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Glossary and abbreviations 
 

Anchor ice – Frazil ice particles have an adhesive nature which can cause 

them to adhere to the stream bed.  When frazil ice particles adhere to large 

substrates they can remain on the stream bed, anchored by the mass of large 

substrates, wood pieces or vegetation.  Massive formation of anchor ice causes 

overbank flooding. 

 

Aufeis – In streams where winter flows are extremely low and shallow, 

freezing can extend to the bed.  Remaining flow pushes through cracks in the 

ice up onto the surface, freezing in successive layers, each layered on top of 

the previous.  Substantial aufeis thicknesses can develop during the course of 

winter. 

 

Biodiversity – The variety of organisms in an ecosystem. 

Cryosphere – The parts of Earth’s surface where water is in solid form: sea 

ice, lake ice, river ice, snow cover, glaciers, ice caps, ice sheets and frozen 

ground.  

IPCC – Intergovernmental Panel on Climate Change.  

 

FHC – Former Highest Coastline. 

 

Frazil ice – Tiny ice particles which form when the water supercools to a 

few hundredths of a degree below 0 °C. 

 

Resilience –The ability of a system to cope with changes. 

 

Riparian zone – Interface between the terrestrial and aquatic 

environment. 

 

SMHI – Swedish Meteorological and Hydrological Institute.   

 

Suspended ice – Ice that is suspended over flowing water. It forms mostly 

in steep channels after the formation and breaching of anchor ice dams. The 

breaking of an ice dam leaves the ice cover suspended over the flowing water. 

The hanging ice is often supported by boulders or other large objects in the 

channel.  
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Sammanfattning 

Nordligt boreala områden präglas av långa vintrar och korta somrar. Trots 

detta är det främst naturförhållandena sommartid som studerats. Nu vet vi att 

vintern tvärtom kan vara en viktig komponent för många organismers 

överlevnad. I vattendrag i nordliga områden uppstår det ofta en zonering av 

växter med stigande ålder och höjd ju längre bort från vattnet de hittas. 

Strandzonen hör därmed till ett av de mest artrika områdena men även ett av 

de mest påverkade. Zoneringen av arter har oftast förklarats av arternas 

förmåga att hantera översvämningar; vintern och ispåverkan har oftast 

förbisetts. Om vattendragen är öppna under vintern kan en köldknäpp leda 

till produktion av kravis och bottenis. Kravis är små iskristaller som virvlar 

runt i vattnet och fäster vid exempelvis stenar och andra föremål och kan 

bygga upp tjocka ispansar av s.k. bottenis. Därför är det viktigt att ta reda på 

exakt vilka faktorer som styr isbildningen och hur dessa präglar livet vintertid. 

I denna avhandling undersöks vad som styr isbildningen samt hur och i vilken 

omfattning isbildning och vinteröversvämningar påverkar växter i och längs 

med bäckar. För att studera detta genomfördes inventeringar av is- och 

vinterförhållanden för att sedan kunna relatera dessa till förändringar i 

växtligheten. Dessutom utfördes en rad experiment och inventeringar av land- 

och vattenlevande växter. Slutligen studerades hur förändringar i klimatet kan 

komma att påverka dessa interaktioner. Resultaten visar att strandvegetation 

inte bara regleras av förhållandena under vegetationsperioden utan även av 

förändringar i vinterförhållanden och isproduktion. Många olika faktorer 

påverkar isproduktionen, så som avstånd till ett sjöutlopp, vattentemperatur, 

inflöde av grundvatten och vattenhastighet. Bäckar med en hög produktion av 

krav- och bottenis och därmed en högre frekvens av vinteröversvämningar, 

har en högre diversitet av strandväxter än bäckar utan denna typ av 

isproduktion. Vedartade växter (såsom lingon och blåbär) är mycket 

konkurrenskraftiga men klarar inte att frysa in i isen vid en 

vinteröversvämning. Detta innebär att andra mindre konkurrenskraftiga arter 

får mer utrymme. Isbildning och islossning bidrar därmed till en högre 

diversitet längs vattendragen eftersom mer störningsanpassade växtarter får 

en chans att etablera sig. Strandnära skogar spelar en viktig roll i de lokala 

processerna längs vattendragen men de är även viktiga för den globala 

kolcykeln. Norra Sverige har ett stort antal små vattendrag, vilket innebär att 

stora områden med strandvegetation påverkas av isen, både temporalt och 

rumsligt. Vi tror därmed att isrelaterade förändringar i artsammansättning 

och artrikedom även kommer att påverka andra processer så som 

näringscykler, förnanedbrytning och spridning av arter. 
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Abstract 

Streams in cold regions are characterized by unique hydrological processes 

that control flow regime and water levels. One of the most important processes 

is the formation, growth and melting of different types of ice in and around 

the stream channel during winter. River ice controls major hydrologic events 

such as winter floods with magnitudes and frequencies often greater than 

those created by open-water conditions. While river management in northern 

countries has already recognized high risk of ice damages, the focus of the risk 

assessment has been mostly aimed towards the local economy; the ecological 

role of river ice has been less acknowledged. Along rivers in boreal Sweden, 

riparian vegetation has developed specific zonation with height and age of the 

plants increasing the further away they are from the stream channel. On lower 

levels the vegetation is often comprised of short-lived plants, such as annuals 

and biennials whereas more permanent woody vegetation is found at higher 

levels. This zonation has most often been explained by the resilience of 

different growth forms to the inundation regimes, such as the spring flood in 

northern systems. Within this framework, I investigated which factors drive 

the ice formation and how ice and ice-induced floods affect riparian and in-

stream vegetation. A 3-year survey was conducted of ice formation and 

vegetation along 25 stream reaches and a set of experiments were used to 

evaluate ice as a disturbance agent. Reaches far away from lake outlets which 

had a low input of groundwater and a high velocity and stream power were 

most prone to form anchor ice, but many other factors also influenced ice 

formation. Streams with anchor ice experienced more frequent flooding of the 

riparian vegetation during winter. Our findings suggests that ice and winter 

floods favour diversity and create habitat heterogeneity for riparian species. 

On a community level, woody plants such as evergreen dwarf shrubs are 

eliminated when flooded during winter, opening up patches for other species 

to colonize, creating a dynamic riparian understory community. Significant 

changes in river ice conditions could develop with projected changes in 

climate which would have important geomorphologic, ecological and socio-

economic impacts. One implication of climate change could be less ice 

disturbance and consequently a riparian vegetation in cold regions that slowly 

changes from forb to dwarf-shrub dominated with a subsequent decrease in 

species richness. Changes in species diversity and abundance of groups of 

species related to changes in ice formation could potentially cascade into 

riparian and in-stream processes such as nutrient cycling, litter 

decomposition and organism dispersal.  

Key words: anchor ice, climate change, in-stream, riparian, river ice, streams, 

vegetation 
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Introduction 

Riverine ecosystems: dynamic and species rich 

Riverine ecosystems are of great importance in the landscape as they belong 

to one of the most diverse, productive and dynamic habitats in the world 

(Gregory et al. 1991; Naiman & Décamps 1997).  Riverine ecosystems also 

belong to the systems that are most impacted by humans (Tockner & Stanford 

2002).  An important part of riverine ecosystems are riparian zones that form 

the interface between terrestrial and aquatic ecosystems (Bishop et al. 2008).  

Riparian zones control water quality and quantity in streams as they regulate 

the supply of organic material and filter material coming from uplands 

(Gregory et al. 1991; Hill 1996; Naiman & Décamps 1997).  Riparian zones 

protect aquatic ecosystems, for example, against excessive loads of nutrients 

and pollutants (Gregory et al. 1991; Hill 1996; McDonnell 2003; Hill 1996; 

Naiman & Décamps 1997; Vidon & Hill 2010).  Similarly, the condition of in-

stream areas also influences the riparian zone.  Flooding affects plant growth 

in the riparian zone by reducing respiration and photosynthesis (Van Eck et 

al. 2006), determining soil texture through erosion and sedimentation (Henry 

et al. 1996) and through physical damage (Kozlowski 1997).  Tolerance to 

flooding is therefore reflected in the zonation of plants along elevation 

gradients, with more flood-tolerant species at low elevations (Auble et al. 

1994; Nilsson 1999; Van Eck et al. 2004).  The vegetation on lower elevations 

is often comprised of short-lived plants, such as annuals and biennials 

whereas more permanent woody vegetation is found at higher elevations 

(Uunila 1997; Prowse & Culp 2003).  In-stream vegetation in boreal areas 

consists to a large extent of bryophytes and algae, both being important 

primary producers in otherwise low-productive systems.  Bryophytes have the 

potential to alter the structure and function of stream ecosystems as well as 

influencing the nutrient dynamics in streams (Stream Bryophyte Group 1999; 

Arscott, Bowden & Finley 1998).  They also function as habitat and refuge for 

invertebrates, thereby highly influencing their abundance and diversity 

(Stream Bryophyte Group 1999; Steinman & Boston 1993; Arscott, Bowden & 

Finley 1998).    

 

According to the intermediate disturbance hypothesis, disturbances will kill 

or damage individuals thereby continually setting back the process of 

competitive exclusion as it opens up space for colonizers of less competitive 

individuals (Connell 1978; Townsend & Scarsbrook 1997).  The hypothesis 

therefore accounts for patterns in diversity and has implications for the  
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Fig. 1. Conceptual model showing the important drivers for aquatic and riparian vegetation structure in and along boreal 

streams. 

maintenance of biodiversity (Townsend & Scarsbrook 1997).  Flow regime 

have been seen as one of the most important disturbances in regulating in-

stream vegetation in small streams (Muotka & Virtanen 1995).  The 

importance of factors and disturbances other than flooding on riparian 

vegetation has recently been evaluated, for example influx of groundwater, 

hydrochory and geomorphic controls (Jansson et al. 2007; Nilsson et al. 2010; 

Bejarano et al. 2013; Green & Knox 2014; Kuglerová et al. 2014).  However, 

these factors and disturbances on riparian and in-stream vegetation focus 

mainly on the ice-free season (Fig. 1).   

River ice formation   

As much as 60 % of the major river basins north of the equator experience ice 

processes during winter, which strongly influence river dynamics (Allard, 

Buffin-Bélanger & Bergeron 2011).  Although the volume of ice in rivers 

constitutes a small part of the cryosphere it plays an important role in 

freshwater ecosystems, especially since small streams constitute a large part 

of the boreal landscape (Lemke et al. 2007; Bishop et al. 2008).   In northern 

river systems, dynamic ice formation is common during winter when air 

temperature is low and water is supercooled.  Different types of ice 

characterize the rivers and the formation of ice is dependent upon different 

conditions such as local stream flow, meteorological factors and topography 
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(Stickler & Alfredsen 2005).  Frazil ice (tiny ice particles) forms on the water 

surface during sub-zero weather and can be mixed into the water column.  

Frazil ice has adhesive features in supercooled water and may attach to 

submerged objects forming anchor ice (Stickler & Alfredsen 2009).  If enough 

anchor ice builds up, water can be dammed and cause flooding and ice 

formation in the riparian zone.  Anchor ice dams can almost double the wetted 

area and reduce flow velocities of streams (Stickler et al. 2010).  During 

damming, the water may freeze solid in the riparian zone, thereby also 

freezing riparian vegetation (Prowse 2001).  When an anchor ice dam drains 

and the stream water recedes, the weight of the ice rests mainly on the riparian 

vegetation and can rip away the plants and erode the banks (Smith & Pearce 

2000).  Other types of ice dams may also form during ice break-up when large 

pieces of ice are caught on instream structures like boulders or wood.  Moving 

ice in the stream can also affect in-stream bryophytes by scouring and 

transporting substrate (Muotka & Virtanen 1995).  Significant changes in the 

ice conditions could develop due to changes in almost any of the major 

meteorological fluxes associated with climate change (e.g. temperature, 

precipitation) which could have important geomorphological, ecological and 

socio-economic impacts (Prowse & Beltaos 2002).  Understanding and 

predicting ice formation are important because it can have large impacts and 

implications on, for example, fish and vegetation communities, hydropower 

production and infrastructure in close vicinity to the river channel (Prowse & 

Gridley 1993; Stickler et al. 2010).  The ecological effects of river ice have, 

however, rarely been studied (Scrimgeour et al. 1994, Prowse 2001, Rood et 

al. 2007).  Today, there is a rising interest in river ice research since climate-

change effects on ice may have great economic and ecological consequences 

(Beltaos & Burrell 2003).   

Actual and potential anthropogenic impact on river ice  

Mankind relies on streams for numerous important ecosystem services 

(Dudgeon et al. 2006), many of which are also threatened by human activities.  

Stream systems are for example impacted by habitat simplification due to 

morphological and hydrological changes, water quality alterations, mining, 

agriculture and a warming climate (Muotka & Laasonen 2002; Palmer et al. 

2010; Takács et al. 2013).  Streams and rivers have also been intensively used 

for timber floating during the mid-19th to the mid-20th centuries in several 

European countries and parts of North America and Asia.  Channels were 

modified and straightened by removing large boulders, large wood, cutting off 

of side channels and by using splash dams that regulate water flow.  The 

removal of large objects like boulders and in-stream wood increased the flow 

velocity and changed ice processes (Nilsson et al. 2005).  Since the end of the 
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timber floating era, extensive efforts have been placed on restoring these 

systems by, for example, returning boulders and large wood.  Boreal regions 

experience a large seasonality along with many extreme hydrological, 

meteorological and geomorphological events.  However, the timing of water 

availability does not match the timing of human needs for electricity.  In 

regulated rivers heavy regulation schemes (eliminating peak flows) with large 

reservoirs have therefore been established, which influences river ice 

processes (Nilsson et al. 2005; Lehner et al. 2011).  The boreal area also has a 

history of species extinctions and recolonisation due to repeated glacial and 

interglacial periods.  The world’s climate is becoming warmer and more 

variable, and northern regions are predicted to experience changes in both 

baseline and extreme conditions (IPCC 2007, 2012).  Some of the predicated 

changes in climate in northern Sweden are an increase in air temperature, 

more precipitation falling as rain and an increased number of freeze-thaw 

days (Persson et al. 2007).  Changes in air temperature and precipitation will 

substantially alter the hydrology of streams and rivers (Andréasson et al. 

2004).  Climate models, for example, predict an increase in dynamic ice 

formation in northern streams due to increasingly fluctuating air 

temperature.  More shifts between freezing and thawing as a consequence of 

climate change may stimulate the formation of frazil ice, anchor ice and 

anchor ice dams (Beltaos et al. 2006).  Events of sub-surface ice (frazil and 

anchor ice) and subsequent ice jams and flooding are also expected to become 

more frequent (Mote et al. 2003; Andréasson et al. 2004).  The snow period 

will also become shorter since a higher proportion of the precipitation will fall 

as rain and the mean temperature will rise (IPCC 2007).  The projected 

periods of mild weather during the winter and higher water-levels in the 

autumn may lead to a later freeze-up and multiple ice break-ups (SMHI 2015, 

Stickler et al. 2010).  Changes in flood patterns may cause significant changes 

to the biota, with large ecological implications.  

 

 

Objectives 

This thesis consists of five papers (I-V below) with the overall objective being 

to evaluate and characterize river ice as a natural disturbance.  The focus is 

mainly on small streams and on effects of ice formation and winter floods on 

riparian and in-stream vegetation. The objectives of the five papers are as 

follows: 

I. To examine which factors drive the formation of ice in steep boreal 

streams; 
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II. To review which groups of vegetation are mainly affected by ice 

disturbance and the relative importance of different types of ice-

induced disturbance on vegetation; 

III. To assess the importance of anchor ice dynamics during winter on 

riparian and in-stream vegetation; 

IV. To experimentally examine how riparian vegetation would potentially 

respond to future changes in the ice regime; 

V. To investigate the future changes in climate with focus on effects of 

extreme events on biodiversity in rivers and streams in cold regions. 

 

 

Materials and methods  

Literature reviews 

To get an overview of the current knowledge about ice effects on vegetation, 

published studies on aquatic and riparian vegetation were reviewed and 

summarized in paper II.  We characterized the different types of ice damage 

on functional groups of vegetation and the expected consequences following 

disturbance from ice formation and break-up.  We also identified potential, 

known and unknown, direct and indirect effects of ice dynamics on aquatic 

and riparian vegetation.  Both mechanical and physiological effects of ice were 

included.  Furthermore, we looked at the interaction between anthropogenic 

effects and ice formation, for example following channelization and climate 

change. 

In paper V, we reviewed potential future extreme events, such as episodes of 

strongly increased precipitation, temperatures and flows and their effects on 

biodiversity by using published studies as well as climate assessment reports.  

We focused on the effects of extreme events in streams and rivers and what 

the implications are for the ecology in and around streams and rivers. The area 

of interest of our review was limited to the arctic and subarctic regions.   
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Surveys and experiments 

Study sites 

Three studies in this thesis (I, III, IV) were made along tributaries to the Ume 

and Vindel rivers in northern Sweden (Fig. 1).  The two rivers originate in the 

Scandinavian mountains and flow southeast to join each other about 40 km 

from the Gulf of Bothnia in the Baltic Sea.  During winter, which ranges from 

November to April, the precipitation mainly falls as snow (SMHI 2015).  The 

long winter season results in extended periods of snow and ice covered rivers 

and lakes.  Snowmelt in spring leads to a spring flood peak with receding water 

levels during summer.  The average annual air temperature for the catchment 

is between 2-4 °C (SMHI 2015).  The catchment was formed by glaciations and 

crustal rebound about 10,000 years ago. Above the former highest coastline 

(FHC) till deposits are the dominating substrate, whereas below the FHC there 

are mainly lacustrine sediments.  Many of the study reaches above the highest 

coastline have been used for timber floating in the past and have been restored 

during the last 15 years.  Restoration included removing dams and dikes and 

putting back boulders and large wood.  A total of 25 streams reaches were 

included in the studies.  All streams are less than 25 m wide and with drainage 

areas ranging from 6 to 292 km2 (median of 30).  The study reaches are 

distributed in Västerbotten County from 63°49’ N; 20°16’ W to 65°33’ N; 18°0’ 

W at 39-385 meters above sea level (Fig. 2), resulting in a spread in the timing 

of the spring flood peak between April‒June.  The riparian vegetation in a 

transverse profile across the study reaches is zoned with forest communities 

at the top, followed by shrubs, and various graminoid and forb communities 

at the bottom (Nilsson 1999).  Vaccinium spp. dominate the highest riparian 

elevations and the uplands and Carex spp. are the most abundant in the 

graminoid zone closest to the stream.  The dominant trees are Norway spruce 

(Picea abies), Scots pine (Pinus sylvestris), downy birch (Betula pubescens) 

and grey alder (Alnus incana).  

In paper I, all 25 reaches were used in the study, which includes a large 

gradient in temperature and precipitation.  Eight reaches were located below 

and 17 reaches above the FHC (Fig. 1).  The eight reaches situated below the 

FHC were also used in the study for paper III.  The reaches were then divided 

into tranquil and turbulent sections.  In paper IV, all 25 reaches were used for 

the various experiments.  
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Fig. 2 Location of study reaches in Västerbotten county, northern Sweden. Dotted grey line indicates the 

approximate position of the former highest coastline.  S = southern reaches, N = northern reaches.  Modified 

from paper IV. 

 

Winter surveys 

Along each of the 25 reaches the spatial distribution of anchor ice, surface ice 

and specific ice forms and ice-related events (e.g. aufeis, anchor ice dams and 

ice-induced floods) were photographed and visually mapped between 

November and April during 2011-2012 and 2012-2013 (Fig. 3).  The ice cover 

was visually mapped by drawing ice formations, indicating its extent on meso-

habitat maps (Borsányi et al. 2004).  The visual estimations were expressed 

as proportion of each ice type in relation to the entire reach (150 m).  Sites 

were visited between six and nine times during the winter season.  Time Lapse 

Cameras (Wingscapes, Model WSCA04) were also used to monitor the ice 

cover progression and were permanently placed at each reach to take three 

photographs per day.  
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Fig. 3 Ice survey (left) along Västanbäcken and velocity measurements in Mattjokkbäcken (right). 

 

In-stream measurements 

In all study reaches, water levels, air and water temperatures were measured 

with a pressure transducer data logger (Schlumberger Diver sensors) which 

recorded every hour during two winter seasons, fall of 2011‒spring of 2013.  

Water velocity and discharge were measured twice each year, at summer low 

flow and in late autumn (Valeport, Model 801) (Fig. 3).  Total width, water 

depth, channel slope and percent cover of substrate were surveyed (adjusted 

Wentworth scale).  The total number of large wood pieces along each reach 

and in each in-stream plot (25 x 25 cm) were recorded.   

Experimental study design 

Multiple flooding events were applied in circular plastic frames at two 

elevations, 40 and 80 cm above the summer low water level.  In the multiple 

flooding experiments 30 L of water was poured inside the frames at 4 days 

with temperatures below -10 oC (Fig. 4A).  Additionally, a second experiment 

with a single extended flooding event was applied also at the 40 and 80 cm 

elevations.  In the experiments with a single extended flooding event, water 

was pumped from the stream to the riparian area during cold days in the 

beginning of winter.  About 3200 L/h of water was pumped over the plots 

during a 4-hour period (Fig. 4B). The vegetation in the experimental plots was 

inventoried the summers before and after the flooding experiments.  For 

paper IV all 25 reaches were used for an experiment to study the physical 

disturbance from winter floods and moving ice, where bamboo sticks were put 

into the ground to mimic vascular plants (Fig. 4C).  A total of 3750 sticks/year 
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Fig. 4 Ice and vegetation experiments.  (A) Multiple flooding experiment with water being poured inside circular 

frames.  (B) Pumping of water into the riparian zone in the extended flooding experiment.  (C) Riparian plant 

mimics being stuck in an ice layer after inundation caused by an anchor ice dam.  (D) Moss transplants attached 

to a boulder with a Velcro strip.  

were distributed over 15 plots at three elevations above the summer low water 

level along each reach.  In paper IV, also the physical in-stream disturbance 

by ice and flow were studied by using in-stream moss mimics.  Transplants of 

the dominant in-stream moss, Fontinalis spp., were attached on boulders in 

one reach with high and one reach with low anchor ice formation (Fig. 4D).  

For paper III, an in-stream survey of the percent cover of functional groups 

of bryophytes, algae and substrates was performed within plots of 25 x 25 cm.  

Vegetation survey 

For the vegetation surveys in papers III and IV, percent cover of all vascular 

plant species and growth forms of bryophytes rooted within 50 x 50 cm large 

plots in the riparian zone were recorded.  Plots were situated at three different 

elevations, 0, 40 and 80 cm above summer low flow.  All vascular plant species 

< 2 m in height were recorded and identified according to the taxonomy of 

Krok & Almquist (1994).  Bryophytes were separated into growth forms 

following Bates (1998) and Glime (2013) and classified taxonomically as 

liverworts and mosses.  For paper III, biomass was harvested in subplots (25 
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x 25 cm) and separated into functional groups of grasses, forbs and dwarf 

shrubs.  After the harvest, plants were dried at 60 oC and weighed.  In paper 

III, plots were surveyed at tranquil and turbulent sections along each reach, 

to investigate if flow patterns effects vegetation, while only turbulent sections 

were surveyed in paper IV.   

Data analysis and statistics 

In this thesis a variety of different statistical approaches were used.  To 

account for differences between sampling sites linear mixed models (LME) 

were applied in papers III and IV for analysing effects of ice formation and 

winter flooding on vegetation.  ANOVAs and generalized linear models (GLM) 

were used for analysis of species richness and vegetation patterns.  To study 

differences between species composition I used nonparametric multi-

response permutation procedure (MRPP).  I evaluated the differences in 

community composition of riparian plant species between years and reaches 

with and without anchor ice by using nonmetric multidimensional ordination 

(NMDS).  NMDS and MRPP analyses were performed in PC-Ord version 6.0.  
All other analyses were performed using R version 2.15.2 (R Core 

Developmental Team 2012).  The R package nlme was used for the mixed-

effects models analysis.  I also used the partial least squares (PLS) method in 

paper I which is appropriate for datasets with few observations, many of 

which covary (Eriksson et al. 2006).  The statistical package SIMCA-P 13.0 

was used for the PLS analysis (Umetrics, Sweden 2013).  In paper I, the total 

groundwater flow accumulation was calculated as a sum of all groundwater 

flow paths entering each reach, calculated from a digital elevation model 

(DEM) with a 2 x 2 m resolution.  Flow accumulation was quantified in 

ArcMap 10, using the D8 algorithm distributing water in eight directions. 

 

 

Results and discussion 

Winter processes and ice formation 

Ice formation is controlled by numerous climatic and hydraulic variables 

(Prowse & Gridley 1993; Stickler et al. 2010).  There have been many attempts 

to foresee and understand the patterns of ice formation and mechanisms 

behind it.  Case studies with few study sites, experiments and simple 

generalizing models have mainly been the central approach (e.g. Prowse & 

Conly 1998; Qu & Doering 2007; Stickler et al. 2010; Allard et al. 2011; Buffin-

Bélanger et al. 2013; Turcotte & Morse 2013).  Most studies on river ice 
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processes have also been focused on large rivers (> 50 m wide) (Buffin-

Bélanger et al. 2013).  To the best of our knowledge, no study has covered a 

large set of small boreal river reaches.  We found that one of the drivers of ice 

formation is the position in the catchment, i.e. the closer to an upstream lake 

the less anchor and suspended ice the reach will have (Paper I).  Reaches with 

a high input of groundwater or with slow flow, e.g. caused by large wood, have 

a lower potential for anchor ice formation.  On the other hand, a high 

turbulence caused by a combination of high stream power and high velocity 

may increase the formation of anchor ice. Frequent variation between freezing 

and thawing increased the anchor ice formation, but reduced the formation of 

a stable surface ice cover.  This resulted in more surface ice further in inland 

areas where there was overall colder temperatures and more dynamic ice 

processes closer to the coast where the number of freeze-thaw days were 

higher.  

River ice and vegetation patterns 

Vegetation patterns in boreal streams are largely driven by seasonal flow 

regimes.  Flow-related processes during the growing season, particularly the 

spring flood, have traditionally been seen as the most important (Nilsson et 

al. 1989; Décamps 1993; Poff et al. 1997), whereas vegetation has often been 

viewed as being dormant and less affected during winter.  We evaluated and 

studied the effects of winter and ice regimes on riparian and in-stream 

vegetation (Papers II, III and IV).  By means of a literature review we 

concluded that vegetation responses to ice and winter floods are mainly 

connected to the ability of vegetation to withstand freezing, favouring frost-

tolerant and eliminating frost-sensitive species (Paper II).  The vegetation 

responds both physically and physiologically to ice processes.  Physically, ice 

can have an erosive effect on riparian and in-stream vegetation as it travels 

downstream, scouring the riparian zone and in-stream boulders.  This process 

results in patches being available for new colonisers.  Ice can also cause 

ground frost in the riparian area, causing frost upheaval and physiological 

stress to the riparian vegetation (Wassén 1966).  The physiological effects 

mainly involve cell damage which happens as a result of plants freezing into 

the ice.  Some frost-tolerant species can partially avoid freezing and 

suppressing ice nucleation by allowing deep supercooling.  This capacity is, 

however, seldom sufficient in colder climates (Pearce 2001).  Therefore, many 

riparian plant species have special growth forms to withstand freezing, for 

example spirally formed roots that can adjust to soil movements, and by 

having overwintering organs closer to the ground (Wassén 1966; Engström et 

al. 2011).  Species such as Salix spp. rebound quickly after being bent by 

sliding ice blocks but also have widespread roots so they can resprout easily 



 

12 

after ice disturbance (Uunila 1997).  However, there are still many unknowns 

and many gaps of knowledge to be filled. 

To fill some of these knowledge gaps we studied the effects of ice regimes and 

winter flooding on riparian and in-stream vegetation during 3 years by 

relating the cover, composition and biomass of vegetation to the abundance of 

winter floods caused by anchor ice (Paper III).  Riparian and in-stream 

vegetation was inventoried during summers 2011-2013 and the ice formation 

was inventoried the following winters.  The number of winter floods was 

higher along reaches with anchor ice formation than in reaches without 

anchor ice.  We found that riparian species diversity was higher in reaches 

with anchor ice formation.  Anchor ice formation causes floods that can reduce 

the cover of riparian dwarf shrubs.  This disturbance paves the way for 

colonisation of graminoids and forbs in the riparian zone.  Further, this type 

of patch disturbance follows the intermediate disturbance hypothesis by 

opening up patches for less competitive species and increasing the 

biodiversity (Connell, 1978).  We also found this pattern for the biomass of the 

different functional groups.  There was a higher biomass of dwarf shrubs in 

reaches without anchor ice and the opposite trend was found for reaches with 

anchor ice (Fig. 5).  In total there was a lower plant biomass in reaches with 

anchor ice but on the other hand there were more species.  We did not find 

any differences in the cover of riparian bryophytes between the two reach 

types.  

Contrary to our expectations we found a higher cover of in-stream bryophytes 

along anchor ice reaches.  This could be explained by the lower cover of coarse 

sediment or the close vicinity to upstream lakes in reaches without anchor ice.  

However, as expected, there was a lower cover of in-stream algae in the anchor 

ice reaches.  The trends were consistent throughout the study period although 

there were interannual differences in temperature, water levels and cover of 

different ice forms.  

In a couple of experiments we further tried to assess specifically how different 

ice forms and winter floods affect the riparian and in-stream vegetation (Paper 

IV).  We exposed the riparian vegetation to experimentally induced winter 

floods.  In general, the trends were the same as those found in the inventories 

of vegetation in reaches with and without anchor ice.  The dominant dwarf 

shrubs turned black and died after the flooding, which opened up patches for 

forbs to colonize.  Vaccinium spp. were particularly reduced in cover since 

they are evergreen and sensitive to freezing.  They can also suffer from frost 

burns if photosynthesising when their basal parts are still frozen into the ice 

(Bokhorst et al. 2009).  The reduction of Vaccinium spp. also led to an to an 
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increase in for example the forb Filipendula ulmaria, changing the riparian 

zone from shrub to forb dominated.  The flooding experiment, however, did 

not show any effects on the riparian bryophytes, probably because of their 

higher resistance to freezing (Minami et al. 2005).  Therefore, differences in 

riparian bryophyte cover may have been found if the experiment had been 

long-term or if inventoried to species level.  In another experiment, we used 

plant mimics to evaluate the effects of natural winter floods and anchor ice 

formation on riparian and in-stream vegetation.  Riparian plant mimics were 

to a higher degree removed from the riparian zone along anchor ice reaches 

than in reaches without anchor ice.  Additionally, vegetation closer to the 

stream channel is more heavily affected by ice movement and ice jamming 

during break-up, which was shown by a higher reduction of plant mimics 

closer to the channel.  Furthermore, moss transplants were attached to in-

stream boulders in streams without and with abundant anchor ice.  As 

expected, the results showed that in-stream mosses decreased more in anchor 

ice rich reaches.  

Implications for the future 

River ice is sensitive to changes in climate and may serve as an indicator for 

the speed of climate change.  The volume of ice in rivers constitutes a small 

part of the cryosphere but it plays an important role in the freshwater 

ecosystems and for infrastructure and transportation during winter, such as 

bridges and pipeline crossings.  Therefore, changes in river ice duration and 

thickness can have consequences for both human activities and the river 

ecosystem (Lemke et al. 2007).  Ice masses of the entire cryosphere are 

Fig. 5 Mean biomass (g) of (G) grasses, (S) dwarf shrubs and (F) forbs (± SE), respectively, in relation to 

presence (grey bars) and absence (white bars) of anchor ice in stream reaches in northern Sweden.  

Significant differences were found in all functional groups, P < 0.05.  Modified from paper III. 
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currently melting and this is correlated with a rising air temperatures, 

especially in the northern regions (Paper V).  Our analysis of available climate-

change data for the Ume/Vindel river catchment shows that the temperature, 

days of freezing and thawing, and length of growing season will steadily 

increase (Paper IV).  During our study period, we encountered a higher 

frequency of freeze-thaw days in northern Sweden than expected according to 

simulations, indicating that the speed of climate change exceeds forecasts.  

Higher temperatures and more shifts between freezing and thawing may 

initially increase ice dynamics, but with further increases in temperature ice 

production could decrease (Paper III).  To be able to predict species responses 

to future climate change, it is important to compare the plant composition 

among streams and rivers differing in ice regime.  We therefore investigated 

the effects of ice formation on riparian vegetation in northern Sweden by using 

four streams that represent a future scenario of anchor ice free (0‒5%) and 

four that represent a future scenario of anchor ice-rich streams (>30%) (Paper 

IV).  The anchor ice-rich streams were characterized by high production of 

frazil and anchor ice.  With our climate change scenario data, we covered an 

altitudinal gradient ranging from the mountains to the coast.  We let these 

streams illustrate extreme cases of ice formation and inventoried their 

riparian vegetation.  The extreme differences in ice formation were reflected 

in the riparian plant community composition.  Anchor ice-rich streams had a 

high cover of forbs, while the cover of mosses seemed to be suppressed by the 

heavy ice disturbance.  That a heavy ice disturbance is needed to find 

difference in bryophyte cover, is also implied from the flooding experiments 

and the vegetation survey (Papers III and IV).    

 

Extreme events following climate change in arctic and subarctic regions may 

highly influence the future of streams and rivers (Paper V).  An extreme event 

is a statistically rare or unusual weather or climate occurrence.  Extreme 

events may singly or in combination lead to extreme physical impacts on the 

environment.  There is a lower biological diversity in temperate than in 

tropical systems, but the temperate system contains species that are highly 

adapted to cold (IPCC 2012).  We show that with higher variations between 

freezing and thawing and potential changes in ice production, the disturbance 

of riparian and aquatic habitats may be intensified during extreme floods.  

These changes may for example lead to migration or even extinction of species 

as their habitats become unavailable.  We suggest that changes in 

meteorological, hydrological and geomorphological baseline conditions 

associated with predictions of future climate change will exacerbate the 

extreme events and the ways in which streams and rivers respond to them.  As 

a result the arctic and subarctic landscapes may develop new disturbance 

regimes.  
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Conclusions 

The aim of this thesis has been to untangle the importance of winter seasons 

and ice formation, mainly for vegetation but also for society.  As presented in 

this thesis, our findings are important for river management at northern 

latitudes.  The findings are, for example, relevant for restorations of rivers 

where understanding of ice formation is necessary to foresee the changes that 

adjustment of the stream channel may imply, both for the biota and 

downstream infrastructure.  

 

We found that cold temperatures in combination with flooding eliminate frost 

sensitive species and favour frost tolerant ones.  Ice has erosive power, and by 

having budding parts below ground, by producing a high number of seeds or 

by being sturdy, plant species increase survival.  In general, the results show 

that ice action favours diversity and creates habitat heterogeneity for riparian 

species.  On a community level woody plants such as evergreen dwarf shrubs 

are eliminated in the riparian zone by ice and winter floods, which opens up 

patches for less competitive species to colonize, creating a dynamic riparian 

understorey community.   

 

With the current projection of climate change, ice-induced winter floods will 

be less likely by the end of the present century.  Together with the climate-

change scenarios for the boreal area this indicates that the species-rich 

riparian vegetation in streams and rivers in cold regions will slowly change 

from forb to dwarf-shrub dominance and that the species richness will 

decrease accordingly.  In combination with predicted shifts of species 

distributions northwards, the future distribution of species richness among 

habitats in currently cold regions is likely to demonstrate new patterns.  We 

studied the effects of ice formation on vegetation in small streams, which 

constitute a significant proportion of the landscape.  A high number of small 

streams imply that large areas of riparian vegetation are being disturbed, 

spatially and temporally by ice.  We therefore hypothesise that ice-related 

changes in species diversity and abundance of groups of species will further 

affect riparian and in-stream processes such as nutrient cycling, litter 

decomposition and organism dispersal.  

 

Furthermore, changes in both baseline and extreme conditions will result in 

boreal landscapes with new constellations of species following changes in 

migration and extinction.  This may lead to new patterns of species 

interactions and less resilience.  A changed disturbance regime will not only 

have consequences for the biota, but will also require new adaptations by 

society. 
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Tack 

Don´t stop believing! Sluta aldrig tro! I have spent a couple of years speaking 

swenglish, so why stop now. I would like to say thank you to everyone who 

made my years as a PhD student at Umeå University to a very pleasant 

journey.  

Jag vill först av allt tacka min fantastiska handledare Christer. Det har varit 

otroligt lärorikt att få jobba med dig. Du har lärt mig allt från hur man skriver 

en bra artikel till hur en flaskstarr ser ut. Det mest fantastiska av allt är att du 

alltid verkar ha tid för mig och min frågor. Tack för att du alltid tror på mig 

och får mig att sätta höga mål. Thanks to my co-supervisor Christine, that 

spent lots of time and energy on improving my papers and thanks to both you 

and Knut for the inspiration and guidance into the science of a more frozen 

world and its hydrology.    

Mina tidigare lärare i naturvetenskap och biologi, tack för att ni fick mig att 

tänka kritiskt och att inse hur mycket kunskap som det finns att hämta där ut. 

Speciellt tack till Olle Söderström som alltid trott på mig och med ett stort 

leende fått mig känna att det kommer ordna sig. När jag först kom till 

landskapsekologi var jag 23 år, och nu verkar det tillslut vara dags att lämna 

boet. Thanks to both former and current members of the Landscape Ecology 

group for fun and inspiring years! Tack för all gemenskap och alla fina stunder 

med kring fika, syjunta och middagar. Ni har alla gjort tiden på Uminova till 

en fantastisk upplevelse. Tack till alla administratörer på EMG och framförallt 

ett stort tack till Marie som har funnits där och hjälpt till med alla frågor och 

funderingar. Thanks to klassiker-gänget for many days of training and long 

and fun travels together. You made the experience so much more fun! Thanks 

to everyone at EMG that made the visits at “the mother ship” fun and 

inspiring. Thanks for the Friday pubs and for all the innebandy games. 

Till alla som stretat och slitit i fält med mig, stort tack, isforskning är inte det 

enklaste, varmaste eller bekvämaste. Speciellt tack till Sofia Jonsson för två 

fantastiska somrar, det hade inte gått utan dig!  

My academia sisters, Lenka and Eliza I am so grateful to have spent the last 
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made mistakes as well as awesome things together. Yes, we have worked 

together, but we have also laughed and cried and shared our lives with each 

other. I can´t even express how much I am going to miss you!!  



 

25 

Tack Sophia för tiden i BM och många fina stunder och långa samtal, luncher 

och träning tillsammans. Anna, tack för alla roliga och fartfyllda kvällar, 

luncher och för att du är en så fin vän. Ida och Elin med familjer, tack för att 

ni alltid har haft utrymme för mig i era liv och tack för att ni är så otroligt fina 

vänner och alltid står bredvid mig än vilka konstiga idéer jag får för mig, puss! 

Till alla mina underbara vänner som fortfarande hänger kvar från Tärna och 

gymnasietiden. Ni är alltid så uppmuntrande och har alltid så mycket vilja och 

glädje att dela med er av.  

Slutligen, tack till min familj med alla dess förlängningar. Gina, som tar ner 

mig på jorden ibland och påminner mig om vad som är viktigt här i livet. Du 

är min hjälte! Johan, du om någon har fått mig att förstå att alla diskussioner 

inte är värda att ta. Man behöver inte alltid ha rätt. Väldigt imponerad av hur 

du hanterade en sommar i fält med mig, och jag är mycket glad över att du 

ville dela en sommar med din storasyster. Er omtanke och ödmjukhet är stor 

och jag är så glad att jag har er som syster och bror. Mamma och Aehtjie, tack 

för allt stöd och all uppmuntran. Ni har fått mig att tro att inget är omöjligt 
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på fisketurer, svamp- och bärplockning och fick mig att inse att utan naturen 

omkring oss så skulle inte vi finnas här.  

Mitt hjärta, Bertil, tack för att du finns, ger mig perspektiv, motiverar mig och 
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