classes to test whether 
there were differences in cranefly assemblages between ombrotrophic and 
minerotrophic mire types. Second, the same analyses were run for three mire 
trophic status classes (ombrotrophic, oligotrophic and mesotrophic), where the 
minerotrophic sites where further divided into oligotrophic and mesotrophic 
patches based on the vegetation mapping. The subdivision of the minerotrophic 
sites was motivated by the observed high degree of assemblage variation within 
the minerotrophic sites in the NMDS ordination. Differences in species richness 
between minerotrophic and ombrotrophic sites were tested using a t-test, and 
differences in species richness between three trophic status classes were 
determined with One-Way Anova and Tukey post-hoc tests.  

3.4 Red-listed species and conservation of boreal springs 

The whole dataset of 179 springs was used to illustrate the geographical 
distribution of a red-listed caddisfly, Crunoecia irrorata (Curtis), in Finland 
(paper III); however, a subset of 39 springs, both occupied and non-occupied, was 
used to analyse the relationship between environmental variables and species 
occurrence. A subset restricted to the part of Finland where the species occurs was 
used due to its distribution in northern Europe being constrained by large-scale 
climatic factors and post-glacial history. The subset represents the whole southern 
boreal subregion 2a and southern parts of the middle boreal subregion 3a, 
coinciding with the -8ºC isotherm of January mean temperature (1931–1969) (Fig. 
1). 

First, the means of habitat characteristics were compared between springs 
grouped by the incidence of C. irrorata. The Wilcoxon rank sum test was used for 
the scaled environmental variables, and the t-test preceded by Fisher’s F test for 
the continuous variables. Subsequently, Generalized Linear Modelling (GLM) 
was used to find out which habitat characteristics were of the greatest significance 
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for the occurrence of C. irrorata. GLM allows a more versatile analysis of 
correlation than standard regression methods and can be used when variance is 
not constant or with non-normally distributed errors (Crawley 2005). Based on 
the results of the mean tests on the pair-wise scatter plots and autecology of C. 
irrorata, the number of explaining variables was reduced prior to GLM, which 
was applied using the species’ incidence (presence/absence) as the response 
variable and binomial error structure with logit link function. The model was 
simplified using deletion tests until only significant (p < 0.05) terms were 
included (minimal adequate model) (Crawley 2005).  

To study whether the presence of C. irrorata serves as a surrogate for overall 
species richness in springs, the rarefied taxon richness of benthic 
macroinvertebrates obtained in benthic samples and the number of bryophyte 
species recorded in quadrats were compared (t-test preceded by Fisher’s F test) 
between springs grouped by the incidence of C. irrorata.  

In addition, the relationship between the occurrences of C. irrorata and two 
other red-listed, spring-preferring species was analysed using the Chi-square test. 
Two red-listed species, Anacaena globulus (Paykull) (Coleoptera: Hydrophilidae), 
and Trichocolea tomentella (Ehrh.) Dumort. (Marchantiophyta), were common 
enough among the springs studied for a meaningful analysis. Also the total 
number (excluding C. irrorata) of all red-listed, spring-preferring aquatic insects 
(1 species) and bryophytes (3 species) recorded in the springs studied was 
compared between springs grouped by the presence of C. irrorata. In addition to 
our data on Finnish springs, records for these species were retrieved from the 
national database for red-listed species, maintained by the Finnish Environment 
Institute. Finally, Fisher’s exact test was used to examine whether a spring, either 
pristine (naturalness class 3, n = 8) or disturbed (classes 1 and 2 combined, n = 
31), had an effect on the incidence of C. irrorata.  

3.5 Regional and local drivers of macroinvertebrate assemblages 
in boreal springs 

Large-scale assemblage variation of benthic macroinvertebrates was studied in 
springs spread across all ecoregions (hemiboreal, southern boreal, middle boreal 
and northern boreal) (paper III; Fig. 1). The study concentrated on 
macroinvertebrate assemblage variation in the least human-impaired sites, and 
only near-pristine or modestly altered springs were included in the analyses, 
resulting in 153 springs.  
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TWINSPAN was first used to create an a posteriori classification, based on 
species’ abundances, as a data-derived alternative to the a priori ecoregion 
classification (e.g. Sandin & Johnson 2000, Van Sickle & Hughes 2000). Only the 
first two dichotomous divisions were used, resulting in four groups, equal to the 
number of ecoregions in the study. INDVAL was used for identifying indicator 
species for pre-defined groups in both a priori and a posteriori classifications.  

Next, Discriminant Function Analysis (DFA) with equal prior probabilities 
and leave-one-out cross validation was applied to assess the prediction success of 
sites to a priori (ecoregions) and a posteriori (TWINSPAN) groups according to 
their benthic assemblages and environmental characteristics. Due to the large 
number of environmental variables and taxa and a low number of sites in some 
groups (minimum of ten and six in the a priori and a posteriori groupings, 
respectively), the dimensionality of the data was first reduced by using Principal 
Components Analysis (PCA; environmental data) based on a correlation matrix 
and NMDS (species data).  

Finally, the classification strengths of the a priori and a posteriori 
classifications were compared. MRPP with Sørensen’s coefficient was used to 
analyse assemblage-level differences among the groups. As well, a classification 
strength (CS) approach (see Van Sickle & Hughes 2000) based on the difference 
between the between-group (B) and within-group (W) dissimilarities (CS = B – 
W) was used. To facilitate comparison with previous studies on headwater 
streams in the same study area, DFA, MRPP and CS were also run with a five-
level ecoregion classification (see Heino et al. 2002), with subregion 4d treated as 
a true ecoregion.  

3.6 Concordance between spring bryophyte and insect 
communities 

Altogether 138 of the 179 springs studied were in a pristine or near-pristine state, 
and had quantitative bryophyte and macroinvertebrate data available. This subset 
of 138 springs was thus suitable for a cross-taxon concordance analysis in least 
human-impaired sites encompassing both bryophytes and macroinvertebrates 
(paper V). 

First, NMDS was used to assess the main patterns in the assemblage structure 
of bryophytes and insects. In order to find the optimal ordination solution, we 
used a function that runs several analyses automatically to find the best solution 
with the lowest stress value (‘metaMDS’), implemented in the vegan community 
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ecology package (Oksanen et al. 2007) of the R statistical environment (R 
Development Core Team 2008). The assemblage-environment relationships were 
examined by fitting environmental vectors onto the ordination space. In addition, 
linearity of the assemblage-environment relationships was screened by adding 
smooth surfaces on the ordinations based on thin-plate fitted splines.  

Next, we analysed community concordance between insects (EPTC and 
chironomids) and bryophytes using Procrustean rotation analysis based on 
ordination scores and matrix correlation analysis (Mantel test) based on distance 
matrices. Ordinations were compared by using a procrustean randomisation test 
accompanied by a permutation test (Protest; Jackson 1995). Procrustean rotation 
analysis compares two sets of corresponding points (site scores) from two 
separate ordinations, aiming to minimize the sum of the squared deviations 
between the landmarks through translating, rotating and dilating one 
configuration to match the other configuration (Legendre & Legendre 1998). In 
Protest, a permutation approach is applied to one of the data sets to assess 
whether the original measure of concordance (m2) is smaller than expected by 
chance (Jackson 1995). Protest analyses were run using three-dimensional NMDS 
ordinations. Protest analyses were also carried out between the ordinations of 
biotic groups and those based on environmental variables. PCA on a correlation 
matrix was used to produce site scores based on the environmental variables, with 
the site scores of the first three components compared to the NMDS site scores 
based on species data. As the abundances of community data on bryophytes and 
insects were measured in different units, we used a dissimilarity measure based 
on presence-absence data for the Mantel tests.  
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4 Results and discussion 

4.1 Benthic macrocrustacean and insect assemblages in relation 
to spring habitat characteristics 

Clear patterns in macroinvertebrate abundance, taxon richness and assemblage 
composition were discovered, that also differed among habitat types. The 
abundance of macroinvertebrates was highest in the moss carpet habitat and 
lowest in the pool habitat, but not significantly different between any other habitat 
class combinations. Total taxonomic richness was higher in the moss carpet and 
helocrene habitats than in the other habitats and lowest in the pool habitats, but 
due to high variation, there was no significant difference in richness between 
habitats. The failure to find significant differences in taxon richness was at least 
partly attributable to the sampling method used, which was probably not the best 
possible for collecting madicolous fauna. However, trends in richness between 
habitat types were concordant with earlier studies of spring habitats, where moss 
carpet and helocrene habitats have been identified as the most species-rich spring 
habitats (e.g. Lindegaard et al. 1975, Smith 1991, DiSabatino et al. 2003). Moss 
carpet and helocrene habitats have also been shown to harbour the most 
obligatory spring species (madicolous taxa) of all spring habitat types (e.g. 
Lindegaard 1995, DiSabatino et al. 2003). 

Relative abundances of the macroinvertebrate taxa groups showed marked 
differences between the habitat categories. Further, NMDS and TWINSPAN 
based on species-level data showed that the sites studied were widely scattered 
with respect to their origin in different springs, but more closely aggregated 
within habitat classes. A polarisation between the lentic (pools and moss carpets + 
some helocrenes) and lotic (minerogenic and organogenic brooks + most 
helocrenes) habitats was evident, and the most important environmental gradients 
were related to this gradient and to benthic substrate types. Besides water flow 
per se, substrate characteristics related to water flow are also important factors 
influencing the fauna of a given microhabitat, providing a mosaic of variable food 
supply, shelter and light intensity within a spring (Thorup & Lindegaard 1977). 
For example, spring brooks and trickles with a minerogenic substrate provide 
ideal conditions for periphyton grazers, such as larvae of the mayfly Baetis 
rhodani (Ephemeroptera; Baetidae, Thorup & Lindegaard 1977). Emergent 
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mosses provide shelter and vertical hydrological zonation, thus increasing the 
structural diversity of the habitat (Lindegaard et al. 1975).  

Indicator species were identified for all habitat types except helocrenes, 
which shared many taxa with all other habitat types. Helocrenes were the most 
heterogeneous habitat in this study, with variable flow conditions and substrate 
types. While the most common macroinvertebrate taxa occurred in all habitat 
types, they were not equally abundant in all habitats. This result, in accordance 
with an earlier study (Thorup & Lindegaard 1977), underscores the importance of 
quantitative studies of spring fauna. Generally, study results also support a spring 
typology based on three categories (limnocrene, rheocrene, helocrene), and 
emphasise the importance of studying all habitat types within a spring in 
bioassessments.  

4.2 Cranefly fauna of a boreal mire system in relation to mire 
trophic status 

No evidence was found for differences in cranefly richness or assemblage 
composition between minerotrophic and ombrotrophic mire types. However, 
mesotrophic sites were different from the oligotrophic sites that occurred in both 
the minerotrophic and ombrotrophic mire types. Species richness was highest in 
the mesotrophic sites, but there was no difference between oligotrophic and 
ombrotrophic sites. Species richness in the mesotrophic sites was enhanced by 
groundwater (two sites) or surface water (one site) flow. The overall species 
richness in the mire complex was low, compared with earlier records for springs 
in southern Finland (Salmela 2001). In the NMDS ordination the mesotrophic 
sites were clearly separated from the oligotrophic sites. INDVAL did not identify 
any indicator species for the minerotrophic and ombrotrophic classes, but when 
the analysis was run for three groups (mesotrophic, oligotrophic and 
ombrotrophic sites), four indicator species for mesotrophic sites were identified. 
Likewise, MRPP showed no difference between minerotrophic and ombrotrophic 
sites, but when the three groups were compared, a statistical difference between 
groups was detected. 

The results agree with earlier studies of mire craneflies (Brunhes & Villepoux 
1990, Brunhes & Dufour 1992, Salmela 2004), showing that cranefly 
assemblages differ in relation to trophic status, and that species richness generally 
declines with decreasing trophic status in mires. More importantly, the results of 
this study suggest that, upon consideration of oligotrophic sites, the gradient from 
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ombrotrophic to minerotrophic mires is not an important determinant of cranefly 
fauna in mires. The results also emphasise that conservation efforts should be 
targeted towards mires with a higher trophic status if craneflies are considered, 
and that spring habitats are especially valuable in the mire landscape. 

4.3 Red-listed species and conservation of boreal springs 

The area of helocrene habitats was the most important environmental variable 
explaining the occurrence of Crunoecia irrorata in south-western Finland. Other 
important environmental factors characterising springs occupied by C. irrorata 
were a high total spring area and the area of minerogenic brooks and mosses as 
well as a high pH and clear water. These environmental variables probably 
characterise spring complexes with high permanence, favouring crenobiont 
species in general (e.g. Hoffsten & Malmqvist 2000). Water pH, however, is 
probably not a very important factor for species living in the aquatic-terrestrial 
interface. In earlier studies, C. irrorata was recorded for a wide pH spectrum, 
ranging from alkaline (pH 7.5) karst springs (Smith et al. 2003) to acidic water 
with pH below 5.0 (Hahn 2000, Dangles 2002). Crunoecia irrorata was 
frequently recorded for springs with moderate disturbance as well as near-pristine 
springs, and disturbance level had no effect on the probability of a spring being 
occupied by C. irrorata. 

The distribution area of Crunoecia irrorata covers most of Europe, but in the 
north, it extends only to the southernmost areas of the middle boreal zone. A 
similar correspondence to vegetation zonation has been observed in both aquatic 
(Heino 2001) and terrestrial (Väisänen et al. 1992, Pekkarinen & Teräs 1993) 
insects. The occupancy and abundance of the species tend to decrease towards the 
northern and southern limits of its geographical range. Large-scale patterns in the 
occupancy and abundance of C. irrorata thus corroborate the argument of 
Hoffsten and Malmqvist (2000) and Hoffsten (2003b) that the species’ 
geographical distribution is an example of diffusive rarity (Schoener 1987). 

Evidence was found supporting the use of C. irrorata as a surrogate for a 
high spring conservation value. Benthic macroinvertebrate richness was higher in 
springs occupied by C. irrorata, as was the number of other co-occurring red-
listed species. There was also a significant positive relationship between the 
occurrences of C. irrorata and A. globulus, and C. irrorata and T. tomentella. 
However, the restricted distribution of C. irrorata in Finland limits its use as a 
national surrogate. An interesting finding that emerged was that red-listed species 
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and high overall species diversity tended to concentrate in certain springs. The 
degradation of springs in general, and particularly the increasing demand for 
water abstraction were identified as potential threats to the existence of the 
northern populations of C. irrorata. 

4.4 Regional and local drivers of macroinvertebrate assemblages 
in boreal springs 

A pattern of gradual change of benthic macroinvertebrate assemblage 
composition from south to north was detected, largely corresponding to 
terrestrially-derived ecoregions. Assemblage composition changed gradually from 
south to north and there was virtually no overlap between the southern and 
northern ecoregions, whereas middle boreal sites were widely scattered in the 
species ordinations, being poorly predicted by DFA. Furthermore, southern and 
northern assemblage groups were produced by the first TWINSPAN division, 
having 38 and 25 significant indicator species, respectively. The geographical 
patterning of spring assemblages conforms to several other latitudinal zonation 
patterns in northern Europe that correlate closely with regional climate (Väisänen 
et al. 1992, Heino 2001, Johnson et al. 2004, Heikinheimo et al. 2007). However, 
historical processes have also contributed to the formation of geographical 
patterns of freshwater biodiversity in Fennoscandia (Johnson et al. 2004). Taken 
together, this evidence suggests that significant ecotonal boundary areas, created 
by a combination of postglacial history and contemporary climate, occur in 
eastern Fennoscandia. 

According to PCA the most important environmental variation was related to 
large-scale geographical variables (temperature, altitude), followed by habitat-
scale physical (substrate types) and chemical (water pH and conductivity) 
variables. However, NMDS ordination showed that, beyond large-scale 
geographical variation, the area of minerogenic brooks was the only habitat-scale 
variable that correlated substantially with assemblage variation. The lack of 
benthic assemblage variation in relation to water chemistry was mostly 
attributable to a broad pH tolerance among the most common and abundant taxa 
recorded (e.g. Petersen et al. 1999). Additionally, in contrast to Central European 
springs, amphipods were rare, likely reflecting a differential length of the post-
glacial period in different parts of Europe (Hoffsten & Malmqvist 2000). In 
Central Europe, in springs where amphipods are common and abundant, stronger 
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relationships between water chemistry and macroinvertebrate assemblage 
variation have been often detected (Lindegaard et al. 1998, Hahn 2000). 

Similar to an earlier stream macroinvertebrate study in the same region 
(Heino et al. 2002), assignment of sites into their respective ecoregions showed 
better success when based on environmental variables than on assemblage 
structure. By contrast, all species-derived indicators of classification strength 
revealed the superiority of a posteriori over a priori classifications, also observed 
in many lotic studies (e.g. Van Sickle & Hughes 2000). A classification based on 
four ecoregions was found to be slightly stronger than that based on five 
ecoregions. Our results implied that even a coarser-scale stratification could be 
used for assessment, separating the north boreal ecoregion from the other three 
boreal ecoregions (south, middle and hemiboreal). However, the physical 
characteristics of the springs and their surroundings also need to be taken into 
account, much as suggested for boreal streams by Heino et al. (2002). 

4.5 Concordance between spring bryophyte and insect 
communities 

The thermal south-north gradient correlated strongly with the ordinations of 
bryophytes, chironomids and EPTC taxa, reflected by changes in mean annual air 
temperature and altitude. Thus, the overall results were similar to the gradient 
observed in benthic macroinvertabrates in paper IV, and in large-scale studies of 
benthic macroinvertebrates in boreal streams (Heino et al. 2002, Johnson et al. 
2004). However, the taxonomic groups showed different responses to local habitat 
characteristics. Of the habitat-scale variables, minerogenic brooks had the highest 
correlation in the EPTC and chironomid ordinations, corroborating earlier 
findings of the importance of physical habitat characteristics for spring 
macroinvertebrate assemblage structure (Lindegaard et al. 1998, Hoffsten & 
Malmqvist 2000, IV). In contrast, bryophytes showed a strong compositional 
gradient related to water chemistry, having high correlations with both water pH 
and conductivity. The observed differentiation of spring bryophyte assemblages in 
relation to pH and conductivity gradients corroborates the classification of springs 
based on ‘trophic status’, i.e. the influence of calcareous groundwater (e.g. Eurola 
et al. 1984). We found a compositional change in bryophyte communities at ca. 
10 mS/m, distinguishing between calcareous springs characterised by e.g. 
Cratoneuron filicinum and Palustriella falcata, and non-calcareous springs where 
e.g. Pseudobryum cinclidioides and Warnstorfia exannulata were typical in 
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springs with relatively low pH and conductivity. Mean annual temperature and 
conductivity showed linear relationships with both bryophyte and chironomid 
ordinations, whereas high non-linearity was detected for the EPTC taxa. 
Bryophytes were strongly differentiated in relation to conductivity. For the EPTC 
taxa, the springs with highest conductivity (>20 mS/m) appeared to be outliers 
with poorly established fauna. Excluding these springs, EPTC assemblages were 
fairly uniform for most of the conductivity gradient, whereas chironomids were 
linearly differentiated in springs of low-to-moderate (3–15 mS/m) conductivity.  

Bryophytes, EPTC taxa and chironomids were significantly concordant 
according to both the Protest and Mantel tests, but all concordances were 
relatively weak. The mutual concordance between EPTC and chironomids was 
slightly higher (Protest: m2 = 0.75; Mantel: r = 0.33) than the concordance 
between insect assemblages and bryophytes (m2 = 0.81, r = 0.20–0.27). Lower 
concordance between bryophytes and both insect assemblages likely results from 
differential assemblage-environment relationships. Bryophyte assemblages were 
strongly associated with variation in water chemistry, while insect assemblages 
were mainly regionally differentiated in relation to thermal conditions and 
secondarily, to the physical attributes of springs. In boreal streams, Paavola et al. 
(2006) found concordance among fishes, benthic macroinvertebrates and 
bryophytes in streams across multiple drainage systems, but concordance was 
weak on the scale of individual drainages. On a local scale, the three taxonomic 
groups responded to different environmental variables, while the regional-scale 
environmental filters controlling the three groups appeared rather similar.  

Regional-scale processes underlying bryophyte and insect assemblages in 
springs may differ, resulting in different patterns of assemblage variation. For 
example, spring insect assemblages are largely driven by dispersal limitation 
(Hoffsten & Malmqvist 2000, IV), whereas many of the common bryophyte 
species of spring habitats (e.g. Philonotis fontana) may effectively disperse via 
spores and, once established, their local populations can persist for long. Most 
regionally common spring bryophytes are globally widespread and their 
assemblages may thus be relatively uniform across large geographical areas. It is 
also possible that the relatively low concordance between bryophytes and insects 
is affected by the relative degree of specialisation to springs, bryophytes 
displaying generally higher specialisation than insects. The different responses of 
bryophytes and insects to environmental variables suggest that they are poor 
surrogates for each other. Moreover, although chironomids and EPTC taxa 
showed relatively similar responses to environmental variables (as opposed to 
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bryophytes), chironomids are more species-rich as a group and include more 
spring-specialised taxa than EPTC, suggesting that they should not be neglected 
in spring biodiversity studies. 
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5 Concluding remarks and suggestions for 
future research 

The results of this thesis suggest that a combination of climate warming and 
landscape disturbance may pose serious threats to spring biodiversity in northern 
Europe. Especially the southern springs and their characteristic faunistic elements 
are at risk due to intensive land use effects, and threats increasing in importance 
in the future, such as intensified groundwater use (Boulton 2005, III). The drastic 
decline of spring habitats (Ilmonen et al. 2008) has already had adverse effects on 
spring bryophytes (Heino et al. 2005). On the other hand, climate warming is 
expected to be greatest over land and at most high northern latitudes (IPCC 2007), 
and assuming that it is followed by warming of groundwater, may have direct 
adverse effects on northern faunistic assemblages adapted to the low temperatures 
of northern springs. In addition, Fennoscandian springs seem to be faunistically 
different from Central European springs (Hoffsten & Malmqvist 2000, IV). 
Therefore, special attention should be paid to conserving that which still remains 
of boreal spring biodiversity. 

In fact, given the drastic decline of pristine springs in southern Finland 
(Ilmonen et al. 2008), all remaining pristine and near-pristine boreal springs 
deserve more effective conservation than is currently available. Many southern 
spring specialist taxa are considered threatened, surviving largely in degraded 
springs (III). In Finland, the immediate surroundings of pristine or near-pristine 
springs are currently included in the woodland key habitats of the Forest Act, and 
pristine springs (limnocrenes and helocrenes, but not their surroundings) are 
protected from physical modification by the Finnish Water Act. However, 
interpretation of the definitions and criteria of these Acts is complicated, and their 
implementation is not necessarily thorough (Pykälä 2007).  

Springs are also poorly protected within the network of designated nature 
conservation areas. Only 4.3% of the springs appearing on geological maps of 
hemiboreal to middle boreal ecoregions, where springs have suffered most, are 
included in the European Union’s Natura 2000 network (Ilmonen et al. 2008). 
Furthermore, most of the springs included in the network are protected by the 
Forest Act or Water Act, with only 1.3% lying in strict nature conservation areas 
that fall under the jurisdiction of the Nature Conservation Act. Therefore, as the 
focus of spring biodiversity conservation currently lies outside strictly protected 
areas, it is imperative that implementation of the current legislation be improved 
substantially. In light of stepping up efforts to protect spring biodiversity, the 
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restoration of severely disturbed springs presents a possibility worth inspecting. 
Such an option, however, must be considered painstakingly because poorly 
planned restoration of spring habitats and their surroundings may prove harmful 
to spring biota (Ilmonen et al. 2006). Hence, restoration should probably only be 
applied to severely disturbed springs, after a careful study of the remaining biota 
to avoid eradicating any remaining characteristic spring taxa. 

Considering the selection of springs for conservation, this thesis demonstrates 
that the same criteria do not apply to all taxonomic groups (V). Although 
community patterns seem generally concordant among bryophytes and insects on 
a large geographical scale, marked differences in their assemblage-environment 
relationships do occur, and one group cannot be used as a reliable surrogate of 
another group in boreal springs. Adequate variation in water chemistry should be 
assured in protecting spring bryophyte biodiversity, while preservation of the 
physical variation of spring types should be assured in maintaining 
macroinvertebrate diversity. In addition, regional assemblage types need to be 
considered, with at least a differentiation between southern and northern 
assemblage types (IV). 

The studies included in this thesis address many of the gaps in the existing 
information on Fennoscandian spring biota, setting the table for experimental and 
theoretical studies in the future. However, many questions remain, regarding e.g. 
macroecology, dispersal history, and genetic variation of crenobiont species in 
Europe. If more analogous high-quality data were available, it would be 
interesting to compare the degree of specialisation to spring habitats among 
different taxa across Europe. On the other hand, community concordance between 
different taxonomic groups (e.g. bryophytes and macroinvertebrates) should be 
further studied on a local scale, which would probably result in a lower 
concordance than on a Finland-wide scale (V). There is also an urgent need for a 
shortcut method for identifying the most valuable springs for conservation. A 
conservation indexing protocol relying on a community-based classification 
scheme has been suggested for freshwater habitats in Great Britain, accounting 
for taxon richness and the presence of nationally rare species (Chadd & Extence 
2004). This kind of an approach would now be possible for application in Finland, 
as the basic knowledge of the assemblage composition and rarity of species 
occurring in springs is available. However, it would be much easier if the 
conservation value could be assessed based on easily-measured within-spring 
environmental variables. Spring area and habitat diversity are likely to be among 
such indicators of high conservation value. However, determining the method of 
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finding indicators for a high spring conservation value needs to be specifically 
studied, taking into account the latitudinal variation and differential responses of 
bryophytes and macroinvertebrates to local environmental variables. 
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