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Abstract  

With the ever increasing reliance on hydropower in the world, it is important that its effects on 
riparian vegetation is well understood. This study aimed to explore the effects of different forms 
of hydropeaking, which results from the rapid and frequent opening and closure of 
hydroturbines, on different species groups of riparian species native to northern Sweden. 
Thirteen riparian species belonging to three different species groups, forbs, graminoids and 
woody species, were subjected to three different watering treatments simulating water stress, 
rapid fluctuation and prolonged flooding, which often correspond to different hydropeaking 
conditions. A fourth treatment maintained individuals under controlled conditions and 
simulated a non-regulated stream. The treatments were carried out over seven weeks. The 
results showed that the treatments affect the three tested species groups differently. Woody 
species responded to all treatments with lower germination, higher mortality and lower root 
elongation, while forbs and graminoids responded to flooding and fluctuation with increased 
germination but higher mortality and lower root elongation. Fluctuation and flooding had in 
general positive effects on germination and short term growth but also increased mortality, 
particularly fluctuation. There were no significant results regarding change in number of leaves 
for any treatment or species group. As this study only covered seven weeks it can only account 
for short-term trends, but it still provides interesting information about general expected trends 
for a wide variety of species native to northern Sweden and belonging to the main three species 
groups. Such information is key for river management. 
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Introduction  

Hydropower is a widespread form of power production in the world today. In 2000, most of the 
world’s freshwater and around 77% of the flow in the US, Canada, Europe and former Soviet 
territory was regulated by dams (Jansson et al. 2000). Hydropower made up 16% of worldwide 
energy production in 2012 (International Energy Agency 2012) and had grown by 27% from 
2004 to 2015 (World Energy Council 2015). If these trends continue all the more freshwater flow 
will become regulated and less will remain completely free-flowing. Stream flows are key for 
riparian ecosystems. The water acts as a transport medium for seed dispersal, triggers 
germination and determines the establishment and growth of plants (Sarneel et al. 2014). Flood 
events in the rivers enable seedling recruitment of some species and water supply greatly affects 
the life history of others (Mahooney and Rood 1998).  
  
When river flow is affected by regulation for the sake of hydropower production, the riparian 
communities around the rivers are affected too (Jansson et al. 2000). Hydropeaking is a 
common practice within hydropower production which serves to optimize power production 
when the demand is highest. Hydropower stations rapidly alter the river flow several times per 
day, producing high flows at the times when power consumption is high and lower flows when 
power consumption is lower. This unnatural flow regime may negatively affect the fluvial 
ecosystem, causing much stress for the organisms (Gostner et al. 2011). Riparian plants are 
particularly sensitive to unnatural highly fluctuating flows when it comes to successful 
germination and early survival of young seedlings, something which many studies have explored 
(e.g. Mahooney and Rood 1998, Johansson and Nilsson 2002, González et al. 2010). Despite 
this, few studies have specifically focused on the effects of hydropeaking on riparian 
communities (Gorla et al. 2015, Fredriksson 2016), and hence, this field deserves deep attention.  
  
Many factors influence germination of riparian species, such as temperature, salinity and pH 
(Brock and Siegel 1990). To germinate properly riparian plants require suitable nursing sites and 
the availability of these depends much on flood events (Mahooney and Rood 1998). Germination 
is also highly dependent on water availability (Brock and Siegel 1990) and water recession 
velocity (Stella et al. 2010). However, it is still unclear to what extent fluctuating water levels 
play a part in germination, as some studies indicate that species adapted to wet habitats 
germinate better under flooded conditions than species adapted to drier habitats, while other 
studies suggest that the optimal water levels for germination are similar for all species and that 
factors such as light availability may play a greater role (Sarneel et al. 2014).  
  
How well riparian plants germinate and perform under various environmental conditions varies 
between species. Species morphological, physiological, reproductive, phenological and ecological 
traits confer particular sensitivities or resistances to species which in turn affects their responses 
to the flow regime (Merritt et al. 2010). For example, longer flooding duration has a huge 
negative impact on the growth and survival of Betula species, while it has much less impact on 
Carex species (Johansson and Nilsson 2002). Opposing responses to fluctuating flow regimes 
have been found for Betula pubescens and Carex acuta, which were negatively and positively 
affected, respectively, in a field experiment along rivers affected by hydropower plants 
(Fredriksson 2016), whereas the same experiment revealed no significant changes of 
performance of Helianthus annuus and Salix phylicifolia x myrsinifolia. Drought resistance 
varies too, with Salix gooddingii having better survival chances in dry conditions than Populus 
fremontii (Stella et al. 2010). 
  
The goal of this study is to investigate how different forms of hydropower dam operations affect 
germination, growth and survival of riparian plants. Various water treatments simulating 
hydropeaking in controlled greenhouse conditions were developed to answer the following 
questions: a) Do unnatural river flow conditions caused by hydropeaking - such as water stress, 
rapid and frequent water level fluctuations, and prolonged flooding - affect rates of germination, 
growth, leaf development and health status of riparian plants?; and b) Does the response to 
various hydropeaking-induced flow conditions vary between plant species groups?  
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Methodology  
  

Experimental design: species and treatments  
Seeds of some riparian forbs (Galium palustre, Viola palustris, Comarum palustre), graminoids 
(Agrostis capillaris, Calamagrostis purpurea, Carex vesicaria) and woody species (Ledum 
palustre, Alnus incana, Betula pubescens, Pinus sylvestris, Rosa majalis) were gathered from 
various sites in the vicinity of Umeå (northern Sweden). Seeds of Carex acuta (graminoid) and 
Filipendula ulmaria (forb) were purchased. On 29-30 September 2015, cold stratification of the 
seeds of A. capillaris, L. palustre, G. palustre, C. purpurea, A. incana, B. pubescens, C. 
vesicaria, V. palustris, C. palustre and F. ulmaria was initiated. Cold stratification is a treatment 
done pre-plantation to simulate the winter dormancy of the seeds that would occur before their 
germination in nature, which is needed for them to germinate properly (Jauron 2000). The 
seeds were put into nylon bags, then into buckets of moist sand and finally into a fridge where 
they were to be left for several weeks. P. sylvestris and R. majalis started stratification on 12-15 
October. The seeds of C. acuta had already been stratifying for several months.  
  
The seeds were sown in a greenhouse between 1-4 Januray 2016. Sixteen 11x11-pot cassettes 
were prepared with two layers of coffee filter on the bottom of each pot and then the pots were 
filled with a soil mixture consisting of 10% sand and 90% organic soil. The cassettes were labeled 
and divided into four groups of four cassettes each, one per treatment. For each treatment, 74 
seeds of each species were sown with two seeds per pot, except for P. sylvestris of which 37 seeds 
were planted with only one seed per pot, due to a lack of seeds. For each of the four group, the 
seeds were planted according to Figure 1. 
 

 
Figure 1: For each treatment group the seeds were planted across four cassettes in the above pattern, differently 
coloured dots representing different species. The species are, from top to bottom within cassettes and left to right 
between cassettes: Agrostis capillaris, Ledum palustre, Galium palustre, Calamagrostis purpurea, Alnus incana, Carex 
vesicaria, Comarum palustre, Filipendula ulmaria, Viola palustris, Betula pubescens, Rosa majalis, Carex acuta and 
Pinus sylvestris. 
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The seeds were all covered with a shallow layer of the soil mixture. Greenhouse conditions were 
18h light / day, 20 degrees Celsius daytime, 15 degrees Celsius nighttime, and 50-60% humidity, 
and they were watered abundantly twice a day for a week. The seeds were subjected to 
experimental treatments between 12 January and 3 March 2016. The four groups of cassettes 
were subjected to the following watering treatments to simulate different streamflow conditions: 
  
1. Control - watered moderately twice per day, to simulate natural stream flow conditions.  
  
2. Water Stress - watered twice per week, to simulate the water stress which occurs along   
bypassed river stretches downstream from hydropower dams.  
  
3. Fluctuation - watered generously until soil is completely saturated four times per day at 4 hour 
intervals (7.00, 11.00, 15.00 and 19.00). This simulates rapid and frequent rises and falls of 
water level per day along rivers subjected to hydropeaking.  
  
4. Flooding – watered till flooding for four hours (14.00 to 18.00) once a day, to simulate a 
lasting submergence of riparian soils which results from hydropeaking along rivers used for 
hydropower production. Cassettes of this treatment were placed in containers that were filled 
with water up to the edge of the cassettes so that the seeds remained under water.  
 

Study variables and data analysis  
Once per day, seed germination and death of germinated seedlings in pots from each cassette 
were checked and date recorded. Once per week, stem length, number of leaves and health status 
were noted for each sprouted seedling. Stem length was measured from soil to base of top leaves, 
except for graminoids which were measured from soil to the tip of the longest leaf. Health status 
was estimated from 1 (worst) to 5 (best) based on color and turgor. After the final measurement, 
all seedlings were harvested and cleaned. Each seedling was cut to separate the roots, the stem 
and the leaves. The longest root of each seedling was measured. Roots, leaves and stems were 
placed into labelled paper bags and into an oven at 60 degrees Celsius and left to dry for future 
dry mass weight measures.  
  

Statistical analysis  
Statistical analysis were carried out in SPSS Statistics Version 24. The binomial germination and 
death data were plotted in bar graphs displaying the percentages of planted seeds which 
germinated or died for each species group in each treatment, as well as the percentage of 
germinated seeds for each individual species for each treatment. These graphs were then visually 
examined to estimate trends for germination and mortality rate, but no analysis was made on 
this data. The raw data for stem length and leaf number per week were converted into data for 
stem growth per week and change in leaf number per week (by noting the differences in stem 
length and leaf number between weeks) which was then used in statistical analysis instead of the 
raw data. For these and other quantitative variables (days until germination, days until death, 
stem length at the end of the experiment, number of leaves at the end of the experiment, average 
health status per week and root length after harvest), Kruskal-Wallis tests (Hole 2011) with 
associated post-hoc tests were carried out to determine statistically significant differences (being 
significant those showing p-values < 0.05), both for comparing treatments with all species taken 
together as well as comparing treatments for each species group individually. 
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Results  

  

Germination and death  
Trends of germination observed in the frequency graph in Figure 2 will be described in this 
paragraph. Germination on the whole was rather low, never exceeding 15% for any species group 
in any treatment. Woody species performed relatively well in all treatments, although 
germination was the highest in the control. Forbs showed very low germination in all treatments, 
except for the fluctuation one. Water stress seriously inhibited germination of graminoids, 
whereas both fluctuation and flooding significantly favored germination of graminoids compared 
to the control treatment. Graminoids consistently germinated less than the woody species, but 
similar to forbs depending on the treatment. Among hydropeaking treatments, flooding was the 
most aggressive for germination, whereas water stress was the least. 
 
Trends of germination observed in the frequency graphs in Figure 3 will be described in this 
paragraph. P. sylvestris germinated the most in all treatments and did so with a large margin in 
all treatments except fluctuation (Figure 3c), where F. ulmaria and B. pubescens germinated 
almost as much. For the remaining woody species, R. majalis and L. palustre did not germinate 
at all, and B. pubescens and A. incana showed moderate germination. Among forb species there 
were no large germination differences, except for V. palustris which did not germinate at all. A. 
capillaris barely germinated while the other graminoids germinated moderately.  
  

  
Figure 2: The percentage of seeds for each species group and treatment which germinated during treatments.  
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Figure 3: The percentage of seeds for each species from each species group (from left to right along the X-axis: forbs, 
graminoids and woody species) and treatment (a, control; b, flooding; c, fluctuation; d, water stress) which 
germinated.  
  
Trends of mortality observed in the frequency graph in Figure 4 will be described in this 
paragraph. Mortality rate for germinated seedlings varied from 0-100% for different treatments 
and species groups. Mortality in the control was very low throughout, with no deaths among the 
forbs and graminoids and only a few percent dead among the woody species. Water stress caused 
moderate mortality among forbs and woody species but 100% mortality among graminoids. 
Fluctuation had a consistent mortality of about 50% among all species groups, while flooding 
had no mortality among forbs and moderate mortality among graminoids and woody species. 
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Figure 4: The percentage of dead seedlings from those that germinated during the course of the experiment.  
  

Days until germination and death  
For all species taken together, germination occurred significantly later for the three treatments 
simulating different hydropower scenarios compared to the control. Additionally, seeds in the 
fluctuation treatment germinated significantly later than in the water stress. Between water 
stress and flooding, as well as between fluctuation and flooding, there were no significant 
differences. 
 
When comparing differences between treatments within the individual species groups, results 
vary (Figure 5). There were no significant differences within the graminoids. Within the woody 
species, germination occurred significantly later in all treatments compared to the control but 
there were no significant differences among any of the hydropeaking treatments. Germination 
within the forbs occurred later in the fluctuation treatment than in the control, but otherwise 
there were no significant differences. 
 
For all species taken together, death occurred earlier in the fluctuation treatment than in the 
water stress treatment but otherwise there were no significant differences. There were no 
significant difference for days until death when comparing different treatments for each species 
group individually (Figure 6).  
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Figure 5: Box and whisker plots showing the median (black horizontal line), percentiles 25 and 75 (edges of the 
boxes) and 10 and 90 (edges of the vertical lines), and outliers (circles and asterisks) for days until germination 
(from plantation) for the different treatments and species groups.  
 

 
Figure 6: Box and whisker plots showing the median (black horizontal line), percentiles 25 and 75 (edges of the 
boxes) and 10 and 90 (edges of the vertical lines), and outliers (circles and asterisks) for days until death (from 
germination) for the different treatments and species groups.  
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Stem growth per week and final stem length  
Results in this paragraph are visualized in Figure 7. For all species taken together there were 
some significant differences in growth rate between treatments at various points over the course 
of the experiment. The flooding treatment displayed significantly better growth than control and 
water stress early on in the experiment but dropped off later on. The fluctuation treatment 
displayed significantly better growth than all other treatments including control later in the 
experiment but dropped off towards the very end. Otherwise there were no significant 
differences. 
 
When comparing forbs only the fluctuation treatment similarly displayed significantly better 
growth than control later in the experiment but dropped off towards the very end. When 
comparing woody species the flooding treatment displayed significantly better growth than both 
control and water stress near the early-middle of the experiment but dropped off later. When 
comparing graminoids there were no significant differences anywhere. There were no significant 
differences in the final stem length of the germinated seeds at the end of the experiment between 
treatments, neither for all species taken together nor for any individual species group. 
 

 
Figure 7: Mean stem growth per week in millimeters for the different treatments with all species taken together.  
  

Change in leaf number per week and final number of leaves  
Results in this paragraph are visualized in Figure 8. For all species taken together there were 
significant differences in change of leaf number only in the beginning of the experiment and only 
when comparing flooding with control, where flooding had a significantly smaller increase in 
number of leaves. 
 
When comparing differences between treatments for the species groups individually there were 
no significant differences anywhere. There were no significant differences in the final number of 
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leaves at the end of the experiment between treatments, neither for all species taken together nor 
for any individual species group.  
  

 
Figure 8: Mean change in number of leaves per week for the different treatments with all species taken together.  
  

Average health status per week  
For all species taken together there were no significant differences, however when looking at 
species individually some differences were found. When comparing forbs the fluctuation 
treatment had significantly better health status than the control near the end of the experiment.  
Most differences were observed among the graminoids however, where the fluctuation treatment 
had significantly worse health than control at the beginning of the experiment and significantly 
worse health than flooding at the beginning and the end of the experiment, but had no 
significant differences in the middle of the experiment. There were no significant differences 
among the woody species.  
  

Root length after harvest  
For all species taken together all hydropeaking treatments yielded significantly shorter roots 
than the control, while having no significant differences between each other (Figure 9a). When 
comparing treatments within the woody species only all treatments again had significantly 
shorter roots than the control. The flooding treatment also had significantly shorter roots than 
the water stress treatment (Figure 9b). For graminoids, there were only roots from the 
fluctuation and flooding treatments available since the seedlings of the water stress treatment 
had all died, while the seedlings of the control had either died or been harvested for another 
experiment. Of these treatments the flooding treatment yielded significantly longer roots (Figure 
9c). For the forbs, there were no roots available from the control since those seedlings had all 
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died or been harvested for another experiment, and there were no significant differences in root 
length between the treatments (Figure 9d). 
 

 
Figure 9: Box and whisker plots showing the median (black horizontal line), percentiles 25 and 75 (edges of the 
boxes) and 10 and 90 (edges of the vertical lines), and outliers (circles and asterisks) for root length in millimeters 
for the different treatments, for a: all species taken together, b: woody species, c: graminoids, and d: forbs.  
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Discussion  

The experiments performed yielded many interesting results about hydropeaking and its effects 
on riparian vegetation, both the effects of different hydropeaking treatments as well as the effects 
on different species groups. 
 
The fluctuation treatment demonstrated the most chaotic patterns in terms of germination and 
mortality rates. While germination rates were high across all species groups, mortality rates of 
such seedlings were also fairly high. Additionally, they tended to germinate late and die right 
after germination. The fluctuation treatment, in particular, had many instances of seeds 
germinating and dying on the same day. The window for germination (Sarneel et al. 2014) 
generated between short flooding events taking place in the fluctuating treatment are long 
enough to allow seed germination, however, environmental conditions suffered by newly 
germinated plants prevent them from surviving for longer. Mortality in these cases usually 
occurred as a result of the seedling’s stem breaking and thus losing connection to its roots which 
might mirror the high erosion that currents from fluctuating water implies. Mechanical stress 
from water currents was less likely to occur in the remaining treatments. 
 
Looking at the germination rates within plant species groups, the woody species show a large 
internal variation. The group contains two species that did not germinate at all, Rosa majalis 
and Ledum palustre, but also the species which germinated the most of all species in the 
experiment, Pinus sylvestris. The absence of germination in R. majalis might be explained by 
the limited cold stratification time it got before being planted. R. majalis can be expected to need 
up to 16 weeks of stratification (McMillan 1979) while we only subjected it to 7 weeks due to time 
constraints. The seeds might possibly also have had insufficient maturation time before 
stratification was initiated. On the other hand, P. sylvestris was similarly subjected to 7 weeks of 
stratification, but that species can be expected to require only about 3-9 weeks of stratification 
(Gosling 2007) and evidently the time it had was sufficient. V. palustris did not germinate under 
any of the treatments, including the control, which points to a reason involving an experimental 
procedure rather than to an effect of the treatments. Finally, germination of A. capillaris and C. 
vesicaria seems to be triggered by water fluctuation compared to the controlled conditions. 
  
The results clearly show that the various hydropeaking treatments did have an impact on the 
studied species. Interesting to note is that the seeds in the control in many cases germinated 
significantly earlier than the seeds in the remaining treatments and also showed much lower 
mortality rate. Even though they germinated earlier, there were fewer seeds that germinated 
overall in the control than in flooding and fluctuating conditions, except for the woody species, 
that germinated more in the control treatment than in the hydropeaking treatments. Flood 
events have been shown to better enable seedling recruitment (Mahooney and Rood 1998, 
Sarneel et al. 2014) and since the fluctuation and flooding treatments both simulate more 
intense flood events than the control, this explains the generally better germination of forbs and 
graminoids in these treatments. Contrary to this, the woody species germinated more in control 
and water stress than in fluctuation and flooding, but since their germination rate was still high 
in fluctuation and flooding this does not seem to mean they are less flood-tolerant than the other 
species groups but instead it implies they are more drought-tolerant, allowing them to germinate 
well even in less moist conditions. The generally higher mortality rate in the flooding treatment 
compared to control is consistent with previous studies where the number of dispersed seedlings 
decreased over time under flooded conditions (Sarneel et al. 2014).  
  
Seedlings subjected to flooding grew better than those in the control at early stages of the 
experiment, whereas seedlings under fluctuating conditions grew better at later stages. In 
general, both seedlings under flooding and fluctuating conditions tended to stop growing at the 
very end of the experiment. This result partly differs from some previous studies where 
prolonged conditions of flooding had a negative influence on growth (Johansson and Nilsson 
2002). Based on results from both the study presented here and in Johansson and Nilsson´s, we 
might expect a temporary trigger of seedling growth at the early stages of their life cycle under 
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hydropeaking conditions simulated in this study, but an overall negative impact on growth rates 
in the long-term. There were virtually no differences in the change of leaf numbers between 
treatments for any plant species group. There are studies that suggest that leaf number would be 
negatively affected by drought (Clauw et al. 2015) and some that suggest that flooding can also 
have such an effect for some species but not as much for others (Terazawa and Kikuzawa 1994). 
Similarly to stem growth, we might conclude that at the very beginning of a seedling’s life cycle 
leaf numbers are not affected by flow conditions but they might be affected later.  
  
Graminoids showed the worst health status from the three studied species groups and it was 
under the fluctuating conditions. This is unexpected since graminoids like Carex acuta are 
known to be flood-tolerant (Fredriksson 2016) and thus should not show worse health status 
under these conditions. On the other hand, while grasses are widely used to control erosion from 
among other things water on vulnerable road sides, there are studies that fail to find a 
connection between grassy vegetation and non-eroded roadsides (Jägerbrand and Juha 2014). In 
these cases the erosion may also come from sources other than water, such as wind, and the 
study was also specifically focused on the erosion of the soil the grasses grew on, rather than 
erosion on the grasses themselves. Still, taken together with my results, it may imply that 
graminoids aren’t always as flow resistant as previous results have indicated. 
  
The root length analysis was unfortunately hindered by the absence of roots from the control 
group for both forbs and graminoids due to experimental problems, and it is therefore 
impossible to tell if the treatments would have had significant impact on those species groups. 
However it might be suspected it would have had a negative impact, as all treatments had a 
negative effect on root length compared to control for woody species. Other studies have shown 
root length of cotton subjected to drought to grow longer than roots in control groups, but at the 
same time dry weight of the roots decreased, probably due to a drought adaptation where roots 
sacrifice thickness in favor of reaching further into the soil in search of water (Pace et al. 1999). 
Flooding has been shown to inhibit root elongation in some soybean lines, but not in more flood-
tolerant lines (Sakazono et al. 2014). In that study dry weight decreased linearly with root length, 
making it seem like plants are less likely to sacrifice root thickness for root length when water is 
abundant. My study did not analyze dry weights of the roots, but it is expected to be done in the 
future.  
  
Overall, there are clear responses of riparian species to various artificial flow conditions 
mimicking hydropeaking in rivers used for hydropower production. Responses differ for species 
groups and hydropeaking forms. According to the results, rapid fluctuations and flooding 
stimulate germination and growth at the very early stages of the newly germinated seedlings, but 
they also cause higher mortality rates afterwards. Woody species show more consistent negative 
effects from all treatments while forbs and graminoids experience both positive and negative 
effects for different variables. These results about riparian ecosystems need to be taken into 
consideration in river management as hydropower becomes ever more common in the world. 
Limitations of this study include the relative lack of replicates for some species, making it 
unfeasible to study trends on individual species, as well as the relatively short time the study 
took place, causing the results to only cover short term trends. More variables, such as dry 
weights of aerial and belowground parts of the plant would provide extra evidence of the impacts 
of hydropeaking showed in this study. 
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