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Global change is affecting agroforestry and its inherent ecosystems in Sweden. Here we
examine the bene�ts of ecologically adjusted dam regulations to conserve biodiversity
under climate change in �oodplain habitats, including meadows and riparian mixed
forests. The natural �ood regime in snow-dominated regionshas changed signi�cantly
during the last decades, in line with the projections for climate change. The ecosystems
of temporary �ooded forests show high biodiversity but are dependent on river high �ows
with long duration. These events are rare in the new climate scenario, but on the other
hand, snow-fed rivers are also affected by hydropower dams and regulations. In this
study we explored the potential of using reservoir regulation to arti�cially induce �ood
events; water management would then be a method to conserve biodiversity in forest
habitats and adapt management to climate change. We made detailed calculations
in lower Dalälven River, central Sweden, using observed time-series of river �ow and
dynamic scenario modeling for highly valuable Natura 2000 habitats. Here we show that
long-term �ooding is less frequent since extensive hydropower was introduced during
the 1920s, and moreover, since the 1990's the spring �oods are low due to low snow
storage and short winter seasons. Sustainable management of 50% of the riparian forest
requires �ooding by 25 continuous days of 800 m3 s� 1. We found that arti�cial �oods
using new ecological regulation regime of upstream hydropower reservoirs would help,
but not be enough, to achieve this goal. The new regulation routines would correspond
to a loss of 50-200 GWh in hydropower production for each arti�cial �ood. Sustainable
ecosystems in the study site do not request �ooding every year, but some every �fth year.
For practical implementation, the County Board is currently driving the process locally
and we discuss the relevant social features, such as legal and funding aspects, of this
adaptive management of water and forests. A smaller part of the forest could probably be
rescued and costs could potentially be lowered by using onlythe most snow rich years
and seasonal forecasting of river �ow for optimal timing of water release from dams to
induce �ooding.

Keywords: environmental �ow, river regulation, climate chan ge, climate adaptation, biodiversity, water
management, �oodplains
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INTRODUCTION

Currently, productive forests account for 57% of the Swedish
land cover and they have been constantly expanding throughout
the 20th century (KSLA, 2015; Nilsson et al., 2016). During the
last century, forests in Sweden have seen important changes in
forest structure and composition (Antonson and Jansson, 2011).
Agroforestry is responsible for most changes in the diversity of
coniferous and deciduous species (Laudon et al., 2011; Elmhagen
et al., 2015), yet, climate change and water management may also
have a severe impact on biodiversity in these forests. The highest
biodiversity in Sweden is found in ecotopes of temporarily
�ooded riparian mixed forests, which have been recognized as
highly valuable Natura 2000 habitats (Hedström-Ringvall et al.,
2017a). The high biodiversity is dependent on river high �ows
with long duration, but such occasions have become rare during
the last decades. As a consequence, there is a great concern about
the possible disappearance of these valuable ecosystems.

The �ood regime in snow-dominated regions has changed
signi�cantly during the last decades, which is in line with the
projections for climate change impact but also an e�ect of
extensive �ow regulations (Arheimer et al., 2017). During the
cold part of the year in Sweden, water is stored as snow and ice,
which fully or partly melt during the spring. The natural �ow
regime is therefore characterized by low �ow during the winter
followed by a high spring peak �ood event. The ecosystems have
evolved over time to bene�t from these �ow dynamics with high
biodiversity in the �oodplains as an outcome. Several studies
of climate-change impacts on rivers show that the annual peak
�ood event may be less distinct and even disappear in some
snow dominated areas (Molini et al., 2011; Godsey et al., 2013)
as global warming will reduce the snow fall (Krasting et al., 2013)
and/or snow storage period by the end of this century (Barnett
et al., 2005). More precipitation falling as rain in snow-dominated
regions and shorter freezing periods will thus give less di�erence
in river �ow between seasons and less �ooding of �oodplains
during spring.

Arheimer et al. (2017)concluded that at the large scale and for
�oodplains in snow-dominated regions, hydropower production
can have the same e�ect as climate change on the �ow regime.
During spring, the river water is stored in dams and reservoirs
often to be released throughout the year whenever electricity
is needed most. Thus, the high �ow of the snow-melt season
is damped and the river �ow redistributed to other times of
the year (e.g.,Arheimer and Lindström, 2014). The negative
e�ects on ecosystems that follow from river regulation are well
known (e.g.,Andersson et al., 2000; Bunn and Arthington,
2002; Leira and Cantonati, 2008) and in addition, ecosystems in
regulated rivers are considered particularly vulnerable toclimate
change (e.g.,Nilsson et al., 2005; Palmer et al., 2008). However,
ecosystems a�ected by river regulations have also been suggested
as more favorable for adaptation measures as �ow regimes can be
manipulated (e.g.,Lytle and Po�, 2004; Rheinheimer and Viers,
2015). Arti�cially induced �oods by changed regulation regimes
at hydropower dams have been suggested as a possible climate
adaptation measure to conserve biodiversity under climate
change (Arheimer et al., 2017). Nevertheless, the potential of
this management protocol still remains unknown and detailed

site-speci�c investigations are needed in each case to justify any
implementation, as large economic costs are involved from loss
in energy production.

We here describe such a case study of central Sweden, where
detailed calculations were made to: (i) analyse the reasonsbehind
the reduced �ooding that threatens a rare forest habitat, and
(ii) explore the potential of using changed regulation strategy
at upstream hydropower dams to induce river �ooding for
sustainable management. We found that reduction of snow
storage was the main reason behind the loss of peak-�ows during
recent decades, and that changed regulation of hydropower dams
could not save 50% of the habitats of the threatened temporarily
�ooded forest. We show that the regulations could help in climate
adaptation, but there may be high costs for energy loss and melt-
water must still be available in su�cient amounts from snow
storage. Overall, the study highlights the importance of revising
management protocols under non-stationary conditions due to
global warming.

MATERIALS AND METHODS

Study Site
The �oodplain forests of lower Dalälven River in central
Sweden, receive water from a 29,000 km2 watershed starting
in the mountains of Norway to the west, from which the
river �ows to the east and ends in the Baltic Sea (Figure 1).
The regulation of Dalälven River started during the 1920's to
produce electricity from hydropower reservoirs. Dams were
constructed to store the water from snowmelt during spring,
to be released for hydropower production throughout the year,
especially during the long and dark winter when most electricity
is needed in this region. Often natural lakes are regulated but
in some cases new reservoirs were constructed. Altogether, the
watershed encompasses about 125 dams at present, with a total
regulated volume of 2,739 Mm3 and a degree of regulation of
23.5% (Arheimer et al., 2017). The total annual production is
approximately 5 TWh year� 1. The most prominent dams are
Gråda and Trängslet. Gråda is regulating the lake Siljan and
was constructed during the 1920's with a head of 12 meters
and volume of 660 Mm3 (Hedström-Ringvall et al., 2017b).
Trängslet is from 1950's with a head of 142 meters and a
volume of 880 Mm3. Both are owned by the company Fortum
and the regulation schemes also a�ect many down-stream
dams.

Several climate change impact studies have encompassed river
�ow in Dalälven River (e.g.,Andréasson et al., 2004; Arheimer
et al., 2017) and can also be found at the websites www.
smhi.se or http://swicca.eu/. The climate change projections
show an increase in mean annual air temperature byC3
to C6� C at the end of the Twenty-First century, with a
higher increase in winter (C4 to C7� C) compared to summer
temperatures (C2 to C4� C). At the same time, annual
precipitation is expected to increase by� 0 to C30%, with a
higher increase in winter (C20 toC40%) compared to summer
precipitation (� 0 to C20%). The growing season is expected
to increase by 40 to 80 days at the end of the Twenty-First
century.
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FIGURE 1 | Map showing the catchment borders (red line) of Dalälven River (blue line) in Northern Europe, and the location of the hydropower plant “Näs” (black dot)
upstream the regularly �ooded residua forest of high biodiversity (checkered).

Environmental Flows for Forest Flooding
The natural river regime with annual �oods due to snowmelt
during the spring has created a very unique zonation of
ecosystems at various altitudes of the �oodplains, dependingon
frequency and duration in �ooding. The region is recognizedas
having the highest biodiversity in Sweden, with several valuable
Natura 2000 habitats identi�ed along the river �oodplains. This
is a unique service provided by the river from its original
�ow dynamics. The most vulnerable ecosystem is the regularly
�ooded riparian mixed forests, which requests �ood duration
of 25 continuous days to initiate the ecological processes and
serve as habitat for the speci�c species living and growing there
(Hedström-Ringvall et al., 2017b).

Di�erentiation of �oodplain habitats was based on di�erent
elevation zones, using a topographic GIS analysis (Zinke, 2013).
Each habitat needs speci�c �ooding to sustain the diversity of
species and di�erent elevation zones will be �ooded at di�erent
magnitudes of river �ow. As most of �oodplain habitats are
located along wide, lake-like, sections of the river, the river �ows
required to �ood these habitats were estimated from an analysis
of habitat elevation zones and stage-discharge rating curves of
the lake outlets (Figure 2). The topographical GIS analysis of the
�oodplains together with hydraulic modeling results show that
river �ow above 800 m3s� 1 will �ood a signi�cant part of the
riparian mixed forest (the mean elevation minus one standard
deviation, i.e., 56.4 m, see Table 5, 6 byZinke, 2013), while 1,250
m3s� 1 is needed for all forest representing these unique ecotopes
to be �ooded (Hedström-Ringvall et al., 2017a). In this study, the
value 800 m3s� 1 was thus used as environmental �ow for forest
�ooding to conserve the biodiversity in lower Dalälven River.

Data and Methods
Observed time-series of daily river �ow were collected
from the discharge stations at Långhag/Fäggeby (since

FIGURE 2 | Analysis of �oodplain habitat elevation zones in relation tothe
observed and modeled stage-discharge rating curve for Färnebofjärden in
Lower Dalälven. In order to �ood riparian mixed forest habitats (Natura 2000
habitat code 91F0) a river discharge exceeding 800 m3s� 1 is required.

1851) and at Näs (since 1961). The stations are situated
not far from each other in the main river channel close
to the downstream �oodplains. The observed data was
used to analyse the long-term changes in river �ow, which
could be due to either climate variability/change or �ow
regulation in hydropower dams. Observed time-series from
the hydropower stations Trängslet and Gråda (Lake Siljan)
were used as a base-line when exploring e�ects from changed
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regulation routines to induce �ooding for speci�c years (see
below).

Dynamic modeling was performed using the numerical
Hydrological Predictions for the Environment (HYPE) model
(Lindström et al., 2010) as set up for Sweden in S-HYPE
(Strömqvist et al., 2012). The model simulates �ow generating
processes from meteorological input data, by taking into account
for instance snow melt, evapotranspiration, soil moisture,
groundwater �uctuations, routing in lakes and streams. It
also includes routines for simulating regulation in hydropower
reservoirs (Arheimer and Lindström, 2014; Arheimer et al.,
2017). In the national model setup, the Dalälven River basin is
divided into 2,823 coupled watersheds along the river network.

The S-HYPE model was used to simulate the changes
in snow storage between 1961 and 2015, to evaluate the
impact from climate on observed changes in river regime.
The S-HYPE model was also used to reconstruct the natural
river �ow, as it would have been without the in�uence
of hydropower regulations, using the method described by
Arheimer and Lindström (2014)and Arheimer et al. (2017).
Return periods for daily environmental �ows, were analyzed
by dividing time series data into 30-year periods and using
the statistical method described byBergstrand et al. (2014).
Time series from two sources were used: Observed daily
discharge from Långhag/Fäggeby for the period 1851–1920
(before the development of hydropower), and reconstructed
natural daily discharge for Näs for the period 1961–2015 (after
the development of hydropower), using the hydrological model
S-HYPE.

To investigate future climate impact on river �ow, the S-
HYPE model was used for climate change projections. It was then
fed with time-series from the Coupled Model Intercomparison
Project Phase 5 (CMIP5) from the Intergovernmental Panel
on Climate Change (IPCC), using projections for two di�erent
assumptions on societal development and emission scenarios
(Representative Concentration Pathways (RCPs) 4.5 and 8.5,
respectively). Data was extracted from the Regional Climate
model RCA (Samuelsson et al., 2011) version 4, using an
ensemble of nine General Circulation Models (GCM): CanESM2,
CNRM-CM5, GFDL-ESM2M, EC-EARTH, IPSL-CM5A-MR,
MIROC5, MPI-EMS-LR, NorESM1-M, HadGEM2-ES. The RCA
downscaled the GCM data from 1,000 km to 50 km, as part of
the Coordinated Regional Downscaling Experiment (CORDEX)
initiative (http://www.cordex.org/). Thereafter statistical bias-
correction was made using the distributed based scaling (DBS)
method (Yang et al., 2010) to a Swedish 4 km meteorological
grid based on observations (Johansson, 2002). To estimate future
climate change impact on Dalälven River, the river �ow at the end
of the century (2068–2098) was compared with a reference period
(1981–2010) for each ensemble member.

To explore the e�ects from inducing �oods by changed
regulation strategies, four alternative scenarios were constructed
for the spring �ood of recently wet years (1999, 2006, 2010, 2015):

- Business as usual, using daily corrected observations from
monitoring stations by the Swedish Meteorological and
Hydrological Institute (SMHI).

- Scenario 1, reduced regulation from both Trängslet and Siljan
hydropower dams.

- Scenario 2, reduced regulation only from Lake Siljan
hydropower dam (Gråda).

- Natural �ow calculated with the S-HYPE model as described
byArheimer and Lindström (2014)andArheimer et al. (2017).

The calculations at both Trängslet and Siljan hydropower dams
were made by the hydropower companies (Hedström-Ringvall
et al., 2017a), using site-speci�c and detailed local information
on regulation capacities, head, outlet conditions, and legal
agreements on volumes, water levels, spill, and �ow (Hedström-
Ringvall et al., 2017b). They used their operational set-up of
numerical models for production, based on the open access tool
Hec ResSim from US Army Corps of the Engineers (http://
www.hec.usace.army.mil/software/hec-ressim/) as applied for
the speci�c reservoirs. Additional lumped �ow routing methods
were used, as suggested byChow et al. (1988). For scenario
1 and 2, the �ows to downstream reservoirs were adjusted by
applying the estimated change in �ow from calculated regulations
at Trängslet or Siljan to the observed �ows at each site.

RESULTS

Observed Changes in River Flow
Long-term �ooding is less frequent since extensive hydropower
was introduced during the period 1920–1960 and the spring peak
is less pronounced. Time-series of> 50 years of observations
both before and after building hydropower dams, show that the
average in high water in�ow causing �ooding of the vulnerable
forest habitat has dropped from 900 to 500 m3s� 1 due to
regulation (Figure 3). The long-term average in �ow is thus far
from reaching the 800 m3s� 1 threshold for the modern time
period, although speci�c years still exceed this threshold. Since
the 1990's the annual spring-�oods have been low due to low
snow storage and short winter seasons. The spring peak also
starts about 1 month earlier. These are results of a warming
climate, which has already a�ected the �ow regime in this region
considerably. From the observed time-series, however, it is not
possible to judge whether the observed change in �ow regime is
due to river regulations or climate change. However, our analysis
of reconstructed natural �ow using a hydrological model enables
us to evaluate the potential e�ects of climate change separately.
A comparison of measured �ow before regulation (1852–1919)
to reconstructed natural �ow (1961–2015) clearly shows thatthe
magnitude and duration of the spring-�ood has decreased over
the last decades.

Observed Changes in Snow Storage
Annual precipitation over the watershed upstream Näs
hydropower station varies from 470 to 860 mm year� 1, but there
is a slight but signi�cant increase in average annual precipitation
over the last 55 years (Figure 4A). Our analysis shows that
while annual precipitation increases over time, the fractionof
precipitation falling as snow decreases and annual maximum
snow storage decreases (Figures 4A,B). For unregulated areas,
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the reduced peak-�ow during spring is thus a result from reduced
snow-melt and not from reduced precipitation.

The annual maximum snow storage is a relatively good
indicator of the spring �ood volume, and therefore also �ood
duration (Figure 4C). Years with large maximum snow storage
typically yield spring �oods of long duration (R2 D 0.56,
Figure 4C). On average, a maximum snow storage of about
160 mm is required to produce a spring �ood that exceeds 25 days
in duration, which is required to conserve 50% of the temporarily
�ooded riparian mixed forest. We found nine such years for the
last 55 years, which could then be about enough for generating a
designed �ow peak of su�cient duration every �fth year.

Changes in Return Periods of
Environmental Flow
There is a temporal variability in calculated return periods but
more so for �oods with long duration (Figure 5). Daily discharge
above 800 m3s� 1 occurs on average every or every other year
throughout the entire time period. Daily discharge above 800
m3s� 1 for at least 25 consecutive days in April-June occurred
every 2–3 years in the period 1851–1920, but has become rarer
after 1990. In the observed discharge data from Näs, spring-
�oods with such high magnitude and duration have not occurred
since the mid 1980s. However, in the reconstructed natural
discharge for the last 30-year period investigated (1986–2015),

FIGURE 3 | Average water discharge at Näs, using scaled observation from the nearby river gauge at Fäggeby for the period before constructing hydropower dams
(purple) and observations at Näs after regulations (black).

FIGURE 4 | Annual precipitation in Dalälven watershed upstream of Näswith fractions falling as rain and snow (A, upper left ), annual maximum snow storage
upstream of Näs (B, lower left ), correlation between �ood duration (continuous number of days of unregulated �ow exceeding 800 m3s� 1 during the period between
April and June) and annual maximum snow storage upstream Näs(C, right ).
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spring �oods of long duration occurred every 6 years on average
(Figure 5). This indicates again a change in climate and that
future climate change may further reduce the potential for the
targeted environmental �ows.

Projected Future Climate Change Impact
Projections for Dalälven River suggest that climate change
upstream the temporary �ooded riparian mixed forest has
less impact on the seasonal distribution of �ow than current
hydropower regulation (Figure 6). On average for the 30-year
period studied, the natural spring �ow has been reduced by 32%
due to dam constructions (green vs. black line inFigure 6), while
climate change is projected to reduce a natural spring peak by
13% (blue vs. red line inFigure 6). The results from this analysis
show that changes in hydropower regulation control the �ow
more than climate. This implies that changes in management
protocols could be an e�cient method to reconstruct the natural
�ows by opening the dam gates during the �ow peak in spring.
Although, it is not clear if the e�ect would be enough.

Scenarios of Arti�cially Induced Floods
Although the changed strategies for regulating river �ow helped
to �ood the riparian mixed forest of the �oodplain, it would
not have been possible to obtain 25 consecutive days with the

FIGURE 5 | Temporal variability in the return period of daily discharge above
800 m3s� 1 (blue) and daily discharge above 800 m3s� 1 for at least 25
consecutive days in April-June (black).

environmental �ow of > 800 m3 s� 1 at Näs during the wet
years studied using any of the alternative scenarios (Table 1).
Even for natural �ow, the threshold of 25 days was only achieved
during one of the years with extreme high �ows (i.e., 2010). The
di�erence in river �ow between the two alternatives was not very
large; however, the loss in energy production varied considerably
(with a loss of some 50–200 GWh, respectively) with alternative
No. 2 being much more cost e�ective (Hedström-Ringvall et al.,
2017a). Thus, from only considering these two alternatives and
losses in production, only changing the regulation of Lake Siljan
came out as the best choice. However, additional challengeswith
changing this regulation routine include new legal agreements
and security design, as well as extremely good monthly river�ow
forecasts.

DISCUSSION

This detailed site-speci�c investigation for adapting the
vulnerable riparian mixed forest at the �oodplains of Dalälven
River to climate change conditions, shows that induced �oods
by changed hydropower regulation will not help saving 50% of
the habitats. The environmental goals must thus be revised to
be realistic under climate change, as the snow storage will most
likely be further reduced in the future. Sustainable management
of the study site does not request �ooding every year, but some
every �fth year (Hedström-Ringvall et al., 2017a). The most
favorable years could be chosen from snow measurements
during winter and seasonal forecasts of the �ow peak during
spring. Monthly seasonal forecasts of spring �ow show skills in
the region (Arnal et al., 2017; Foster et al., 2017), although low,
and the e�ciency of the arti�cially induced �oods will increase
with help of natural high �ow also from unregulated areas
contributing to �ooding of the �oodplains.

The County Board is currently driving the process locally and
will proceed by establishing a working group for the next 5 years
to further analyze e�ects and potential of changed regulations.
The environmental �ows will be reconsidered regarding area to
be �ooded, to also investigate the possibilities for sustainable
management of smaller areas, which requests lower river �ow.
Besides from the �ooded riparian mixed forest there are also
�ooded meadows of concern that request lower �ow volumes
than the forest to become sustainable under climate change.

FIGURE 6 | Impact on river �ow at Näs by hydropower regulation and climatechange, respectively. Regulated �ow is observed river �ow, while naturalized �ow is
modeled using the observed climate (green) and the climate model data of current climate (blue) and by the end of the century (red).
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TABLE 1 | Number of days and production losses for different scenarios of arti�cially induced �oods (modi�ed from Hedström-Ringvall et al., 2017a).

Scenario: No. days with river �ow > 800 m3 s� 1 at Näs Loss of energy production (GWh)

1999 2006 2010 2015 1999 2006 2010 2015

B.a.U.1 0 0 7 4 NA NA NA NA

Alt. No 1 14 6 15 12 190 174 200 215

Alt. No 2 14 5 11 7 54 47 35 54

Natural2 19 16 26 15 NA NA NA NA

NA, Not Applicable.
1Business as Usual, using present regulation strategy.
2Natural �ow, without any regulation.

Both environmental goals will be negotiated and optimized
against loss in energy production in new scenarios by the working
group, to estimate the most cost e�ective climate adaptation
for �oodplains in Dalälven River. In addition, a committee for
adaptive management will be established to elaborate operational
decision-making of arti�cial �ooding, taking �ctive decisions
from various sources of support material during spring each of
the 5 years.

Finally, it should be mentioned that the hydropower
companies and the engineering consultants that have been
involved in the calculations for each hydropower dam are more
reluctant to changes in regulation strategies. The calculations for
each dam were based on statistics and observations, but in reality
it would be very di�cult to forecast exactly when the �ow peaks
will reach the riparian mixed forest. There is a high risk thatthe
gates are opened too early or too late, which signi�cantly would
a�ect the result. It is thus di�cult to match the �ood peak from
arti�cial �ooding with the natural �ooding from unregulated
areas, while the joint e�ect is needed. The dam operators also
see the di�culties in spring-�ood forecasting and claim thatthe
methods available are still too poor to be used for decision-
making. They also see security risks, as when the discharge from
Lake Siljan once has started it will be di�cult to stop, due to the
naturally inherent slowness of the system, and intense rains may
challenge the upper limit of the reservoir. The new regulation
strategies must thus also be analyzed from a security perspective
as the dam was never designed for this purpose and the legal
agreements on volume �uctuations must be further validated.

Apart from the concerns about ecology, actual costs and
security mentioned here, there are also other policy concerns
with changing regulation strategy from hydropower dams.
Hydropower is referred to as a clean and renewable energy
source, which is favored over fossil fuels. Reservoir storage
is often used to balance out �uctuations in other renewable
power sources, such as wind and solar, which may become
more important in future energy production. Hence, climate
mitigation may request more hydropower in the future and more
�exible regulation schemes also taking this aspect in concern.
Water governance always require collaborations among multiple
actors to ensure sustainability in various sectors (Falkenmark and
Molden, 2008; Palmer et al., 2009; Grafton et al., 2013). Also other
stakeholders representing domestic, industrial, agricultural or
recreation interests may have an opinion on regulation strategies,
so probably a wider audience must be addressed and consulted
during the upcoming 5 years before actual implementation.

CONCLUSIONS

Our analysis show that annual maximum snow storage in
Dalälven River decreases despite an overall slight increase
in annual precipitation during the last 55 years, and that
these changes can be attributed to climate change. During
the same period, hydropower regulations have reduced
the �ow peaks from snow melting, which naturally should
over�ow the �oodplains. Both changes will a�ect forest
habitats.

Searching for sustainable agroforestry requires an analysis
where hydrologists and ecologists work in close collaboration. In
lower Dalälven River, riparian biodiversity relies on occasional
spring �oods with relatively long duration to “reset” habitats.
Arti�cially induced �ooding is one possible adaptation measure,
although it implies signi�cant costs in lost energy production and
changes in both regulation strategies and river basin management
plans.

Managing �oodplain ecosystems under climate change is
facilitated by hydrological modeling tools. In this study we
demonstrate that reference conditions are not stationary under
climate change, which prevents the use of historic measurements
to de�ne reference conditions and targets of river basin
management. Rather, reference conditions must be dynamically
modeled to be comparable to the present-day situation
and for separating the anthropogenic pressures from natural
variability.
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