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Abstract 

Peatlands are the dominant type of wetland in boreal ecosystems and they are 

thought to play a major role in moderating hydrological extremes such as floods and 

droughts. Despite the valuable ecosystem services that they provide, a large 

proportion of peatlands around the globe has been degraded by human activity. 

Notably, in Sweden, peatlands have been subjected to drainage for the purposes of 

forestry. As awareness of the detrimental effects of climate change on boreal 

ecosystems has grown, the rewetting of drained peatlands has emerged as a nature-

based solution for mitigating floods and droughts. However, the science behind this 

strategy is scant and the question of whether its potential benefits, in terms of 

alleviating extreme weather impacts, outweigh the costs of rewetting remains 

unanswered. Using a unique collection of hydrological field observations and 

modelling, this thesis provides a comprehensive analysis of the hydrological 

functioning of peatlands, at both local and stream network scale, within a 

heterogeneous boreal landscape (Paper I and Paper II) and addresses the question of 

whether peatland rewetting is more effective at mitigating both flooding events and 

low flow conditions than leaving historically drained peatlands as they are (Paper III 

and Paper IV). Our findings indicate that the moderating effect of peatlands on flow 

responses can primarily be found at the local scale. We also demonstrated that 

peatland rewetting successfully raised the groundwater table level, increased 

baseflow, and enhanced the overall storage capacity within the study site. During 

storm events, peatland rewetting effectively attenuated peak flow, reduced the runoff 

coefficient, and mitigated hydrograph flashiness. In conclusion, peatland rewetting 

is shown to be an effective tool for moderating hydrological extremes. However, 

given the dynamic nature of hydrological systems, continuous long-term monitoring 

of peatland processes following rewetting is required. 

Keywords: peatland hydrology, rewetting, boreal landscape, floods and droughts 

Peatland hydrology in boreal Sweden: 
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Sammanfattning 

Torvmarker är den dominerande typen av våtmarker i det boreala ekosystemet och 

har föreslagits spela en betydande roll i att mildra de hydrologiska effekterna av 

extremväder från uttorkning och översvämningar. Trots de värdefulla 

ekosystemstjänster som torvmarker erbjuder har en stor del av deras område globalt 

sett förstörts av mänskliga aktiviteter. Med ökad medvetenhet om 

klimatförändringarnas negativa effekter på boreala ekosystem har återställning av 

dränerade torvmarker lyfts fram som en naturbaserad lösning för att mildra effekten 

av extremväder. Vetenskapligt stöd för effektiviteten hos denna strategi saknas dock 

till stor del. Genom att använda en unik samling hydrologiska fältobservationer och 

modellering tillhandahåller denna avhandling en omfattande analys av torvmarkers 

hydrologiska funktion på både lokal och regional skala inom ett heterogent borealt 

landskap (Paper I och Paper II). Slutligen behandlar vi frågan om huruvida det, för 

att mildra effekten av översvämningar och låga flödesförhållanden, är mer effektivt 

med återvätning av torvmarker än att lämna historiskt dränerade torvmarker som de 

är (Paper III och Paper IV). Våra resultat indikerar att den reglerande effekt som 

torvmarker har på avrinningsresponsen främst sker på lokal nivå. Vi kunde också 

påvisa att återvätning av torvmarker framgångsrikt höjde grundvattennivån, ökade 

basflödet och förbättrade den totala lagringskapaciteten inom det undersökta 

området. Återvätning av torvmarker dämpar effektivt högflöden, minskar 

avrinningskoefficienten och responsen i flödesökningen. Sammantaget kan 

återvätning av torvmarker sägas vara ett effektivt verktyg för att mildra 

översvämningar. Men då hydrologiska system till sin natur är dynamiska och 

variabla finns ett behov av långsiktig och kontinuerlig övervakning av de processer 

som uppkommer i torvmarker till följd av återvätning. 

Nyckelord: torvmarkshydrologi, restaurering, borealt landskap, översvämningar och 

torka 

Torvmarkshydrologi i det boreala Sverige: 
Modellering, långtidsdataanalys och 
experimentell återvätning 
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1.1 Definition of peatlands and their extent 

Wetlands are unique ecosystems that are transitional environments between 

terrestrial and aquatic ecosystems. They therefore develop in areas that are 

inundated by water for most of the time and where oxygen deficiency 

(anaerobic conditions) prevails (Acreman et al., 2007). Wetlands cover a 

small proportion of the earth’s land area (almost 6%) but represent one of its 

most important ecosystem types, providing essential hydrological, 

ecological, and biogeochemical functions. Wetland is a broad term, 

encompassing a wide range of ecosystem types including swamps, peatlands, 

sloughs, marshes, bogs, and fens. Peat-forming mires are the most common 

type of wetland found at northern latitudes. Peat-forming mires, or peatlands, 

form in waterlogged anaerobic conditions, where the rate of accumulation (1 

mm per year) exceeds the rate of decomposition (Joosten, 2016). Peat is 

comprised of partially decomposed plant matter, typically sphagnum moss, 

and predominately occurs in boreal and temperate ecosystems (Joosten & 

Clarke 2002). The slow decomposition rate of organic material makes 

peatlands a significant source of terrestrial organic carbon. Sweden stands 

out as one of the most peat-rich countries in the world, with peatlands 

comprising 15% of its land area (Kellner and Halldin, 2002), mostly in the 

flatter environments in the north of the country (Vasander et al., 2003). In 

Sweden, an area is recognised as peatland or mire if it possesses a peat layer 

of 30 cm or more (Paavilainen and Päivänen, 1995). The most abundant 

peatland type in Sweden is poor fens (Kellner, 2003). Fens are peat-forming 

wetlands that receive water and nutrients from the surrounding watershed 

through drainage and surface runoff.  

1. Introduction 
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Important characteristics of peat are its high total porosity, low bulk density, 

and the ability to swell and shrink upon wetting and drying. Peat soil has a 

unique complex structure, with total porosity (the volume of soil that is filled 

with either water or air often surpassing 80% (Rezanezhad et al., 2016). The 

total porosity of peat is inversely correlated with bulk density. Bulk density 

is a fundamental soil characteristic and plays a crucial role in regulating 

peatland hydrology. Peatlands with lower bulk density have the capacity to 

store more water.  Sphagnum mosses are the key component of peat soils 

(Rydin et al., 2006). The structure of Sphagnum moss, both alive and 

decomposed, contributes to peatlands’ ability to expand and contract upon 

wetting and drying. In addition, its litter, which is more resistant to decay 

than that of other plants, plays a critical role in the hydrological function of 

peatlands. Changes in peat volume primarily arise from fluctuations in the 

groundwater table level (GWL) which significantly influences the hydraulic 

properties associated with peat’s pore structure (Kennedy and Price, 2005). 

During dry periods, a falling GWL leads to subsidence of the peat surface, 

resulting in shrinkage and the closure of pore spaces in the peat.  Conversely, 

a rising GWL leads to the expansion of the peat and pore spaces, resulting 

reduced moisture retention capability and greater potential for water loss 

through drainage and evapotranspiration (Kellner and Halldin, 2002).  

1.2 Peatland ecosystem services 

Boreal peatlands are important natural ecosystems with high value for 

biodiversity conservation, climate regulation and human welfare. Their 

distinct characteristics, including substantial water-holding capacity, peat 

content, expansive open surfaces, and unique plant communities, make a 

significant contribution to addressing current global sustainability issues. In 

particular, there is significant interest in peatlands in the context of climate 

change mitigation and adaptation. They actively participate in carbon 

sequestration, acting as essential sinks for carbon dioxide (CO2) and notable 

sources of methane (CH4) in the atmosphere. Despite covering only 3% of 

the Earth's land area (Lourenco et al., 2023) they account for 21% of the 

global soil carbon stock (Erwin, 2008; Leifeld and Menichetti, 2018; Loisel 

et al., 2014). In addition, peatlands are significant watershed features that 

play a major role in purifying water as it travels through wetlands from 
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uplands to streams (Pelster et al., 2008). At the same time, peatlands are vital 

habitats and biodiversity hotspots, maintaining and protecting numerous rare 

and endangered species (Aapala et al., 2012). Furthermore, peatlands play a 

crucial role in regulating the regional water balance. They contribute to 

aquifer recharge, store and facilitate water transport, and sustain discharge 

into rivers and streams (Goodbrand et al., 2019; Lambert et al., 2022). It is 

commonly understood that peat soil plays an important regulatory role in 

flood attenuation, particularly by reducing peak flow. The high water storage 

capacity of peat soil allows peatlands to absorb and retain water, providing 

resilience against floods during high rainfall events. Conversely, during dry 

periods, peatlands release water slowly into streams and surrounding areas, 

helping to mitigate the impacts of droughts. However, our knowledge of the 

hydrological functions of boreal peatlands, especially in relation to human 

disturbance and restoration, is limited (Bring et al., 2020). 

1.3 Peatland hydrology 

The most extraordinary feature of peat soil is its great porosity, created by 

plant residues in different stages of decomposition. The network of macro 

and micro pores within peat soil facilitates the storage of substantial volumes 

of water. When saturated, peatlands can contain an impressive 90-98% water 

by mass (Holden, 2005). The popular analogy of blanket peatlands as a 

"sponge" has persisted for over two centuries, initially introduced by Turner 

in 1784 (Holden, 2005). The sponge analogy suggests that peatlands absorb 

rainfall during storms and then release it gradually, thereby contributing to 

the attenuation of floods. Contrary to this traditional perspective, recent 

studies have demonstrated that intact peatlands can exhibit flashy regimes 

with high runoff production (Burt et al., 1990; Price, 1992; Burt et al., 1997; 

Evans et al., 1999). It has been shown that whether a peatland behaves like a 

sponge or exhibits these flashy flow regimes depends on whether the initial 

storage, hereafter referred to as antecedent storage, is low or high (Acreman 

and Holden, 2013). The first rain after a long dry period may be effectively 

absorbed but, once the peat column is recharged, its ability to retain further 

water becomes limited. Moreover, the water storage capacity of peatlands 

and their impact on downstream flooding varies depending on the size of the 

peatlands in relation to the drainage network (Heathwaite, 1995; Edokpa et 

al., 2022). Where peatlands are positioned within the landscape has an 
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important impact on their role in flood control urthermore, the position of 

peatlands in the landscape plays an important role for flood control. 

Upstream headwater peatlands can quickly fill during regular precipitation, 

reducing their capacity to buffer larger water volumes in extreme events. In 

contrast, downstream peatlands maintain a significant buffering capacity 

during severe flood events (Åhlén et al., 2022; Acreman and Holden, 2013; 

Ludden et al., 1983).  Moreover, the hydraulic properties of peat depend 

strongly on its physical properties including compaction and vegetation 

composition (Evans et al., 1999; Edokpa et al., 2022; Rezanezhad, 2016). 

Until recently, there has been limited understanding of hydrological 

processes that either generate or attenuate storm runoff in peatlands. 

1.4 Peatland degradation and drainage 

Despite the valuable ecosystem services provided by peatlands, 

approximately 15–20% of their global area has been degraded by human 

activity (Joosten and Clarke, 2002). This degradation is responsible for 5–

10% of annual global anthropogenic CO2 emissions (Joosten, 2015), 

transforming peatlands from carbon sinks into carbon sources. In Sweden, 

peatland drainage has been practiced since the early 18th century for 

agricultural purposes and the early 19th century for forest production 

(Paavilaine and Päivänen, 1995). Approximately 2 million hectares of 

peatlands have been drained (Holmen, 1964), with ditching activities 

peaking during the 1930s (Päivänen and Hånell 2012). In the forestry 

context, the purpose of ditching was to lower the GWL to promote the growth 

of existing slow growing trees or establishment of new tree seedlings. In 

many cases, draining peatlands has led to the successful growth of productive 

forests. However, in some instances the peatland remains unproductive, 

mainly due to nutrient-poor conditions. Draining peatlands has had many 

negative environmental impacts including carbon emissions (Harris et al., 

2022), groundwater quality (Rodriguez et al., 2021), biodiversity loss 

(Fraixedas et al., 2017), sediment transport (Marttila and Kløve, 2010), and 

runoff production (Ballard et al., 2012). The impact of artificial drainage on 

the hydrological response of peatlands has been investigated in numerous 

studies. However, their results vary in terms of the impact of peatland 

drainage on runoff and peak flow changes (Lundin, 1994). Some studies 

concluded that runoff production in peatland was more rapid where artificial 
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drainage had taken place (Menberu et al., 2018; Ballard et al., 2012; Conway, 

1960; Ahti, 1980; Nicholson, 1989), possibly attributable to the channels 

provided by ditches which facilitate rapid and direct flow to the stream. 

Conversely, other studies reported that intact peatlands exhibit higher peak 

flows than drained ones (Burke, 1975), and some concluded that drainage 

has reduced peak flows (Berry et al., 1995; Lundin, 1994). 

1.5 Peatland rewetting 

With climate change, the frequency and intensity of drought events has 

increased over recent years and is expected to worsen in the future. 

Rewetting degraded peatlands is gaining attention as an effective nature-

based strategy for mitigating the anticipated impacts of climate change. As 

water shortages escalate due to global warming and climate change, efforts 

to restore peatlands and thereby retain water in the landscape are likely to 

become more widespread. Meanwhile, floods are becoming increasingly 

common worldwide due to climate change (Arheimer and Lindström, 2015). 

Floods can cause significant damage to infrastructures and ecological 

systems (e.g., through sediment transport or uprooting trees along riparian 

zones) (Löfgren et al., 2014). In northern latitudes the frequency and 

magnitude of heavy precipitation events are also expected to increase, 

potentially leading to floods. For example, Arheimer and Lindström (2015) 

concluded that rain-driven floods are projected to become more common in 

northern Sweden. Recent dry summers in Sweden, particularly the 2018 

drought, have increased interest in the hydrological functions of wetlands 

and whether rewetting can enhance groundwater storage and mitigate floods. 

In response, the Swedish government has committed over 30 million EUROs 

to wetland restoration initiatives. Nevertheless, there are persistent 

knowledge gaps concerning the potential impacts of peatland rewetting on 

mitigating hydrological extremes (Bring et al., 2020). Moreover, there is a 

lack of sufficient field data on the magnitude and spatial extent of these 

effects across various site and climatic conditions, particularly within the 

Swedish context. 

 

Hydrology is fundamental to the development of peatlands. Therefore, it is 

believed that rewetting peatlands by blocking ditches to increase the GWL 

will allow them to resume their natural ecosystem functions (Fig. 1). 
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However, it has proven to be challenging to study the impact of ditch 

blocking on groundwater and runoff dynamics at the basin scale due to the 

substantial costs associated with the labour, equipment, and maintenance 

activities required for sustained, long-term monitoring. Nevertheless, a 

number of studies have identified positive hydrological effects from peatland 

rewetting. This includes GWL recovery (Menberu et al., 2018; Wilson et al., 

2011; Schimelpfenig et al., 2014; Haapalehto et al., 2011), alterations in 

catchment runoff regimes (Acreman and Holden, 2013), reduction in peak 

flows (Wilson et al., 2010; Howson et al., 2023; Armstrong et al., 2010, Gatis 

et al., 2023; Ballard et al., 2011; Anderson et al., 2011), and natural flood 

management (Dadson et al., 2017), evidenced by both field and modelling 

studies. However, several studies have reported conflicting results, with 

some indicating no discernible effect on runoff production (Shuttleworth et 

al., 2019) or GWL change (Holden et al., 2011) and others reporting higher 

peak flow (Daniels et al., 2008; Spieksma, 1999). It is likely that the success 

of peatland rewetting depends on various factors including landscape 

location, configuration, soil characteristics, surface topography, and soil 

moisture status. All of these elements influence whether rewetting provides 

flood reduction services (Kløve et al., 2017). Given the significant 

investments and extensive efforts dedicated to peatland rewetting, there is an 

urgent need for comprehensive reports which address the spatial variability 

of GWL recovery and flood attenuation. This is particularly crucial within 

the context of the Swedish boreal ecosystem, as the existing literature relies 

largely on evidence from Finland, Canada, and the UK. 
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 Figure 1. Schematic overview of groundwater table level (GWL) change after rewetting.  
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1.6 Monitoring approaches 

1.6.1 Hydrological modelling 

Rainfall-runoff models are used for a wide range of applications (Seibert and 

Bergström, 2021) and have gained popularity in water resources 

management due to the time and cost constraints on conducting comparative 

catchment studies. These models simplify the complex processes involved in 

rain becoming stream runoff at a catchment scale. They allow the different 

storage components in large basins to be estimated, based on the availability 

of meteorological and discharge data (Staudinger et al., 2017). Storage is the 

most important catchment function for buffering hydrological extremes. 

However, understanding the hydrological processes of peatlands through 

modelling remains challenging due to the complexity of these ecosystems, 

and the models themselves are constrained by the limited availability of 

empirical data. Hydrological modelling methods vary depending on whether 

the description of hydrological processes is conceptual, empirical, or fully 

physically based. Conceptual models offer advantages such as simplicity, 

limited input data requirements, and ease of implementation. An example of 

a conceptual model is HBV-light, a semi-distributed hydrological model 

which has been successfully applied to simulating discharge in Sweden 

(Seibert, 1999). However, modelling, while powerful, has its limitations. In 

HBV-light, there are three alternative model structures (one, two, and three 

groundwater boxes) for simulating discharge (see Uhlenbrook et al. in 1999). 

Although each structure can yield good model performance, the simulated 

groundwater outcomes may vary greatly, introducing uncertainty, as 

highlighted in my first paper (Paper I). Furthermore, although conceptual 

models are easy to implement and require fewer parameter sets than more 

complex physically based models, they still work best where long-term data 

sets already exist. Therefore, they may not be suitable for short-term 

rewetting studies. 
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1.6.2 Field observation 

The primary objective of peatland rewetting is to raise the GWL, facilitating 

peat formation and the recovery of peat-forming vegetation such as 

Sphagnum (Bring et al., 2020). It is therefore essential to observe 

groundwater fluctuations in rewetted peatlands, to assess any changes in the 

hydrological characteristics that are critical to their resilience to climatic and 

hydrological shifts. Regular measurement of the GWL in peatlands would 

also contribute to an improved understanding of the temporal and spatial 

variations in water storage following rewetting efforts. Ensuring the 

accuracy of hydrological data is particularly important when evaluating the 

success of peatland rewetting. Peatland managers should have a solid 

understanding of the distribution and fluctuations of the GWL within the 

peatland. Because there is significant variability within individual sites this 

would involve installing multiple groundwater wells across each one. It 

would also be valuable to conduct side-by-side monitoring of groundwater 

tables in both managed and nearby natural peatlands, to yield deeper insights 

into their functions during extreme events. However, no such high-quality 

hydrological monitoring of GWL following rewetting has so far been carried 

out in Boreal Sweden. Peatland GWL can be determined manually using a 

measuring tape with a water-sensitive tip, or automatically using water level 

recorders. Typically, measurements are taken using dipwells, which are 

perforated pipes or wells extending from the base to the ground surface 

(Shaw, 2005). However, the frequency of manual measurements is limited 

by seasonal inundation and the inaccessibility of peatlands, which are very 

sensitive to any trampling. Automatic data loggers offer the advantage of 

recording data with whatever frequency is required, and the data can be 

retrieved when accessibility is good. Moreover, high-resolution data can help 

isolate the effects of individual rain events on rewetted peatlands, 

highlighting the necessity for detailed monitoring over time rather than 

relying solely on monthly or weekly measurements. Manual snapshot 

measurements are also limited in terms of determining the duration of 

specific GWLs, particularly during dry periods, or the extent and depth of 

flooding.  Hence, continuous monitoring practices are essential for gaining a 

deeper understanding of the impacts of peatland rewetting. 



26 

1.7 Knowledge gaps 

It is widely assumed that peatlands reduce floods by storing water during wet 

periods and sustaining baseflow during droughts. However, experimental 

studies have shown that the ability of peatlands to store excess rainfall water 

and prevent floods is limited (Acreman and Holden, 2013). Moreover, 

although numerous studies have characterised the hydrological function of 

individual peatlands in a watershed context, there is insufficient information 

about how peatlands operate in a heterogeneous boreal landscape dominated 

by other landscape features. This lack of understanding extends to the flood 

moderation ability of peatlands during short rainfall-runoff events.  Although 

rewetting peatlands is widely assumed to be a beneficial strategy for 

mitigating extreme hydrological events like floods and droughts, the 

scientific evidence supporting this assumption is insufficient, particularly in 

the Swedish context. This raises concerns about the allocation of financial 

resources for such rewetting initiatives. 
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The primary objective of the research presented in this thesis is to contribute 

to a deeper understanding of peatland hydrology within a heterogeneous 

boreal landscape, and assess the effectiveness of peatland rewetting as a 

strategy for alleviating hydrological extremes. The thesis includes four 

papers (Paper I-IV). The specific objectives of this thesis are to: 

 

 

 Investigate the performance of the three model structures in HBV-

light for estimating different storage components across a 

heterogeneous boreal catchment, including peatlands, lakes, and 

forests, and to explore the relationship between dominant 

catchment characteristics and storage variability (Paper I); 

 

 Investigate the role of natural peatlands in flood attenuation when 

scaling from headwaters to larger catchments under different 

antecedent moisture conditions (Paper II); 

 

 Investigate how peatland rewetting impacts the groundwater table, 

discharge variability, and water storage capacity (Paper III); 

 

 Investigate the impact of peatland rewetting on flood attenuation 

during rainfall-runoff events (Paper IV). 

 

 

2. Research objectives 
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To fulfil the above research objectives, the following hypotheses are tested: 

 

 Peatland coverage is positively correlated with higher storage 

characteristics (Paper I); 

 

 Higher peatland and lake coverage is associated with lower peak 

flow, a reduction in runoff coefficient and discharge increase, and 

increased lag time (Paper II); 

 

 Peatland rewetting results in a significant rise in GWL, increased 

baseflow, less variable GWL, and discharge reflective of a more 

natural condition, as well as increased water storage capacity 

(Paper III); 

 

 Peatland rewetting leads to a reduction in peak flow, runoff 

coefficients, hydrograph flashiness, and an increased lag time 

(Paper IV). 
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3.1 Study sites 

Papers I and II were based on the Krycklan Catchment Study (KCS), while 

Papers III and IV were carried out in the Trollberget Experimental Area 

(TEA) (Fig. 2). In the latter two papers, natural peatlands at KCS and Degerö 

Stormyr were utilised as controls to evaluate the effect of rewetting on 

achieving natural hydrological conditions. 

3.1.1 The Krycklan Catchment Study (KCS) 

The Krycklan Catchment Study (KCS, www.slu.se/Krycklan) is situated in 

the heart of the boreal zone (64° 23′ N, 19° 78′ E), approximately 50 km 

northwest of the city of Umeå in northern Sweden (Laudon et al., 2021) (Fig. 

2). The KCS spans 6790 hectares and encompasses elevations ranging from 

114 to 405 meters above sea level. Like other boreal regions, KCS consists 

of a mosaic of forests, lakes, and peatlands. The landscape is dominated by 

forests which cover 87% of the total area. Mires occupy 9% and lakes 1% of 

the catchment area (Laudon et al. 2013). Scots pine (Pinus sylvestris) 

dominates the forest cover (63%), and is mostly found on the dry uplands. 

Norway spruce (Picea abies) covers 26% of wetter low-lying areas. 

Deciduous trees, particularly birch (Betula spp.), make up around 10% of the 

forest cover. The geological composition varies across altitudes, with 

quaternary deposits dominated by till and peat at higher elevations and 

postglacial sedimentary deposits prevailing at lower altitudes. Iron podzols 

dominate the forest floor soils in till areas, while organic content increases 

near stream channels, forming a riparian peat zone along the watercourses. 

KCS experiences a cold temperate humid climate with continuous snow 

cover in winter. At Svartberget station in KCS, the 30-year average for 

3. Study sites, data, and methods 
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precipitation between 1991 and 2021 was 636 mm, and for mean air 

temperature was 2.4 0C (Lopez and Laudon, 2023).  Snow accumulates from 

early November to late April, and constitutes approximately 40% of annual 

precipitation. Quaternary deposits consist of till (51%) and sorted sediments 

(30%). KCS includes 14 nested sub-catchments of varying sizes, ranging 

between 12 and 6790 hectares, all drained and connected by a network of 

streams and rivers, and all of which have been continuously monitored. 

3.1.2 The Trollberget Experimental Area (TEA) 

The Trollberget Experimental Area (TEA) is a headwater stream situated in 

the same region as KCS (64° 10′ N, 19° 51′ E). The TEA includes six treated 

experimental catchments which make the BACI design for this study 

possible (Laudon et al. 2023). Two catchments (R1 and R2 with drainage 

areas of 47 and 60 hectares, respectively) were used for peatland rewetting. 

The average peat depth at the site is 2.41 m. The open peatland in TEA is an 

oligotrophic minerogenic fen which was drained approximately 100 years 

ago. The peatland is dominated by Sphagnum spp. together with a sparse 

covering of sedges and dwarf shrubs and some slow-growing pine trees. The 

climate is similar to that of KCS, being characterised as a cold temperate 

humid type with relatively short and cool summers followed by long dark 

winters. Peatland rewetting took place in November 2020 using conventional 

practices determined by the authorities. Twenty-ton crawling excavators 

were employed to transport on-site peat and trees to fill in the ditches (Fig. 

3). The sparse tree canopy on the restored peatland site was cut and removed, 

except where it was used as filling material, leaving only minimal slash 

behind. 
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3.1.3 Degerö stormyr 

The nearby natural peatland of Degerö Stormyr is an oligotrophic 

minerogenic mire (i.e. a nutrient-poor fen) located approximately 24 km 

from the TEA at the Kulbäcksliden Experimental Forest (64°11′ N, 19°33′ 

E) (Noumonvi et al., 2023). Degerö Stormyr encompasses an area of 273 

hectares and the average peat depth is between 3 and 4 m (Nilsson et al., 

2008). It has a similar biotope to that of the peatland at Trollberget covered 

by this study. The site is dominated by lawn and carpet plant communities 

(e.g. tussock cottongrass, tufted bulrush, bog cranberry, bog-rosemary, and 

Sphagnum spp.). The bedrock in the area is gneiss, and the 30-year average 

(1991-2020) for precipitation is 645mm, and for temperature 3 0C, measured 

at the SLU reference climate station at Kulbäcksliden. The catchment 

landscape consists of 70 % mire and 30 % coniferous forest. 
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Figure 2. Geographic location of the study sites within Sweden (a), the location 

of the three sites in relation to each other (b), location of catchment outlets and 

stream network in the Krycklan Catchment Study (c), and location of 

groundwater wells (dipwells) and mire outlets in the Trollberget Experimental 

Area (d). 
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3.2 Data 

3.2.1 Climate data 

The daily meteorological data needed for calculating potential 

evapotranspiration (PET) using the Penman equation were collected at the 

Svartberget research station in the middle of the Krycklan catchment (Paper 

I). The variables measured at the meteorological station are air temperature, 

humidity, net radiation, and wind speed. These measurements follow the 

standard guidelines and requirements of the World Meteorological 

Organisation (WMO) (Laudon et al. 2021). All climate data were assumed 

to be the same for the entire catchment area. Precipitation data from 

Svartberget station were used (64°14′ N, 19°46′ E, 225 m a.s.l) for all 

catchments (Paper I-IV) as the Swedish Meteorological and Hydrological 

Institute (SMHI) observes no significant elevation gradient in the region. 

Rainfall was measured at 10-minute intervals using a tipping-bucket gauge 

during the growing season and resampled to hourly (paper II and paper IV) 

Figure 3. Restoration of Trollberget mire by filling the old ditches, November 

2020. 
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and daily (Paper I and Paper III) values for this thesis. All these data were 

retrieved from the ICOS Carbon Portal (https://www.icos-cp.eu/). 

3.2.2 Discharge data 

At KCS, the monitoring programme began in 1981 inside a heated hut (at an 

hourly resolution) and, in 2003, gauging began in all 14 sub-catchments 

using V-notch weirs, flumes, or well-defined cross sections with road 

culverts. Water levels were measured using automatic stage loggers at five 

gauging stations in heated houses where year-round measurement is possible 

(C2 and C4 have been heated since 2011, C5 and C13 since 2012, and C7 

since 1981). Frequent manual water-level measurements were taken 

(monthly during winter and at least bi-weekly during the rest of the year) to 

calibrate the automatic water-level data, and stage-discharge relationships 

were defined using manual flow gauging (Karlsen et al. 2019). Specific 

discharge, defined as discharge per unit drainage area, was calculated for 

each catchment. The catchment areas were determined using the D8 

algorithm (O’Callaghan and Mark, 1984) based on a 5m resolution digital 

elevation model (DEM) derived from airborne Light Detection and Ranging 

(LiDAR) measurements. Catchment boundaries were adjusted using field 

mapping, and modifications were applied as needed, with any questionable 

sections further assessed using a 0.5 m resolution LiDAR DEM. Daily 

specific discharge data for 2011 to 2017 from 14 sub-catchments within the 

Krycklan catchment were used for paper I. For paper III, daily specific 

discharge data for 2020 to 2023 from peatland-dominated catchments (C4) 

were used. For paper II and paper IV, hourly specific discharge data were 

used.  

 

At TEA, since 2019, stream discharge measurements have been recorded at 

the outlet of each sub-catchment (R1 and R2, see Fig. 2d). Stage height was 

recorded hourly at each catchment using pressure transducers (Expert 3400, 

MJK A/S, Denmark). The transducers were placed in the stilling ponds of 

90-degree sharp-crested V-notches. In contrast to KCS, stream locations at 

TEA are not heated, meaning that limited data are available during winter 

low flow periods. The automatic water height time series for the two outlets 

were corrected to account for logger offset using manual measurements of 

reference water height. These manual readings were performed at biweekly 

intervals during snow-free conditions. The stage height time series from each 
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logger was quality-controlled manually and corrected for the influence of ice 

and unrealistic values due to occasional downstream damming. Independent 

stage-discharge rating curves were derived using volumetric methods. 

Specific discharge (mm/day) was calculated using the measured discharge 

and the catchment area. Catchment areas were obtained using the D8 

algorithm on a 0.5m resolution digital elevation model (DEM), derived from 

airborne Light Detection and Ranging (LiDAR) measurements (Laudon et 

al. 2021). 

 

At Degerö Stormyr, stream discharge at the catchment outlet (C18) has been 

monitored since 2018. The weir at the C18 catchment is located inside a 

small house set up on a flume, allowing for continuous stage height 

measurements throughout the year (Noumonvi et al., 2023). Discharge 

calculations were performed by applying a stage height-discharge rating 

curve to hourly water level measurements. The C18 rating curve was 

calibrated using manual discharge measurements taken during different flow 

conditions with salt dilution (Leach et al., 2016). 

3.2.3 Groundwater table level monitoring 

At the peatland site located in TEA, GWL were measured using 30 dipwells, 

extending 6 meters below the ground surface (paper III and paper IV) (Fig. 

4). Dipwells were distributed along 5 transects perpendicular to the main 

ditch. Each transect consisted of 6 wells at increasing distances of 

approximately 10, 50 and 100 m from the ditch. Half of these dipwells were 

continuously monitored for GWL from October 2019 to November 2023, 

using data loggers (Solinst Levelogger 5), while the remainder were 

manually measured every two weeks during the snow-free season. All 

manual measurements of GWL were made relative to the ground surface 

using a measuring tape with a water-sensitive tip (Weiss Bandmab 

Measuring Tape). The barometric compensation process was carried out 

automatically using the Levelogger Software 4.5.1 Data Wizard. For this 

conversion, the manual GWL measurements were used to calibrate and 

check the automated measurements. At the end of this processing, our data 

set included a GWL time series one-year pre-rewetting (October 2019 to 

November 2020) and three years post-rewetting (November 2020 to October 

2023). 
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At Degerö Stormyr, the time series of GWL from four dipwells that are part 

of the ICOS-Svartberget system (https://www.icos-sweden.se/data) were 

used as our control for GWL change. Due to technical issues with the 

groundwater loggers, no groundwater data for recent years were available for 

the C4 control catchment at KCS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. The author measuring groundwater table level (GWL) 

in one of the dipwells within Trollberget mire, autumn 2023. 
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3.3 Methods 

3.3.1 HBV-light model (Paper I) 

In this study, our objective was to estimate and compare dynamic storage 

across 14 sub-catchments with contrasting landscape characteristics (e.g., 

lake, peatland, forest on till soils, and forest on sorted sediments). To achieve 

this objective, my co-authors and I employed a modified version of the 

bucket-type, semi-distributed hydrological model known as the HBV model 

(Lindström et al., 1997), specifically the HBV-light version (Seibert & Vis, 

2012). In our methodology, dynamic storage is defined as the difference 

between minimum and maximum amount of water stored within a specific 

zone during a given time period, exerting direct control over streamflow 

dynamics (Fig. 5). The HBV model is a widely used bucket-type model for 

simulating runoff and was originally developed and extensively applied in 

the Nordic region. Its simplicity, minimal input data requirements, and robust 

performance, means it has been used in numerous catchments around the 

world (Scheepers et al., 2018; Girons Lopez et al., 2020). Input data for the 

model are rainfall, air temperature, and derived potential evapotranspiration 

(PET) and are usually calibrated based on discharge data. The HBV-light 

model consists of four commonly used routines which represent: (1) snow, 

using a degree-day method; (2) soil moisture and (3) groundwater, using 

three linear reservoir equations; and (4) channel routing, using a triangular 

weighting function. In the snow method, a threshold temperature is used to 

distinguish between rainfall and snowfall, and snowmelt is considered using 

a degree-day approach. The details of the model structure can be found in 

Seibert & Vis (2012). The HBV-light model includes three alternative 

structures which differ in the number of conceptual reservoirs (one, two, or 

three) and the shape of the storage-discharge relationship (linear versus 

nonlinear). In our study, the HBV-light model was utilised to simulate 

dynamic storage at a daily time step within the catchment, with water storage 

represented by distinct buckets. In order to assess whether notable 

differences exist in dynamic storage estimates derived from different model 

structures, we implemented all three model structures of the response routine 

in this study. This included: i. a one-bucket structure with a single 
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groundwater reservoir and three linear outflows (Q0, Q1, and Q2) at three 

different thresholds; ii. a two-bucket structure with two reservoirs in parallel 

with a nonlinear outflow (Q1) in an upper bucket and one linear outflow (Q2) 

in a lower bucket (basic version); and iii. a three-bucket structure with three 

parallel reservoirs and one linear outflow in each reservoir. It should be noted 

that the snow and soil routines are consistent across all model variants. We 

used the built-in Genetic Algorithm followed by a Powell optimisation to 

calibrate the models using the observed daily discharge at each of the 

catchment outlets. For calibration, warm-up periods of at least one year were 

used for each catchment based on data availability. The possible parameter 

ranges we initially chose were adapted from Uhlenbrook et al. (1999) where 

preliminary simulations indicated that suitable parameter values were close 

to the limits. To consider parameter uncertainty, each calibration trial was 

repeated 100 times (5000 iterations each) and the best 100 parameter sets 

were selected according to the Nash-Sutcliffe model efficiency. The Nash–

Sutcliffe efficiency (NSE) coefficient, here called Reff (Equation 1), is 

calculated using the following equation (Uhlenbrook et al. 1999): 

 

𝑅𝑒𝑓𝑓 = 1 −
∑(𝑄𝑜𝑏𝑠−𝑄𝑠𝑖𝑚)2

∑(𝑄𝑜𝑏𝑠−𝑄𝑜𝑏𝑠)̅̅ ̅̅ ̅̅ ̅̅ 2                                                    (Equation 1)                                 

 

Where Qobs and Qsim are the measured (observed) and modelled 

(simulated) flows, respectively. We considered parameterisations that 

resulted in good runoff simulations in terms of Nash–Sutcliffe efficiencies 

(Reff) to be plausible. From the 100 calibration trials, we thus derived an 

ensemble of plausible simulations that resulted in a range of storage 

estimates for the upper (SUZ) and lower storage (SLZ) reservoirs. In the next 

step, the estimated storage from all reservoirs was combined and the 

difference between the minimum and maximum values was considered to 

represent dynamic storage. To examine the correlation between landscape 

characteristics and simulated dynamic storage, we employed non-parametric 

Spearman rank correlations. 
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Figure 5. Schematic explanation of dynamic storage within a catchment. The area shaded 

blue represents the groundwater table level (GWL) fluctuations. 

3.3.2 Rainfall events (Paper II) 

Paper II focused on evaluating the influence of natural peatlands on flood 

attenuation at both local and stream network scales. We hypothesised that a 

larger area of peatlands would be associated with reduced peak flow 

magnitudes, runoff ratios, and delayed peak flow lag time. Individual rainfall 

events were extracted from hourly rainfall time series using the ‘IETD’ R 

package (https://cran.r-project.org/web/packages/IETD/index.html). An 

event was considered distinct if at least 2 mm of rainfall occurred within 1 

hour and it was separated from other events by at least 14 hours without 

additional rainfall. Following Jones et al. (2004), rainfall events were 

categorised as low, medium, or high if the total event magnitude was below 

the first quartile (<7.5 mm), between the first and third quartile (7.5 to 21.2 

mm), or above the third quartile (>21.2 mm), respectively. This analysis 

resulted in 18 high rainfall events, 56 medium rainfall events, and 30 low 

rainfall events with mean rainfall volumes of 34.4, 12.4, and 5.1 mm, 

respectively. To evaluate the impact of antecedent wetness on hydrograph 

https://cran.r-project.org/web/packages/IETD/index.html
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response, we calculated the antecedent precipitation index (API) (Equation 

2) for 1 and 5 days before events following the approach set out by Kohler 

and Linsley (1951): 

 

 

API = ∑ 𝑃𝑡 
− 𝑖
𝑡= −1 𝐾−𝑡                                                                   (Equation 2)                                 

 

Where i is the number of antecedent days, Pt is the rainfall during day t, and 

K is the decay constant. The value of K is generally determined arbitrarily 

and empirically, with values in the literature ranging between 0.80 and 0.98 

at daily time steps. We adopted the value of 0.98 for K when applying this 

equation to hourly rainfall data. Antecedent conditions were categorised as 

low, moderate, and high, similar to our classification of rainfall events. We 

used the median value as the threshold for classifying API1 into either low 

or high antecedent conditions. This choice was made because the first 

quartile of API1 resulted in a value of zero. A runoff event was defined to 

start when rainfall began and last until 12 hours after it had stopped. 

Streamflow metrics were computed for each event to characterise the 

hydrograph response. These metrics included the runoff coefficient 

(unitless), calculated as total runoff divided by rainfall depth for each event; 

peak flow (mm/h); discharge increase (Δ mm/h), calculated as the difference 

between peak flow and discharge at the event's onset; and lag time (hours), 

representing the time difference between peak rainfall and peak flow. The 

values were then categorised into three groups: low, moderate, and high, 

using the quartile approach mentioned earlier. Furthermore, antecedent 

storage was assessed using observed discharge at the C7 station (Fig. 2c), 

recorded 5 hours prior to each rainfall event (Hudson et al., 2021; Wilson et 

al., 2011). Specific discharge from this station was used because it lies 

centrally within Krycklan. This sub-catchment drains a mix of mire and 

forest land cover and has a mean specific discharge comparable to that of all 

the other sub-catchments (Tiwari et al., 2022). This provides a consistent and 

standardised measurement approach across all sites. To assess the local 

impact of natural peatlands on flood response, linear models were employed 

to identify relationships between runoff coefficient, peak flow, and total 

rainfall in three small sub-catchments that are dominated by forest, peatland, 

and lake (C2, C4, and C5). Boxplots were utilised to illustrate runoff-event 

metric variability across these sub-catchments under various rainfall 
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conditions. The paired Wilcoxon test was used to test whether any of these 

metrics varied significantly between these groups. A Spearman rank 

correlation test was used to identify catchment characteristics that related to 

hydrological responses. 

3.3.3 BACI experimental design (Paper III and Paper IV) 

In Papers III and IV, we used a BACI experiment to assess the impact of 

peatland rewetting on groundwater and discharge responses. In this analysis, 

we accounted for the effect of rainfall by calculating the relative difference 

from the control site (treatment minus control). Our control sites in these 

papers were the natural mires located in KCS (C4) and Degerö (Fig. 2). The 

study focused on assessing the effects of rewetting on hydrological responses 

during summer and autumn, excluding winter and spring months due to data 

gaps caused by snow cover, deep soil frost, and general frozen conditions 

that affected automated GWL monitoring. We also anticipated significant 

variations in GWL, and drought conditions are more likely to occur during 

the summer.  

 

In Paper III, we asked whether rewetting has led to elevation and stabilisation 

in the GWL, increased baseflow, and enhanced water storage capacity. The 

effects of peatland rewetting on GWL were estimated using linear mixed-

effects models and post-hoc analysis (pairwise comparison between each 

year) was done using a Wilcoxon test with Bonferroni Correction. A P-value 

of 0.05 was considered statistically significant. The Flow Duration Curve 

(FDC) was used to analyse the streamflow regime and the effect of rewetting 

on low flow. To assess whether peatland rewetting has increased water 

storage capacity, the GWL and discharge time series were regressed using 

an exponential model. The inflection points, representing the GWL threshold 

at which stream runoff is generated, were then extracted for both control and 

rewetted sites, both pre- and post-rewetting. In addition, the monthly runoff 

coefficient (calculated as total runoff divided by total rainfall) was 

determined for both control and rewetted sites (R1 and R2). The relative 

difference with the control sites was then calculated to assess the impact of 

rewetting. 

 

In Paper IV, we assessed whether peatland rewetting is beneficial in reducing 

floods during rainfall-runoff events. To achieve this, we extracted rainfall 
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events from the 2020–2023 summer-autumn rainfall time series using the 

inter-event time definition (IETD) (Duque, 2020). The IETD establishes a 

minimum dry period between independent rainfall events as a criterion for 

grouping them. To distinguish independent rainfall events from continuous 

precipitation, we set a minimum threshold of 0.1 mm h−1 at the start of an 

event. Events were considered distinct if they were separated from others by 

at least 12 hours without rainfall. The methodology for identifying runoff 

events was based on the framework outlined by Luscombe et al. (2014) and 

was further adapted to the specific characteristics of our study area. Runoff 

events were defined as periods during which the observed streamflow 

exhibited significant deviations from the baseflow. This was achieved by 

considering both the rate of change in streamflow and its magnitude. Peaks 

in streamflow exceeding predefined thresholds were classified as runoff 

events. Rainfall and runoff events were paired within a specified time 

window. A final, visual inspection of the time series with detected events 

was used to quality control these data and ensure that all significant rainfall 

and flow events were extracted from the dataset. Finally, for all rainfall-

runoff events identified, a set of stormflow metrics comprising event 

duration, rainfall volume, rainfall intensity, lag time, peak flow, Hydrograph 

Shape Index (HSI), and runoff coefficients were calculated for both control 

and two rewetted sites. HSI, defined as the ratio of peak storm discharge to 

total storm discharge, serves as a simple measure of the overall hydrograph 

shape (Shuttleworth et al., 2019). For the other rewetted catchment (R2) and 

the control site, stormflow metrics were calculated based on the rainfall-

runoff events extracted using the rewetted catchment (R1). 
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4.1 Relationship between catchment characteristics and 
dynamic storage (Paper I) 

In Paper I, we addressed uncertainties arising from different model structures 

within the HBV-light model that was used to estimate dynamic storage. The 

primary goal was to investigate the relationship between estimated storage 

components and different catchment characteristics. To achieve this, 14 

heterogeneous boreal catchments were categorised into four distinct groups 

using k-means clustering, following the framework outlined by Karlsen et al. 

(2019). These categories were determined by dominant landscape types, 

including forest on till, forest on sorted sediments, wetlands and lakes, and 

mixed catchments. The results showed that the three-bucket structure 

performed better in larger catchments characterised by deeper sorted 

sediment soils. Conversely, a single reservoir structure proved sufficient for 

predicting storage-discharge behaviour in a lake-influenced catchment at 

lower elevation above the stream network. A possible explanation for this is 

that, with increasing elevation above the stream, the spatial heterogeneity of 

flow paths and processes within the respective catchments increases. 

Therefore, models that treat catchments as a single unit might have difficulty 

representing the hydrological functioning of these diverse landscapes. Our 

results also indicated that the large catchments dominated by sorted 

sediments mainly stored water in the lower zone, while catchments 

dominated by peatlands exhibited higher storage in the upper zone during 

periods of high flows, a finding which aligns with those from previous 

studies (Peralta‐Tapia et al., 2015; Laudon et al., 2007). Contrary to our 

hypothesis that peatland coverage would be associated with higher dynamic 

4. Results and discussion 
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storage, our analysis revealed that the largest mean storage estimates were 

found in larger catchments and those with a higher proportion of sorted 

sediments (Fig. 6). We also found a strong negative correlation between 

catchment tree volume and dynamic storage, which is in line with the 

findings of Barrientos & Iroumé (2018) who explored the impacts of forest 

management on dynamic storage in 15 forested catchments and concluded 

that catchments with lower forest cover (biomass volume and plantation 

density) have higher storage volumes. This might be caused by the higher 

evapotranspiration rates associated with deep-rooted trees taking up water 

from sub-surface storage areas, thereby reducing the amount of dynamic 

storage available. 
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Figure 6. Scatter plots showing the relationship between dynamic storage estimated 

for each sub-catchment (see Fig. 2c) and different catchment characteristics. The grey 

bands around the line represent the 95% confidence interval for predictions from a 

linear model. 
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4.2 Local- and network-scale influence of peatlands on 
flood attenuation (Paper II) 

In Paper II, we used nine years of hourly hydrometric data from 14 

catchments within the KCS to investigate the contribution of peatlands to 

flood attenuation at both local and stream network scales, under different 

antecedent conditions. At the local scale, we investigated how event peak 

flow response and runoff coefficient were related to event rainfall under 

different antecedent conditions for the three end-member catchments: C5 

(the lake-influenced catchment), C4 (the peatland-dominated catchment), 

and C2 (the forest-dominated catchment). In general, the peatland-dominated 

catchment showed responses that were more dampened than those in the 

forested catchment of similar size. During periods of low antecedent 

conditions, runoff coefficients for small rainfall events were similar in lake-

influenced and peatland-dominated catchments, but they diverged with 

increased rainfall intensity. For all catchments, the highest runoff 

coefficients occurred with high antecedent conditions. Notably, the impact 

of antecedent conditions on peak flow and runoff response was more 

pronounced during small rainfall events for all end-member catchments. 

Moreover, the runoff-event metrics for the peatland-dominated catchment, 

including peak flow, discharge increase, runoff coefficient, and lag time, 

generally lay between those for the forest-dominated and lake-influenced 

catchments during all rainfall event types (Fig. 7). To investigate the role of 

peatlands in moderating runoff responses at the network scale, we conducted 

a Spearman rank correlation test on all 14 catchments. The objective was to 

examine potential correlations between runoff-event metrics and catchment 

characteristics at this broader scale. Our results revealed that factors such as 

catchment area, sorted sediment, and soil depth were positively correlated 

with lag times. In contrast, they showed negative correlations with peak flow 

magnitude, runoff coefficient, and discharge increase (Fig. 8). However, 

contrary to our hypothesis, we found no significant effect of peatlands on the 

attenuation or amplification of floods at the network scale even though our 

analysis using the end-member catchments, and findings from other studies, 

showed that they can decrease peak flow locally. This may be attributed to 
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the effect of runoff characteristics from other land cover types 

overshadowing the influence of peatlands on a larger spatial scale. 

 

 

 

 

 

 

 

 



48 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Event-based stormflow characteristics of the forest (blue-green), peatland (red), 

and lake (grey) dominated catchments during high, moderate, and low rainfall 

conditions. The stars indicate the levels of significance per Wilcoxon test (*p ≤ 0.05; **p 

≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001; ‘ns’ = not significant). 
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4.3 Peatland rewetting effect on groundwater and 
discharge responses (Paper III) 

In Paper III, we tested the hypothesis that the rewetting of drained peatlands 

would result in a significant rise in GWL, increased baseflow, less variable 

GWL and discharge reflective of a more natural condition, and increased 

water storage capacity. The results showed that rewetting significantly raised 

the GWL compared to the pre-rewetting period (Fig. 9). Overall, the mean 

GWL at the rewetted site rose 64 mm over the three years (2020-2023) post-

rewetting, while the mean GWL at the control site decreased by 30 mm over 

the same period. These results align with previous studies which have shown 

that rewetting creates shallower GWL in the surrounding peat, and the rise 

of GWL is generally rapid after rewetting (Haapalehto et al., 2011; Menberu 

et al., 2018; Menberu et al., 2016; Wilson et al., 2010; Shantz and Price, 

2006). The flow duration curve analysis provided support for the second 

hypothesis, indicating that rewetting has resulted in a substantial increase in 

baseflow (Fig. 10). At the rewetted site, R1, there was a 100% increase at the 

high flow threshold (from 0.58 to 1.16 mm/day) and a 157% increase at the 

low flow threshold (from 0.14 to 0.36 mm/day). In the catchment R2, a 69% 

Figure 8. Spearman rank correlations between catchment characteristics and hydrological 

response variables. The colours correspond to the values of the correlation coefficient; 

blue indicates positive correlations, while red indicates negative correlations. White stars 

indicate correlations that are significant at the p<0.05 level. 
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increase in high flow (from 0.56 to 0.95 mm/day) and a 120% increase in 

low flow (0.05 to 0.11 mm/day) was observed. For comparison, the control 

site displayed an 87% increase in high flow (from 0.83 to 1.56 mm/day) and 

an 85% increase in low flow (from 0.14 to 0.26 mm/day) thresholds, 

respectively. These results suggest that the rewetting had a significant impact 

on maintaining baseflow and preventing streams from drying up during 

drought. The substantial increase in baseflow at the rewetted site may be 

attributed to a combination of factors, including higher storage capacity 

during drier periods and an elevated GWL resulting from the rewetting 

activities. These results are consistent with other studies that have shown an 

increase in baseflow as a result of peatland rewetting (Holden et al., 2017; 

Howson et al., 2021; Norbury et al., 2021). Our results also support the 

hypothesis that peatland rewetting increases water storage capacity. This is 

demonstrated by the distinct threshold behaviour in the relationship between 

the GWL and discharge (Fig. 11). Our data suggest that flow initiation 

occurred in the drainage ditch when the GWL was within approximately 100 

mm of the pre-rewetting peat surface. Post-rewetting, higher flows were 

observed when the GWL was close to the surface, typically within 20 mm of 

the peat. This increase is presumably linked to the positive impact of 

rewetting activities on the peatland storage capacity, as storage thresholds 

play a crucial role in regulating a catchment's ability to transfer water to its 

outlet and thereby regulate hydrological stream processes (Spence, 2007). 
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Figure 9. Differences in groundwater table level (GWL) between the rewetted and 

control sites for pre- and post-rewetting. The difference is computed as treatment 

minus control, thus positive values indicate that GWL is greater at the treatment site 

than at the control site, while negative values indicate the opposite. The white plus 

sign (+) indicates the mean value. The stars indicate the levels of significance per 

Wilcoxon test (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p≤0.0001) between 

individual years, while “ns” stands for not significant. 
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Figure 11. Scatter plots of daily specific discharge versus groundwater table 

level (GWL) during 2020 (pre-rewetting) and 2021-2023 (post-rewetting) for 

rewetted and control sites. Smoothed lines are a visual aid only. 

Figure 10. Flow duration curve showing exceedance probability of specific 

discharge for rewetted (R1 and R2) and control sites during 2020 (pre-

rewetting) and 2021-2023 (post-rewetting). The vertical dashed lines represent 

transitions between high flow, mid flow and low flow periods. 
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4.4 The effect of peatland rewetting on flood attenuation 
during rainfall-runoff events (Paper IV) 

In Paper IV, we investigated the effects of peatland rewetting on runoff 

responses for 50 rainfall-runoff events using a BACI approach.  Consistent 

with our hypotheses, our results showed that peatland rewetting led to a 

significant reduction in peak flow, runoff coefficients, and hydrograph shape 

index (flashiness) (Fig. 12), findings which align with many previous studies 

(Wilson et al., 2011; Shantz and Price, 2006; Ketcheson and Price, 2011; 

Gatis et al., 2023; Shuttleworth et al., 2019). Specifically, the median peak 

flow at R1 experienced a decrease from 0.14 to 0.11 mm/h post-rewetting, 

while at R2 it increased from 0.03 to 0.08 mm/h (p < 0.05). However, 

compared to non-drained control sites, the median peak flow significantly 

decreased in both rewetted catchments (p < 0.05) (Fig. 12a). These results 

suggest that, despite the influence of other factors such as intensified 

precipitation leading to more pronounced responses post-rewetting, the 

rewetting seems to have played a mitigating role in reducing flood 

occurrences in the rewetted catchment. The median runoff coefficient at the 

rewetted sites increased from 0.22 to 0.4 and from 0.1 to 0.18 at R1 and R2, 

respectively, after rewetting. Similarly, in relation to the control site, the 

runoff coefficients at both rewetted sites decreased significantly (p < 0.05) 

by 0.12 (Fig. 12b), as the control catchment decreased from a median runoff 

coefficient of 0.14 to 0.41 during the post-rewetting period.  Moreover, 

contrary to our expectation, the median lag at R1 remained unchanged after 

rewetting (from 14 to 15 h), and there was no statistically significant 

difference between it and the control site following rewetting (Figure 12c). 

Conversely, at R2, the median lag actually decreased from 17 to 10 h post-

rewetting. This reduction was significant compared to the control site, where 

the lag increased from 14 h to 23 h (p < 0.05). Further, our results showed 

that the median HSI at R1 decreased from 0.035 to 0.025 after rewetting. 

This reduction was statistically significant (p < 0.0001), as the median HSI 

at the control site only changed from 0.024 to 0.021. Similarly, at R2, there 

was a slight reduction in the median HSI from 0.027 to 0.026 after rewetting. 

However, this decrease was not significant when compared to the control site 

(Fig. 12d). In summary, our findings highlight the beneficial effect of 

peatland rewetting on flood mitigation, but peatland managers should be 

aware of other potential consequences such as a decreased lag time 

accelerating water transport to the catchment outlet.  
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Figure 12. Differences between the rewetted and control sites pre- and post-rewetting 

period for (a) peak flow, (b) runoff coefficient, (c) lag, and (d) HSI. The difference 

was computed as treatment minus control, thus positive values indicate that the solute 

is greater at the treatment site than at the control site, while negative values indicate 

the opposite. The stars indicate the levels of significance per Wilcoxon test (*p ≤ 0.05; 

**p ≤ 0.01; ***p ≤ 0.001; ****p ≤ 0.0001; ‘ns’ denotes not significant.). 
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The findings of this thesis provide a robust baseline for understanding the 

hydrological function of both managed and unmanaged peatland ecosystems 

in a boreal environment. The use of high-quality hydro-meteorological data 

over an extended monitoring period has effectively filled several knowledge 

gaps. This information is particularly crucial for those involved in managing 

these landscapes in the Swedish context. The findings indicate that natural 

peatlands contribute to flood mitigation at the local scale. Further, rewetting 

peatlands has the potential to significantly reduce runoff generation during 

rainfall events, attenuating peak flows and the overall flashiness of the 

system.  

 

The main conclusions of the thesis are as follows: 

 

 

 In Paper I, we estimated dynamic storage using the three model 

structures within the HBV-light hydrological model across various 

catchments with different dominant landscape characteristics. We 

concluded that the three-bucket model performs best for estimating 

dynamic storage across all catchments, especially in large 

catchments dominated by sorted sediments. Further, contrary to 

our initial hypothesis that peatland proportion is linked to larger 

catchment storage, our results showed that dynamic storage is more 

strongly associated with other landscape characteristics such as 

catchment area, slope, soil type, and tree volume, rather than 

peatland coverage. 

 

 

5. Conclusion 
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 In Paper II, we assessed the flood moderation ability of natural 

peatlands at both local and network scales during rainfall events 

with varying antecedent conditions. Our findings highlight the 

significant impact of antecedent conditions on hydrological 

responses. At the local scale, the peatland-dominated catchment 

exhibited more dampened responses than the similarly sized forest-

dominated catchment on till soil. Contrary to our hypothesis, we 

did not observe a significant effect of peatlands on flood 

attenuation at the network scale. 

 

 In Paper III, in light of the growing interest in peatland rewetting, 

we provided insight into the effect of rewetting a drained boreal 

peatland on the GWL and runoff dynamics. Based on the field data 

collected one year pre-rewetting and three years post-rewetting, we 

concluded that the hydrological functioning of the peatland is 

progressing towards a more natural state, characterised by a higher 

and more stable GWL. Further, in support of our hypothesis, 

significant increases in baseflow and a higher GWL threshold for 

runoff initiation served as indications of enhanced storage capacity 

within the peatland. 

 

 In Paper IV, we advanced our understanding of how peatland 

rewetting contributes to natural flood management (NFM). We 

observed a gradual yet positive change in runoff responses after 

rewetting. In addition, we conducted a BACI analysis on 50 

rainfall-runoff events and concluded that rewetting led to flood 

attenuation by significantly reducing peak flow, runoff 

coefficients, and hydrograph flashiness. 
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This thesis addressed a significant knowledge gap concerning hydrological 

processes in peatlands, especially within boreal ecosystems. Despite being 

such valuable ecosystems, little long-term hydrological data is available and 

the functioning of peatlands in general remains inadequately understood. 

This thesis benefitted greatly from the unique research infrastructure and the 

long data series provided by the Krycklan Catchment Study which offers 

insights into the hydrological functioning of natural peatlands at both local 

and stream network scales, in combination with other landscape 

characteristics. Moreover, growing concerns over the impacts of climate 

change on boreal ecosystems have heightened interest in peatland rewetting 

as a tool for mitigating hydrological extremes such as drought and flood. 

However, the effectiveness of these management strategies is not well-

proven and further evidence is required. This thesis has thus made a 

significant contribution to addressing this knowledge gap in providing 

valuable empirical findings about the impact of rewetting on the hydrological 

functioning of a boreal peatland in the Swedish context. While our findings 

suggest successful outcomes in terms of groundwater table level recovery 

and moderated stormflow responses after rewetting, it is crucial to note that 

this success was evaluated over a relatively brief post-rewetting period of 

three years. Consequently, a certain level of uncertainty persists, particularly 

concerning the sustainability of flood mitigation under more extreme 

hydrological events. We also observed that, despite its seemingly rapid 

hydrological recovery, the rewetted site responded differently to the extreme 

drought in early summer 2023, showing a more pronounced drop in 

groundwater table level than the control site. However, the groundwater table 

level and discharge data records indicated a gradual progress toward a more 

favourable hydrological state. Therefore, we highly recommend continuous 

6. Final remarks and future perspectives 
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and long-term post-rewetting monitoring to better understand the sustained 

impact of restoration efforts. We further recommend integrating field data 

into process-based hydrological modelling to better understand the long-term 

effects of rewetting on hydrological responses, and ultimately predict the 

potential moderating effects of rewetting under different future climate 

scenarios. 
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Peatlands provide various ecosystem services such as carbon (C) storage, 

water purification, and maintaining biodiversity. Peatlands also play an 

important role in enhancing ecosystem resilience by mitigating the impacts 

of both droughts and floods. It’s generally believed that peatlands behave 

like sponges by storing large quantities of water during high rainfall (flood 

attenuation) and releasing it slowly into rivers, contributing to drought 

moderation. Despite performing these useful ecosystem services, peatlands 

around the world have been severely degraded. Northern Sweden’s boreal 

peatlands have not been exempt from such degradation as they have been 

drained for forest production. With growing awareness of the adverse effects 

of climate change on boreal ecosystems, there is increasing interest in 

rewetting peatlands to regain their important ecosystem functions. In 

Sweden, particularly after the extreme drought of 2018, the government 

allocated large sums of money to peatland rewetting for drought moderation. 

However, as peatland rewetting is a relatively new strategy, the scientific 

foundation for this approach is not solid. In fact, the few scientific studies on 

the impact of peatland rewetting mostly originate from Finland, Canada, and 

the UK, where climatic and/or drainage conditions differ significantly from 

those found in Sweden. Therefore, in Papers I and II of my thesis, I examined 

the hydrological role of peatlands at both a local scale (comparing them to a 

similarly sized forested catchment) and a stream network scale (considering 

the influence of other dominant soil characteristics in the landscape). My 

results indicated that, at the local scale, peatlands exhibit greater water 

storage capacity and a moderating impact on flow responses. However, at 

the network scale, their ability to moderate flow is diminished due to the 

presence of other landscape characteristics. In Papers III and IV, I 

investigated the impact of peatland rewetting, specifically through ditch 
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blocking, on the hydrological dynamics of a previously drained peatland. 

The findings of my research indicate that peatland rewetting has been 

successful, as evidenced by the elevation of the groundwater table level and 

the augmentation of water storage capacity within the peatlands. The results 

of the rainfall-runoff analysis also indicate that peatland rewetting has 

significantly reduced peak flow, runoff coefficient, and mitigated flashy 

hydrograph responses. Thus, peatland rewetting, possibly combined with 

other measures, can be an effective flood mitigation strategy. However, due 

to the evolving nature of the hydrological system, continuous long-term 

monitoring of peatland processes following rewetting is required. 
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Myrar påverkar ett flertal viktiga ekosystemtjänster, såsom inlagring av kol 

(C), vattenrening och upprätthållande av biodiversitet. Dessutom spelar 

myrar en viktig roll i arbetet med att förbättra ekosystemens motståndskraft 

mot både torka och översvämningar. Det är en allmän uppfattning att myrar, 

vid kraftig nederbörd, kan lagra stora vattenmängder, för att sedan långsamt 

släppa ut det till intilliggande vattendrag. Trots dessa viktiga 

ekosystemtjänster har myrar kraftigt degraderats globalt, en trend som den 

borela skogsregionen, vilken omfattar betydande myrområden, inte har 

undgått. I norra Sverige har myrar historiskt dränerats för att öka 

skogsproduktion. Med en ökad medvetenhet om klimatförändringarnas 

ogynnsamma effekter på boreala ekosystem växer nu intresset för att återväta 

myrar för att återfå deras viktiga ekosystemfunktioner. I Sverige, i synnerhet 

efter den extrema torkan 2018, har regeringen avsatt stora summor pengar 

för återvätning som ett sätt att mildra effekterna vid torrperioder. Men 

eftersom återställning av myrar är en relativt ny strategi saknas den 

vetenskapliga grundvalen för tillvägagångssättet. I själva verket kommer de 

få vetenskapliga studierna om effekterna av återvätning huvudsakligen från 

Finland, Kanada och Storbritannien, där klimat- och/eller 

dräneringsförhållanden skiljer sig betydligt från hur det ser ut i Sverige. 

Därför undersökte jag i min avhandling (uppsats I och II) myrarnas 

hydrologiska roll både på lokal nivå (jämfört med ett skogsbeklätt 

avrinningsområde i jämförbar skala) och på en mer regional skala. Mina 

resultat indikerade att på lokal nivå har myrar större vattenlagringskapacitet 

och en mildrande effekt på flödesresponsen. Deras förmåga att, på ett mer 

regionalt perspektiv, mildra flödet begränsas dock på grund av närvaron av 

andra viktigare landskapskaraktärer. I uppsats III och IV genomförde jag en 

undersökning av Stormyren i Trollberget och återvätningens effekter på den 

Populärvetenskaplig sammanfattning 
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hydrologiska dynamiken i den tidigare dränerade myren. Resultaten från min 

forskning indikerar en lyckad återställning, vilket visas genom höjningen av 

grundvattennivån och ökningen av vattenlagringskapaciteten inom myrarna. 

Dessutom indikerade resultaten från avrinningsanalysen att återvätningen 

ledde till minskade maximala flöden och andel avrunnet vatten. Således kan 

återvätning, eventuellt kombinerat med andra åtgärder, vara en effektiv 

strategi för att mildra översvämningsrisken nedströms. Men på grund av den 

ständigt föränderliga naturen och stora variationen hos hydrologiska system 

finns ett behov av kontinuerlig och långsiktig övervakning av de processer 

som följer i torvmarker till följd av återvätning. 
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STRACT

imating dynamic storage as a metric can be used to make an overall assessment of catchment resilience to extreme weather events such

droughts and floods. Because of the complexity of direct empirical measurements, bucket-type hydrological models can be a suitable tool

simulate the catchment storage across a broad range of scales as they require minimal input data. However, these models consist of one

more conceptual structures based on several linear or nonlinear reservoirs and connections between these reservoirs. Therefore, choos-

the most appropriate model structure to represent storage-discharge functioning in catchments is difficult. To bridge this gap, this study

luated the performance of three different HBV model structures on 14 heterogeneous boreal catchments classified into four distinct

chment categories. The results showed that the three-bucket structure performed better in larger catchments with deeper sediment

ls. In contrast, a single reservoir structure is sufficient to predict the storage-discharge behavior for a lake-influenced catchment with

er elevation above the stream network. Moreover, our results indicate that while the estimates of mean catchment storage varied

ween the different model structures, the ranking between the catchments largely agreed for the different structures. Hence, our results

gest that instead of a single model structure, using an ensemble averaging approach would not only better address the structural uncer-

ty but also facilitate further storage comparison between different catchments. Finally, based on Spearman rank correlation results, we

nd that catchment size and sediment soil were positively correlated with dynamic storage estimation.

y words: boreal, bucket-type, dynamic storage, ensemble, HBV, hydrological models, storage-discharge

HLIGHTS

Differences were found in storage estimates between the different model structures.

Three-bucket structure performed well for all catchments.
Lake-influenced catchments were well represented by one-bucket structure.

One-bucket structure performed poorly in the large catchments with deep sediment soils.

An ensemble averaging approach can be used as a point of comparison between hydrological functioning of catchments.
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PHICAL ABSTRACT

NTRODUCTION

age and release of water are essential catchment functions, with large effects on modulating hydrological extremes such

rought and floods (Creutzfeldt et al. 2012). Water entering catchments is stored in different forms, including snow, ice,
s, soil moisture, and groundwater (Riegger & Tourian 2014). Depending on soil physical properties, water can be retained
e unsaturated zone, move through the soil column and percolate to saturated layers as groundwater recharge. Accord-

y, there are various pathways that water can take when it flows between unsaturated and saturated zones before leaving
catchment, depending on soil physical properties, catchment characteristics, and climate (Jutebring Sterte et al. 2021).
he temporal dynamics of stream discharge depend largely on catchment storage (Kirchner 2009; Creutzfeldt et al. 2012;
uer et al. 2013). In periods when evapotranspiration and precipitation are negligible, it can be assumed that the only driver
ischarge is the amount of water stored in the catchment (Moore 1997; Kirchner 2009). Water content freely available for
nage and flow is known as ‘mobile storage’ (Farrick & Branfireun 2014; Staudinger et al. 2017). However, not all catch-
t storage contributes to the runoff generation process, which is sometimes referred to as ‘hydraulically decoupled storage’

lle et al. 2018). Changes in the amount of these hydrologically decoupled storages can have a negligible effect on runoff
eration, at least in the short term, because of deep groundwater storage, or have no effect, such as canopy interception that
es the basin through evaporation without entering the soil.

many previous studies, catchment storage at different spatial scales has been quantified using a range of different
hods: water balance approaches (Sayama et al. 2011; Wang & Alimohammadi 2012), hydrometric analysis (Kirchner
9; McNamara et al. 2011; Brauer et al. 2013; Amvrosiadi et al. 2017a, 2017b), analysis of stable isotope tracers (Soulsby

Hydrology Research Vol 53 No 4, 563
online.com/hr/article-pdf/53/4/562/1043601/nh0530562.pdf
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al. 2009; Sprenger et al. 2018), gravimeter measurements (Creutzfeldt et al. 2012; Kennedy et al. 2014), and application of

drological models (Staudinger et al. 2017; Sterte et al. 2018; Karlsen et al. 2019). One of the most common methods for
ect estimation of catchment water storage involves using a network of piezometer wells and soil moisture probes to provide
tailed information on whether a sufficient number of sensors has been installed (Kalbus et al. 2006). However, due to the

h spatiotemporal variability, collecting massive hydrological data across a broad range of scales is time-consuming and
stly (Kirchner 2009). Hence, efforts to reduce field investigations have resulted in various modeling attempts to understand
tter the complexities of the hydrological behavior in heterogeneous catchments.
here are several definitions of catchment water storage (Staudinger et al. 2017). Here, we focus on the part of the storage

t is relevant for catchment discharge. This leads to an operational definition where the storage is zero when streamflow
ses completely. Various terms have been proposed for this discharge-generating storage; these include ‘dynamic storage’
irchner 2009; Sayama et al. 2011; Staudinger et al. 2017), ‘active storage’ (McNamara et al. 2011), and ‘direct storage’

ralle et al. 2018). Here we use the term dynamic storage as a critical metric to assess the sensitivity of a catchment to
treme weather events such as flooding or its resistance to drought by maintaining low flows (McNamara et al. 2011).
vealing the dynamic storage-discharge relationship can also help make more accurate predictions of streamflow changes

response to global warming.
ucket-type models, also called conceptual models, are suitable tools for simulating runoff and water availability based on
rage–discharge relationships and represent in general terms how precipitation results in groundwater recharge, evapotran-

ration, and discharge (Hrachowitz&Clark 2017; Sitterson et al. 2018). Thesemodels consist of several reservoirs, which can
linear or nonlinear and be connected in serial or parallel (Stoelzle et al. 2015; Parra et al. 2019a). Themost important advan-
e of these bucket-type models, compared to more detailed and complex fully physically-based models, is a lower number of
e parameters, which means that the parameter values of the models can, in principle, be estimated by calibration only. How-

er, even for such models, model parameter uncertainty has to be considered when deriving storage estimates by modeling.
rthermore, there ismodel structure uncertainty as there are usually various possible alternatives to arrange the different buck-
. For example, the proper choice of linear and nonlinear storage-discharge relationships has been debated for a long time

oelzle et al. 2015). Some researchers have concluded that groundwater release is a linear process (Chapman 1999; Fenicia
al. 2006), while others have demonstrated that nonlinear relationships are more appropriate (Wittenberg 1999; Mishra et al.
03; Botter et al. 2009;Maneta et al. 2018; Rezaei-Sadr 2019). These findings show that choosing appropriatemodel structures

hallenging and uncertain. In otherwords, themathematical formulation of hydrological functions that control the transform-
on of rainfall to runoffmight vary by type of catchment and climate, and that a ‘one sizefits all’ is not easily found (Hogue et al.
06; Ajami et al. 2007).
any studies have used bucket-type models to improve the understanding of hydrological functioning in catchments, such

estimation of water storage (Krasnostein & Oldham 2004; Mendoza-Sanchez et al. 2013; Staudinger et al. 2017) as well as
eamflow signatures (Hailegeorgis & Alfredsen 2015; Ledesma & Futter 2017; Teutschbein et al. 2018). These studies have
o demonstrated that bucket models can provide suitable representations of catchment hydrology and result in good runoff

ulations for both calibration and validation periods. However, as pointed out in previous studies, achieving an acceptable
lue of model performance based on a good agreement between modeled and observed streamflow data does not necessarily
rrespond to a good simulation for other hydrological functioning (Gupta et al. 2012; Teutschbein et al. 2015; Lane et al.
19; Seibert et al. 2019). Therefore, choosing a model structure with an appropriate degree of complexity is a crucial step in
tchment modeling.
ence, despite a good model performance for a certain calibration or validation period, model outputs can still be unreli-

le when extrapolated beyond calibration conditions (Seibert 1997). Therefore, a proper analysis of how the model
rameters and the model structures are correlated and a detailed assessment of their effects on the model output can
prove the model reliability. To our knowledge, few previous studies have comprehensively analyzed the most important
rameters controlling the amount of storage in the catchment reservoirs (Tetzlaff et al. 2015; Teutschbein et al. 2015;
desma & Futter 2017). This is especially true in northern latitude catchments defined by long-lasting winters and snow-
lt-dominated hydrological conditions.
he main purpose of the approach lies in the evaluation of the performance of different model structures, which only differ

the number of storage reservoirs, in estimating dynamic storage using a bucket-type model for a large number of catch-
nts with contrasting landscape characteristics but similar climatic conditions. In addition, we aimed to better
derstand the relationship between dominant catchment characteristics and dynamic storage variability across a

Hydrology Research Vol 53 No 4, 564
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rogeneous boreal landscape. We addressed the following research questions: (1) How does the uncertainty of parameters

e response routine of a bucket-type model affect the dynamic storage estimation? (2) Is there a major difference between
amic storage estimates obtained using different model structures? If yes, which model structure is most reliable at different
hment scales? We then used this approach to evaluate how simulated dynamic storage varies in both time and space for

rent subcatchments. Furthermore, we studied potential relationships between the different types of storage zones and
inant catchment characteristics.

ATERIALS AND METHODS

Study site

study was conducted in the Krycklan catchment located in northern Sweden, about 50 km west of the Baltic Sea coast
250 N, 19°460 E), with an area of approximately 68 km2. The catchment area comprises 14 nested subcatchments with
ation ranging from 130 to 370 meters above sea level, as shown in Figure 1. The higher elevations of the catchment

dominated by till (58% of total area) and peat soil, and lower elevations are covered by sediment soils (Laudon et al.

Hydrology Research Vol 53 No 4, 565
1). Forests cover 87% of the entire catchment and are dominated by Scots pine (Pinus sylvestris) and Norway spruce
ea abies).

he hydrological characteristics of the catchment are well studied and are monitored by 14 streamflow gauging stations
ed C1-C20, with some of the original stations abandoned for various reasons) (Table 1). The climate in this area is

racterized by relatively cold winters with consistent snow coverage for four to six months of the year, between November
pril. The annual average precipitation was 614 mm for 1981–2010, and the average daily mean temperature was 1.8 °C.

mean temperature was �9.5 °C in January and þ14.7 °C in July (Laudon et al. 2013).

re 1 | Topography and subcatchments of the Krycklan catchment and its location in Sweden.

online.com/hr/article-pdf/53/4/562/1043601/nh0530562.pdf



2.2

2.2

Di
me
be

hu
ser
hy
wi

rel
dra

2.2

Ai
eq
20

we
ob
20

2.2

A
DE

me
Th
for

Table 1 | Catchment gauging set up and mean specific discharge values over the study period

Catchment Gauge type Mean specific discharge (mm d�1) Water level logger

C1 90° V-notch weir 0.83 PT, TT

C2 90° V-notch weira 0.63 PT, TT

C4 90° V-notch weira 1.03 PT, TT

C5 120° V-notch weir, H-flumeb 1.12 PT, TT

C6 Culvert 1.05 PT, TT

C7 90° V-notch weirc 0.84 PT, TT, Float

C9 Culvert 0.91 PT, TT

C10 Culvert 0.90 PT, TT

C12 Venturi flume 0.93 TT

C13 Trapezoidal flume 0.78 PT, TT

C14 Natural section 0.71 TT

C15 Natural section 1.03 PT, TT

C1

C2

aHe
bHe
cHe

PT,
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. Input data

.1. Hydrological data

scharge observations from 14 subcatchments within the Krycklan catchment were used (Karlsen et al. 2019). Water levels,
asured using automatic stage loggers, were possible year-round for five gauging stations in heated houses (C2 and C4 have
en heated since 2011, C5 and C13 since 2012, and C7 since 1981). The monitoring program began in 1981 inside a heated

t (with an hourly resolution), and in 2003, gauging started in all 14 subcatchments. The lengths of all hydro-climatic data
ies in our study were adjusted to match the span of subcatchments with the least amount of data, covering a period of seven
drologic years (1 October–30 September) from 2011 to 2017. Frequent manual water-level measurements (monthly during

6 Natural section (bridge) 0.90 TT,RLS

0 Culvert 0.97 TT

ated weir since 2011.

ated flume since 2012.

ated weir since 1981.

Pressure transducer (MJK 3400, with Campbell Scientific CR1000); TT, TruTrack capacitance rods (WTHR 1000); Float, OTT model X float strip chart recorder; RLS, OTT RLS Radar.
nter, minimum bi-weekly during the rest of the year) were made to calibrate automatic water level data, and stage-discharge
ationships were defined using manual flow gauging (Karlsen et al. 2019). Specific discharge, defined as streamflow per unit
inage area, was calculated for each catchment.

.2. Meteorological data

r temperature, humidity, net radiation, and wind speed for estimating potential evapotranspiration (PET) via the Penman
uation were measured in the central part of the Krycklan catchment at the Svartberget research station (Laudon et al.
21). All climate data were assumed to be uniform for the whole catchment area. Precipitation from one centrally placed

ather station was used (64°140 N, 19°460 E, 225 m a.s.l) for all catchments as there is no significant elevation gradient
served for the region by the network of the Swedish Meteorological and Hydrological Institute (SMHI) (Karlsen et al.
16).
.3. Catchment characterization

LiDAR DEM with 2 m resolution was created from a point cloud with a point density of 15–25 points/square meter. This
M was hydrologically corrected by burning streams and culverts across roads as described in Lidberg et al. 2017. Catch-
nt areas were delineated from the hydrologically correct DEM using Deterministic-8 (D8) (O’Callaghan & Mark 1984).
e Swedish property map (1:12,500, Lantmäteriet Gävle, Sweden) was used to calculate forest, lake and, wetland coverage
each catchment. The proportion of soil type cover was calculated for sediment soils, till, and thin soils using the
ttp://iwaponline.com/hr/article-pdf/53/4/562/1043601/nh0530562.pdf
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Table 2 | Catchment characteristics of the entire Krycklan catchment (in bold) and its subcatchments (sorted from left to right by increasing
catchment area)

Properties Unit C02 C04 C01 C07 C05 C06 C20 C09 C10 C12 C13 C14 C15 C16

TOPOGRAPHY

Area [km2] 01 0.2 0.5 0.5 0.7 1.1 1.5 2.9 3.4 5.4 7.0 13.8 19.1 67.9

Median catchments areaa [km2] 0.1 0.2 0.1 0.2 0.7 0.8 1.0 0.3 2.0 1.7 0.5 2.2 0.7 1.4

Elevation above sea level [m] 275 287 279 275 293 282 211 252 297 277 251 229 278 239

Elevation above streamb [m] 10.1 9.0 10.9 7.5 2.3 4.2 13.5 4.4 8.3 7.4 6.3 10.2 9.6 10.0

Slope [%] 9 8 9 9 5 9 11 8 10 9 9 12 12 12

Aspect [°] 139 146 177 149 168 164 164 161 161 164 156 171 180 172

GEOLOGY/SOIL

Sediment [%] 16 27 8 15 30 26 42 20 19 20 29 47 27 42

Till [%] 84 22 92 65 16 39 45 62 52 61 57 43 56 47

LAND COVER

Wetlands [%] 0 44 2 18 40 25 10 14 26 17 10 5 15 9

Agricultural land [%] 0 0 0 0 0 0 3 0 0 0 1 3 0 2

Lakes [%] 0 0 0 0 6 4 0 1 0 0 1 1 2 1

Tree

Fore

aMed
bCatc
cCalcu

Note:
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ternary deposits map (1:100,000, Geological Survey of Sweden, Uppsala, Sweden). Landscape characteristics of all catch-
ts, including the main outlet (C16, in bold), are summarized in Table 2.

HBV model description

odified version of a bucket-type, semi-distributed hydrological model, namely the HBV model (Lindström et al. 1997) in
version HBV light (Seibert & Vis 2012) was used to simulate dynamic storage at a daily time step in the catchment. The

V model is a widely used bucket-type model for simulating runoff. One advantage of HBV is the limited demand for input
. The input data for the HBV model were rainfall, air temperature data, and derived PET. The observed streamflow data
e used for the calibration of the model. In general, the model consists of four commonly used routines which represent: (1)

w by a degree-day method; (2) soil moisture, and (3) groundwater by three linear reservoir equations; and (4) channel rout-
by a triangular weighting function. In the snow routine, a threshold temperature is used to distinguish between rainfall and
wfall, and snowmelt is considered by a degree-day approach.

more detailed description of HBV’s routines can be found in Seibert & Vis (2012). HBV-light includes three alternative
el structures based on a varying number of conceptual reservoirs (one, two, or three) and different shapes of the storage-
harge relationship (linear versus nonlinear).

e implemented the three model structures of the response routine. This included a one-bucket structure with a single
ndwater reservoir and three linear outflows (Q0, Q1, and Q2) at three different thresholds; a two-bucket structure
two reservoirs in parallel with a nonlinear outflow (Q1) in an upper bucket and one linear outflow (Q2) in a lower

ket (basic version); and a three-bucket structure with three parallel reservoirs (STZ, SUZ, and SLZ) and one linear out-

in each reservoir (Figure 2). It should be noted that these model structures differ only in the response routine, i.e., the
e snow and soil routines were used in all model variants.
he built-in Genetic Algorithm followed by a Powell optimization (GAP, Seibert 2000) was used to calibrate the models for

catchment. For calibration, warm-up periods of at least one year were used for each catchment based on data avail-
ity. The initially chosen possible parameter ranges were adapted from Uhlenbrook et al. (1999) where preliminary
ulations indicated that suitable parameter values were close to the limits.

volumec [m3 ha�1] 212 83 187 167 64 117 59 150 93 129 145 106 85 106

st [%] 100 56 98 82 54 71 88 84 74 83 88 90 82 87

ian catchment area from 5 m LiDAR DEM, calculated similar to McGuire et al.(2005).

hment mean elevation above stream from 5 m LiDAR DEM, calculated similar to McGuire et al.(2005).

lated for the entire catchment using correlations between a forest inventory (from 110 plots) and LiDAR measurements (Laudon et al. 2013).

Values in bold refer to the Krycklan catchment outlet (C16).
online.com/hr/article-pdf/53/4/562/1043601/nh0530562.pdf
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o consider parameter uncertainty, each calibration trial was repeated 100 times (5000 iterations each) and the best 100

rameter sets were selected according to the Nash Sutcliffe model efficiency. The Nash–Sutcliffe efficiency (NSE) coeffi-
nt, here called Reff, is calculated with the following equation (Uhlenbrook et al. 1999):

ff ¼ 1�
P

(Qobs �Qsim)
2

P
(Qobs �Qobs)

2 (1)

ere Qobs and Qsim are the measured (observed) and modeled (simulated) flows, respectively.
e considered parameterizations resulting in good runoff simulations in terms of Nash–Sutcliffe efficiencies (Reff) as plaus-

e. From the 100 calibration trials, we thus derived an ensemble of plausible simulations that result in a range of storage

imates for the upper (SUZ) and lower storage (SLZ) reservoirs. In the next step, the estimated storage from all reservoirs
s combined and the difference between the minimum and maximum values was considered as dynamic storage.
qualitative preparatory evaluation of parameter sensitivity indicated that automatic calibration could sometimes result in

ry small values for K2 (baseflow recession coefficient) with tiny model performance improvements for these very small K2
lues (Figure 3 and Supplementary Material, Figure A). These very small K2 values, in turn, resulted in extremely large esti-
tes of the derived catchment storage for some of the catchments. This optimization issue, which greatly affected the storage

tine (mm/d); STZ¼ Storage in soil top zone (mm/d); SUZ¼ Storage in upper groundwater zone (mm/d); SLZ¼ Storage in lower groundwater
e (mm/d); UZLi¼ Threshold parameter (mm/d); PERCi¼Maximum percolation to the lower zone (mm/d); Alpha¼Non-linearity coefficient;
Recession coefficient (d�1); Qi¼ Runoff component (mm/d).
ttp://iwaponline.com/hr/article-pdf/53/4/562/1043601/nh0530562.pdf
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ulation results, occurred mainly with the three-bucket model structure. All but one of the catchments (C20) showed a

ngly nonlinear relationship between K2 and storage in the lower zone. To avoid artefacts like this, we limited the

lated lower groundwater storage (SLZ) derived from the first 100 calibration trials for each of the subcatchments. Plots are colored based
ifferent dominant landscape types (green¼ forest on till, brown¼wetland, gray¼ catchments with mixed characteristics, yellow¼ forest
edimentary deposits). Please refer to the online version of this paper to see this figure in colour: http://dx.doi.org/10.2166/nh.2022.121.
er range of K2 to 0.02. The summary statistics (min, max, and mean) of calibrated parameter values with limited K2 par-
ter values are summarized in Table 3.
Water balance method

ed on simple water balance accounting (Equation (2)), time series of catchment water storage were obtained for each

hment.

) ¼ V0 þ Dt
Xt

i¼1

(Pi �Qi � Ei) (2)

re P is the precipitation, E is the evapotranspiration, Q is the streamflow, and V(t) and V0 are the storage at time step t and
, respectively. We then calculated the total water storage, ΔV as the difference between the minimum and maximum of
estimated storage volumes over the observation period (Staudinger et al. 2017).
online.com/hr/article-pdf/53/4/562/1043601/nh0530562.pdf
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Table 3 | Calibration results with limited K2 parameter for the catchment outlet, C16

Parameter Description Calibration range Min Max Median

One-bucket

PERC Maximum flow from upper to lower zone (mm/d) 0–4 3.07 3.99 3.94

UZL Threshold parameter (mm) 0–70 20.31 60.47 24.17

K0 Recession coefficient of fast runoff (d�1) 0.1–0.5 0.10 0.37 0.18

K1 Recession coefficient of upper box (d�1) 0.01–0.2 0.01 0.10 0.04

K2 Recession coefficient of lower box (d�1) 0.02–0.1 0.02 0.07 0.03

Two-bucket

PERC Maximum flow from upper to lower zone (mm/d) 0–4 0.93 4.00 3.04

Alpha Nonlinearity coefficient 0–1 0.14 0.60 0.31

K1 Recession coefficient of upper box (d�1) 0.01–0.2 0.02 0.19 0.11

K2 Recession coefficient of lower box (d�1) 0.02–0.1 0.02 0.07 0.05

Three-bucket

PERC Maximum flow from upper to lower zone (mm/d) 0–4 0.80 3.56 1.66

UZ

K0

K1

K2
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. Correlation analysis between landscape characteristic and dynamic storage

investigate the relationship between landscape characteristics and simulated dynamic storage, we used non-parametric
earman rank correlations (Spearman 1904). The storage metrics used in this analysis were dynamic storage (the difference

L Threshold parameter (mm) 0–70 4.08 11.43 7.15

Recession coefficient of fast runoff (d�1) 0.1–0.5 0.30 0.49 0.43

Recession coefficient (d�1) 0.01–0.2 0.07 0.18 0.11

Recession coefficient of lower box (d�1) 0.02–0.1 0.02 0.06 0.02
tween the minimum and maximum storage), mean storage (mean value during the entire analysis period), storage in the
per and lower zone separately (SUZ and SLZ), and mean storage for each season. Instead of using a single model
tput, we used the average of all three model structures to calculate these storage metrics and then examined their relation-
ip with landscape characteristics.

RESULTS

. Model performance analysis

sed on the results, differences in model performance were found between catchments with different landscape character-
ics. There are also performance differences between the different model structures. The range of the best 100 model
rformances (Reff) of the three model structures for each subcatchment is shown in Figure 4. The plot suggests that

del performance decreases as the mean elevation above the streams increases (r¼�0.85, p, 0.05). Moreover, the
ee-bucket model gave good agreement between the simulated and observed streamflow in all the catchments (Reff between
6 and 0.87). The one-bucket model performed well in the lake-influenced catchments, C5 and C6 (0.80,Reff, 0.87),

ile it performed worse for large catchments with deep soils, C14 and C16 (0.68,Reff, 0.75). This indicates that the
e-bucket model could not represent the hydrological functioning as well as the three-bucket model in the large catchments
th deep sediment soils. The one-bucket model resulted in the poorest simulations in C14 and the best simulation in C6 with
ximum Reff values of 0.74 and 0.87, respectively. Additionally, the two-bucket model with two storage reservoirs and only

o outflows (intermediate and baseflow) performed similarly to the one-bucket model for C2, C4, C9, and C20. The highest
del performances were obtained for C5, C6 and, C9, which have a high lake percentage and lower elevation above their
eam network. The simulated discharge time series derived from the three model structures calibrated against observed dis-

arge, for four representing catchments including C4, C5, C7, and C16, are shown in supporting information Figure B1–4.
ese catchments are also representing the highest (C4 and C5), average (C7), and lowest NS values (C16). We also provided
etailed analysis of snow water equivalent and soil moisture estimated using the three model structures for the above-
ttp://iwaponline.com/hr/article-pdf/53/4/562/1043601/nh0530562.pdf
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re 4 | Boxplots represent the variation of model performance during the calibration period. The catchments are sorted from left to right
cending order of their mean elevation above the stream network. The lower and upper endpoints of the boxes represent the 25th and
percentiles of model performance over 100 parameterizations. The whiskers show the range of model performance between the

mum and maximum values. The horizontal bar and dots show the median value and outliers, respectively.
tioned catchments. Results showed that all model structures simulated snow water equivalent relatively similar for the
representing catchments, though C4 and C5 had a slightly higher amount (supporting information Figure C1-4).

Flow characteristics

contribution (as a fraction of the total discharge) of outflow from the surface (Q0), upper (Q1), and the lower (Q2) flow
s for all the model structures are shown in Figure 5 (note that the standard version of HBV has only two outflows, Q1 and
. The boxplots are based on 100 streamflow characteristic values derived from 100 different parameter sets. When com-

ng the runoff components calculated by all three model structures, remarkable differences were seen between different
atchments and the three HBV model structures. For example, the difference in the contribution of different Q com-
ents between the sediment and till-dominated catchments was apparent. It can be seen in Figure 5 that the calibrated

tribution of discharge from the lower groundwater bucket (baseflow) was higher in larger catchments with more sediment
s (e.g., C14, C15, and C16). In contrast, in catchments C5 and C4, the fast flow (Q1) showed a more significant contri-

on to total runoff generation.
Comparisons of dynamic storage within and between catchments

ulation results from the three-bucket structure, which showed reasonably good performance across all catchments,
onstrate differences in storage components between catchments. The simulated maximum storage in the upper and

er groundwater bucket are plotted in Figure 6. It can first be noted that in wetland-dominated catchments, the maximum
age in the upper groundwater zone was higher than the other subcatchments. In contrast, catchments dominated by sedi-
t soils retained a higher amount of water in their lower groundwater bucket. It should also be noted that the upper

rvoir (SUZ) is nearly empty during long periods and the mean value is, therefore, small. The simulated daily storage
pper and lower reservoirs estimated by each model structure was then aggregated to compare changes in dynamic storage
ated by different model structures.
online.com/hr/article-pdf/53/4/562/1043601/nh0530562.pdf
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he dynamic storage estimates calculated as the difference between the maximum and minimum groundwater storages

m the different model structures are presented in Figure 7. While the estimated storage volumes varied, a consistent overall
ttern among the catchments could be observed. In general, the forested catchments had lower storage estimates than the
tchments with a lake or large wetlands, and storage estimates were even larger for the sediment catchments. For some of

catchments (C5, C6, and C9), the estimated dynamic storages were similar for the different model structures. In contrast,
differences were higher for others (C14, C15, and C16).
n contrast to the overall range of dynamic storage, the mean storage value calculated by each model structure showed large
riation among catchments (Figure 8, Table 4).

or most of the catchments there was only a slight increase in estimated dynamic storage from the one-bucket to the two-
cket structure, but a significant increase from the two-bucket to the three-bucket in most of the catchments (Figure 8). This
ttern was opposite for the lake dominated-catchment (C5).

imulated dynamic storage, however, exhibited more variation both within and among the catchments on shorter time-
les (Figure 9). The variation in dynamic storage between catchments was highest in spring with a minimum value of
m for C1 and a maximum value of 30.9 mm for C20, and lowest in winter with a range of 5 mm. According to the

ee-bucket model, C5 had the largest seasonal variation with the mean storage approximately 5 times greater in spring com-
red to winter. Additionally, we quantified the similarity degree between the mean seasonal storage estimates by the three
del structures using the Spearman correlation coefficient (Table 5). The comparison of similarity metrics revealed that the

ure 5 | Fraction of fast runoff (Q0), delayed runoff (Q1), and slow runoff (Q2) to catchment outflow derived from different model
uctures.
ttp://iwaponline.com/hr/article-pdf/53/4/562/1043601/nh0530562.pdf
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elation between the mean storages estimated by the three model structures was highest for spring and lowest for winter.

eover, the one-bucket and three-bucket structures had the largest differences in estimating dynamic storage during all sea-
s. These differences were highest for C14 and lowest for C5.

The role of landscape characteristics

results of Spearman’s correlation analysis between catchment storage and dominant landscape characteristics are sum-

ized in Table 6. The test showed a positive relationship between catchment tree volume, till soils, and total water storage,
This indicates that as the amount of tree volume and till soils increase, the total water storage, ΔV also increases (r¼ 0.60,
0.05). In contrast, with increasing wetland percentage, the amount of total water storage, ΔV decreased (r¼�0.59, p,
). Dynamic storage (HBV), on the other hand, showed a negative correlation with tree volume (r¼�0.77, p, 0.05) and
oil (r¼�0.60, p, 0.05). It also showed a positive correlation with lake percentage. Positive correlations were also found
een catchment area, mean storage during the entire period, and mean seasonal storage (winter, spring, and summer).
ation above stream (EAS) and slope both showed a negative relationship with storage in the upper zone (SUZ) and a

tive relationship with storage in the lower zone (SLZ). In contrast, there was no correlation between mean catchment
ation and any of the storage metrics.
atchment area and sediment soil were positively correlated to mean SLZ, which means that catchments with a larger

, higher EAS, larger amounts of sediment soil, and steeper slope would have higher storage in the lower groundwater
ket. For the mean storage over the whole study period, a positive relationship was observed with the mean catchment
and the proportion of sediment soil. However, the mean storage was inversely affected by till soils and tree volume

re 6 | The maximum amount of storage (mm) in the upper (SUZ) and lower (SLZ) groundwater zones estimated by the three-bucket
el structure over the whole study period. The black dots show the mean storage over the entire period.
online.com/hr/article-pdf/53/4/562/1043601/nh0530562.pdf



Figure 7 | Dynamic storage estimated by the three HBV model structures. The error bars represent the intra-annual variability of dynamic
storage for the study period (2011–2017).

Figure 8 | Mean storage estimates by all model structures. The error bars represent the intra-annual variability of mean storage for the study
period (2011–2017).
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Table 4 | Dynamic storages as estimated by the three model structures

Figure 9 | Mean seasonal water storage estimated by the three model structures. Seasons were divided into four seasons: winter (NDJFM),
spring (AM), summer (JJA) and autumn (SO).
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Table 5 | Spearman proximity matrix between mean seasonal storages calculated using the three different model structures

One-bucket Two-bucket Three-bucket

Spring

One-bucket 1 0.916 0.657

Two-bucket 0.916 1 0.864

Three-bucket 0.657 0.864 1

Summer

One-bucket 1 0.824 0.319

Two-bucket 0.824 1 0.565

Three-bucket 0.319 0.565 1

Autumn

One-bucket 1 0.895 0.284

Two-bucket 0.895 1 0.486

Three-bucket 0.284 0.486 1

Winter

One-bucket 1 0.846 0.266

Two-bucket 0.846 1 0.442

Three-bucket 0.266 0.442 1

Table 6 | Spearman rank correlation coefficients between physical catchment properties and storage metrics

Variables ΔV [mm] Dynamic storage Mean storage Summer Autumn Winter Spring SUZ SLZ

Area (log) 0.042 0.437 0.596 0.596 0.534 0.618 0.543 �0.231 0.604

Elevation �0.015 �0.044 �0.073 �0.112 �0.079 �0.073 �0.040 0.385 0.002

EAS 0.332 �0.187 0.213 0.429 0.165 0.262 0.029 �0.749 0.525

Slope 0.226 0.124 0.513 0.670 0.469 0.509 0.374 �0.670 0.783

Mire �0.590 0.306 0.130 �0.002 0.187 0.057 0.222 0.816 �0.084

Lake % �0.265 0.633 0.307 0.033 0.326 0.272 0.503 0.298 �0.085

Till 0.615 �0.601 �0.604 �0.388 �0.604 �0.617 �0.619 �0.148 �0.361

Sediment 0.032 0.371 0.624 0.636 0.531 0.657 0.499 �0.524 0.631

Tree volume (m3 ha�1) 0.603 �0.770 �0.750 �0.576 �0.719 �0.689 �0.796 �0.158 �0.475

Soil depth (m) 0.011 0.383 0.432 0.383 0.374 0.471 0.407 �0.476 0.306

ΔV [mm] 1 �0.534 �0.393 �0.169 �0.433 �0.336 �0.490 �0.292 �0.125

Dynamic storage 1 0.793 0.538 0.767 0.697 0.938 0.138 0.332

Mean storage 1 0.921 0.982 0.978 0.938 �0.081 0.811

Summer 1 0.912 0.938 0.763 �0.156 0.934

Autumn 1 0.969 0.925 �0.002 0.802

Winter 1 0.877 �0.103 0.855

Spring 1 0.007 0.618

SUZ 1 �0.310

SLZ 1

Values in bold are different from 0 with a significance level alpha = 0.05.

Note: Mean storage is the average of model-based storage for the whole period of 2011–2017. Dynamic storage is the difference between min and max model-based storage.
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ure 10(c) and 10(d)). For the mean seasonal storage, an inverse correlation was found between till soils and the mean

age in autumn, spring, and winter, with a much weaker correlation in summer (r¼�0.388, p, 0.05).
ree volume also revealed a negative correlation with all seasonal storage, although this relationship was stronger in winter
summer. Furthermore, a positive correlation was observed between sediment soil and the mean storage in summer and

ter. This highlighted the role of sediment soils in maintaining a relatively high flow, mainly during the dry periods. The
n slope showed a significant correlation only to the mean storage during summer. Contrary to what was expected, the
n catchment soil depth did not correlate with any storage metrics.

ISCUSSION

Model performance comparison

analysis of model performances showed that the three-bucket model captures the hydrological behavior best in all catch-

Hydrology Research Vol 53 No 4, 577
ts. This finding is similar to Stoelzle et al. (2015), who suggested the simple structures of one or two reservoirs are less
ient in simulating catchment baseflow. Fenicia et al. (2014) also found that single-reservoir models are too simplistic to

tify the different runoff-generating processes and that models with multiple parallel flow paths performed better. In
ition, for all model structures, the best model performances were achieved in catchments with lower slope and mean
ation above streams (EAS) (Figure 4). A possible explanation is that with increasing elevations above the stream, the
ial heterogeneity of flow paths and processes within the respective catchments increases. Therefore, models that treat

hments as a single unit might have difficulties in representing the hydrologic functioning of these catchments.

re 10 | Scatter plots illustrating the correlations between dynamic storage and dominant catchment characteristics.

online.com/hr/article-pdf/53/4/562/1043601/nh0530562.pdf
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ur results also suggest that in large catchments with higher slope and EAS, the one-bucket and two-bucket reservoirs were

t adequate, and better performance was achieved by multiple reservoirs and flow pathways. The underlying reason could be
t for the larger catchments there also is a higher percentage of sediment cover and deeper soils, which both can increase
tial variability within a catchment and, as a result, affect model performance. Furthermore, the relatively poor perform-

ce of all three model structures in large sediment catchments suggests that capturing the storage–discharge functioning
more challenging than the other catchments, likely because of more complex hydrological responses (Jutebring-Sterte
al. 2021). However, our results contradict the findings of other studies. For example, Broderick et al. (2016) used the
E criterion and found higher model performance for catchments with greater storage capacity and baseflow as they are

s sensitive to storm events, and therefore produce a less variable flow series. Additionally, Van Esse et al. (2013) tested
different conceptual model structures on 237 catchments in France and found that conceptual models have higher effi-
ncy in larger catchments.

. Runoff components differences

e analysis of simulated runoff components suggests various dominant hydrological functioning in different catchments that

n potentially be attributed to the spatial heterogeneity of soil properties in the studied catchment. The results of 100 cali-
tion trials showed the importance of baseflow in sustaining runoff generation, especially in sediment soil catchments. This
in line with findings from Karlsen et al. (2019), Teutschbein et al. (2015), and Peralta-Tapia et al. (2015) that also demon-

ated that the amount of baseflow draining into the streams has a positive correlation with increasing catchment area and
iment cover.
onversely, in wetland-dominated catchments (C4 and C5), overland flow from peat soils dominates storm runoff gener-

on. Laudon et al. (2007) and Seibert et al. (2003) have also pointed out that in peatlands, groundwater levels reach the

l surface and, combined with overland flow from snowmelt, results in higher specific discharge compared to other catch-
nts. In contrast, larger catchments with deep sediment soils have deeper flow paths and higher contribution to baseflow.

. Partitioning of storage between upper and lower reservoirs

e also illustrated and compared the differences in the simulated storage components and flow paths among the catchment
tegories. We observe differences in dynamic storage at various locations (upper and lower storage zones) within the catch-

nt between different landscape classes. Since the studied catchments are partially nested and have a similar climatological
ime, the variability in storage behavior should be mainly due to different physical attributes such as soils, landform, and
getation cover.
he large sediment catchments in the lower part of Krycklan had a higher infiltration rate and deeper subsurface flow

ths. This suggests that water is stored mainly in the lower storage zone and thus can help maintain baseflow during dry
riods. Our results are consistent with those obtained by Peralta-Tapia et al. (2015), who used stable isotopes to show
t the contribution of deeper groundwater flow paths to catchment discharge increases with the catchment size. Conver-

y, the wetland-dominated catchments had more storage volume in the upper groundwater zone during high flows. This
ports the finding of Laudon et al. (2007) that in wetland-dominated catchments, the proportion of new or event water
s much higher than forest on till catchments. Using isotopic data, they also concluded that there is a shallow pathway

wetland catchments close to the surface, which might be formed by a concrete frost layer inhibiting the infiltration of
n and meltwater.

. Influence of different model structures on dynamic storage

e different model structures had a varying number of storage reservoirs, which could partly explain differences in model
rformance as they capture hydrological catchment functioning differently. However, our main question was how much the
imated storages differed between these structures. As expected, using multiple storage reservoirs, even with the same

mber of parameters (one-bucket and three-bucket structures), makes a large difference in some catchments. Typically,
the most lake-influenced catchments (C5, C6, and C9), as well as the sediment dominated catchment C20, the modeling
ults were similar for all model structures, which implies that regardless of the high model performance value, model struc-

es with only one reservoir can adequately represent the dynamic storage behavior. The explanation for C20, which was an
tlier of sediment categories, could be due to its smaller drainage area compared to other sediment-dominated catchments
14 and C16).

Hydrology Research Vol 53 No 4, 578
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lthough applying different model structures resulted in different estimates of dynamic storage for each catchment, all

amic storage estimates calculated for different model structures ranked similar among the catchments. For instance, all
el structures resulted in less dynamic storage for till catchments, while a higher amount of dynamic storage was obtained
hose most influenced by lakes. These results are in line with Karlsen et al. (2019), who calculated dynamic storage, as the

rence between the observed daily minimum and maximum specific discharge for each catchment and found the lowest
amic storage for C2 (20 mm), and the highest for C6 (75 mm).
oreover, we found that the spatial variability of dynamic storage is higher in spring, possibly due to differences in soil frost
nt during snowmelt, depending on the vegetation cover and soil type. The difference between the two dominant soil

ps (till and sediment) in transferring snowmelt water inflow within the catchment may also account for this difference.
hments with sediment soil have deeper, or probably more groundwater paths, while catchments with till soils are less
eable so that most of the snowmelt leaves the catchment as overland flow and through the upper storage box.

s mentioned above, the boreal ecosystems are characterized by long winter and large snow accumulation. Therefore,
ng snowmelt has a dominant contribution to the annual storage-discharge magnitude in northern regions (Laudon &
sson Löfvenius 2016). The simulation results determined that although the precipitation and temperature were similar

ss all catchments, the differences in catchment topography, soil, and land cover resulted in differences in the snow
mulation among catchments. Compared to other forested similar size catchments, the higher amount of discharge
dynamic storage of lake and wetland-dominated catchments (C5 and C4) during spring snowmelt can be explained by

larger snowpacks in these open canopy catchments (Kozii et al. 2017). In seasons when rainfall has the dominant
ct on runoff, the lake catchment, C5, had the smallest amount of dynamic storage compared to other catchments. This
es with previous findings suggesting that deep glacial till soils, wetlands, and forests on sediment soils have more storage
ng low flow conditions, while shallower till soils and open-water wetlands have been shown to sustain less water as they

ady contain a lot of water and their storage capacity (active storage) is small (Meriö et al. 2019).
he three different model structures showed that although the pattern of dynamic storage (the difference between the mini-

and maximum annual storage values) estimates among catchments were similar, the catchments ranking for mean

age values differed greatly. However, for every model structure, catchments with higher tree volume and more till soils
a lower amount of dynamic storage compared to sediment catchments with less tree volume. This is likely due to tran-
ation and interception losses that reduce groundwater recharge (Ilstedt et al. 2016; Bonnesoeur et al. 2019), or soil water

ke within the tree root zone (Allen & Chapman 2001).

Importance of using an ensemble average of different model outputs in the final prediction

onsider parameter uncertainty and to ensure that results are not affected by it, as a first step we calculated the conceptual

amic storage using an ensemble average taken over 100 best simulations, to have more robust storage estimations. Second,
results revealed that although the three-bucketmodel performed relatively better for all catchments, for somecatchments the
-bucket model with less complexity also yielded a high model performance. Additionally, our findings indicated that the

e-bucket model, despite its high performance, had more uncertainty in simulating dynamic storage than the one-bucket
el, which gained the lowest model performance. Most studies, on the other hand, have focused on the impacts of model
ctures on discharge simulation (Uhlenbrook et al. 1999; Van Esse et al. 2013; Fenicia et al. 2014; Parra et al. 2019a), and
sidered the performance criteria to determine the predictive power of a model. With our focus on estimating a fraction of
l storage that is actively controlling discharge release, and using it as a comparison of hydrological functioning across con-
ting boreal catchments, makes the validation more difficult.

herefore, we argue that using a simple ensemble averaging method that combines the prediction of each model equally
ld decrease the weakness of every single model in representing the hydrological functioning. This approach will also
ce the biases resulting from modelers’ personal preferences

Dependence of dynamic storage on catchment characteristics

results from the Spearman rank correlation tests suggest that the largest mean storage estimates were found in larger
hments, and catchments characterized by a large proportion of sedimentary soil, especially during winter. This finding

accordance with other studies in Krycklan. For example, Karlsen et al. (2016), who applied partial least square regression
uantify the linkage between recession characteristics and catchment properties found that with increasing catchment size,
relative contribution of groundwater, especially during winter baseflow, increased. This is also in agreement with Tiwari

Hydrology Research Vol 53 No 4, 579
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al. (2014) and Peralta-Tapia et al. (2016), who have shown that deep groundwater contribution in the catchment increases

th catchment size.
hen comparing our findings with Jutebring Sterte et al. (2021), a similar pattern was seen between travel time and

namic storage among the catchments. For example, the modeled mean travel time (MTT) increased with increasing

pe, sediment soil proportion, and catchment size. In their study, C20 was seen as an outlier in most of the correlation ana-
es, and the longest MTTs were found for that catchment despite its relatively small size. A direct association of sedimentary
l on prolonged groundwater storage-release processes has also been found in a study conducted in south-central Chile
rra et al. 2019b), while Staudinger et al. (2017) found no correlation between catchment area and any of the storage

trics in alpine catchments.

Hydrology Research Vol 53 No 4, 580
e also found a strong correlation between catchment tree volume and dynamic storage, which is in line with findings of

rrientos & Iroumé (2018), who explored the impacts of forest management on dynamic storage in 15 forested catchments

d concluded that catchments with lower forest cover (biomass volume and plantation density) have higher storage volumes.
is might be due to the increasing evapotranspiration rate by deep-rooted trees with water uptake in sub-surface storage and
refore results in reducing the available amounts of dynamic storage. Furthermore, we assumed that the positive association

tween the total water storage (estimated by the water balance method) and till soils could be because densely forested
tchments store significant amounts of input water, and this large quantity of immobile storage was included in the calcu-
ions of the water balance method.

CONCLUSION

this study, we used the HBV model with three model structures, each with a different number of storage reservoirs, to
aluate differences in dynamic storage simulation. First, we found that there is a high variability among different parameter-
tions. This means that to achieve robust results for further analyses, it is important to consider parameter uncertainty, for

tance, by an approach such as the 100 calibration trials used in our study. Second, we found high variability in dynamic
rage estimates not only between the catchments but also between the different model structures.
oreover, this study highlighted the importance of a three-bucket conceptual model that generates runoff using multiple

rage reservoirs, especially in large groundwater-dominated catchments with deeper sediment soils. In contrast, for the lake-
uenced catchments, a single-reservoir structure performed equally well, indicating that these simple structures can ade-
ately represent the hydrological functioning in such catchments due to the lower storage capacity and shallow

undwater levels.
e also concluded that an ensemble average of simulations can be used as a point of hydrological functioning comparison

tween different catchments. Considering that the model validation using real data in these large-scale heterogeneous catch-
nts is not possible in practice, this can reduce the time, cost, and risk associated with uncertainty of each single model

ucture.

inally, as demonstrated by our results, the dynamic catchment storage could be explained by landscape features such as

inage area, slope, soil characteristics, and tree volume.
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Abstract

Boreal catchments are composed of different land covers, such as forests, peatlands

and lakes, which differ in their runoff response to rainfall events. Understanding the

individual and combined responses to rainfall events of these different land cover

types is crucial for predicting potential impacts of future climate conditions on boreal

water cycling. A common assumption is that peatlands attenuate peak flows, which is

used as a motivation to restore drained boreal wetlands. However, it remains unclear

how and to what extent peatlands can affect peak flow response. Only a few previ-

ous studies have looked at the hydrologic dynamics of peatlands in response to spe-

cific rainfall events across a wide range of nested sub-catchments with varying

peatland cover. In this study, we use nine years of hourly hydrometric data from

14 catchments within the Krycklan Catchment Study in northern Sweden to examine

how peatlands contribute to flood attenuation at both local and stream network

scales. Our analysis at the local scale demonstrated that during large events with low

antecedent wetness conditions, peatland-dominated catchment exhibited more

muted responses compared to the similar-sized forest-dominated catchment. How-

ever, during events with high antecedent wetness conditions, the peatland-dominated

catchment exhibited flood magnitudes similar to the forest-dominated catchment,

although the elevated flow condition at the peatland-dominated catchment persisted for

longer periods. Finally, our analysis revealed no significant influence of peatlands on the

attenuation or amplification of floods at the stream network scale.

K E YWORD S

antecedent conditions, boreal landscapes, peak flow, peatlands, rainfall events

1 | INTRODUCTION

Flood events are characterized by a rapid increase in stream discharge

occurring over relatively short periods and are often generated by

large rainfall events or rapid snowmelt combined with high anteced-

ent soil moisture conditions (Acreman & Holden, 2013; Baker, 2006;

Brunner et al., 2021). Floods can cause considerable destruction to

property and infrastructure and result in large sediment, nutrient, and

contaminant export (Dyson et al., 2011; Marttila et al., 2010; Qiu

et al., 2021; Räsänen et al., 2014; Zwart et al., 2017). Because climate

change projections suggest a general increase in large precipitation

events at high latitudes, we can expect future increases in the magni-

tude and frequency of flooding with potentially catastrophic implica-

tions to both natural and human environments in boreal landscapes
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(Arheimer & Lindström, 2015; Ducharme et al., 2021; Favaro &

Lamoureux, 2014; Pörtner et al., 2019; Walsh et al., 2020). Given

these concerns, efforts should be made to adopt improved flood miti-

gation measures in places where they are most needed.

The magnitude and timing of catchment event response are

highly dependent on rainfall characteristics (e.g., rainfall volume, inten-

sity and duration) as well as catchment physical attributes such as

topography, land cover and soil types (Devito et al., 2017; Edokpa

et al., 2022; McGuire et al., 2005; Phillips et al., 2011). Numerous

studies have also highlighted the impact of land use and land cover

changes, particularly deforestation, on peak flow (Brath et al., 2006;

Guillemette et al., 2005). Based on an extensive literature review con-

ducted by Rogger et al. (2017), it has been consistently observed

through multiple experimental studies that forested areas are associ-

ated with lower peak flow magnitudes compared to grasslands. This

has been attributed to factors such as increased rates of rainfall inter-

ception and transpiration, but soil infiltration can also be enhanced by

forest cover in some circumstances (Bargués Tobella et al., 2014). Fur-

thermore, several studies have demonstrated the significant role of

lakes in moderating peak flow and reducing the occurrence of floods

(Arp et al., 2006; Hudson et al., 2021; Leach & Laudon, 2019;

Nakayama & Watanabe, 2008).

In addition, antecedent soil wetness conditions can be an impor-

tant factor influencing peak flow dynamics (Acreman & Holden, 2013;

Biron et al., 1999; McKillop et al., 1999; Penna et al., 2011). Specifi-

cally, in peatlands, it has been shown that when the soil is already at

or near saturation due to previous rainfall events, overland flow can

become the dominant mechanism for delivering water rapidly to the

stream network and thus contributing to flood risk (Branfireun &

Roulet, 1998; Haque et al., 2018; Peralta-Tapia et al., 2015). Further-

more, a study conducted by Wells et al. (2017) investigated runoff

generation dynamics of a wetland-dominated headwater catchment in

northeastern Alberta, Canada, revealed that during wet antecedent

conditions, storms of various magnitudes were capable of generating

significant runoff, with water tables approximately 6 cm below the

ground surface. James and Roulet (2009) conducted a comprehensive

analysis of ten storm events in eight nested forest catchments located

within the glaciated landscape of Mont Saint-Hilaire, Quebec, Canada,

highlighting the significant influence of antecedent moisture condi-

tions on shaping the spatial patterns of runoff generation.

Many recent studies have investigated the response of runoff in

northern regions, but the focus has been mostly on snowmelt events

or mean seasonal runoff (Buttle et al., 2018; Ide et al., 2013; Mack

et al., 2021; Schelker et al., 2013; Wu et al., 2020). This emphasis

arises from the hydrological regime in northern regions being domi-

nated by long winters where large proportions of annual precipitation

fall as snow. As a result, the variability in the annual flow patterns is

primarily controlled by the impact of snow accumulation and melt,

often on frozen soils. Fewer studies have examined event-scale runoff

response during summer and autumn, when runoff is predominantly

driven by rainfall events (Haque et al., 2022; Hudson et al., 2021;

Wilson et al., 2011). Therefore, studying event-scale runoff response

during summer and autumn offers new insights into how catchment

characteristics, antecedent wetness conditions, and rainfall events

influence runoff generation during unfrozen conditions.

Most approaches for studying rainfall response at event scales are

based on characterizing hydrographs. Studies have used descriptions of

runoff-event metrics, such as the event runoff coefficient, peak flow,

lag time and discharge increase rate (Bullock & Acreman, 2003; Palleiro

et al., 2014; Rodríguez-Blanco et al., 2012; Seibert et al., 2016;

Tarasova et al., 2018) to explore how landscape features influence run-

off dynamics. Characterizing catchment responses during short-term

rainfall events can provide insight into how runoff generation depends

on catchment characteristics, rainfall events and antecedent wetness

conditions (Lyon et al., 2008). For instance, Tarasova et al. (2018) quan-

tified event runoff coefficient, lag, discharge increase and peak dis-

charge for more than 220,000 rainfall-runoff events across

185 German catchments. They found that rainfall amounts had a more

pronounced effect on runoff-event metrics in catchments with lower

water storage capacity than in catchments with higher capacity.

The boreal landscape is characterized by a mosaic of forests, lakes

and wetlands and each of these land cover types may exhibit unique

hydrologic response to rainfall events (Buffam et al., 2007; Petrone

et al., 2007; Wells et al., 2017). Most wetlands in the boreal ecosys-

tem are peat-forming, such as bogs, fens and mixed mires, where a

peat layer accumulates due to organic matter storage under saturated

and anaerobic conditions (Holden, 2006). These peatlands have the

capacity to significantly impact the timing, volume and duration of

streamflow owing to their substantial water-holding capacity (Holden

et al., 2004). While forests and lakes have been studied to some

extent (Hudson et al., 2021; Ide et al., 2013; Leach & Laudon, 2019;

Schelker et al., 2013), less work has focused on the role of boreal

peatlands in how they influence event-scale hydrologic response.

Studies have shown that the impact of peatlands on flood magni-

tude can vary. While some studies have shown that peatlands reduce

peak flood magnitudes (Acreman et al., 2003; Kadykalo &

Findlay, 2016; Mitsch et al., 1977; Wu et al., 2020) others have indi-

cated that they instead increase flood magnitude depending on their

available storage (Acreman & Holden, 2013; Bay, 1969; Bullock &

Acreman, 2003; Burt, 1995; Holden & Burt, 2003). For example, a

recent study conducted by Wu et al. (2023), investigated how differ-

ent types and locations of peatlands affect their efficiency in regulat-

ing floods and droughts in the Nenjiang River Basin, China. By using a

hydrological modelling platform, they found that wetlands have the

capability to mitigate extreme floods and alleviate severe droughts

within the basin. Consequently, they proposed wetlands as an effi-

cient nature-based solution for enhancing the resilience of basins to

hydrological extremes. In contrast, Bay (1969) presented findings indi-

cating that peatlands were efficient in storing short-term runoff by

exhibiting low annual peak discharge rates and long recessions, but

they proved ineffective for long-term storage purposes. These con-

trasting findings suggest that peatland influence on peak flow likely

depends on multiple factors such as landscape configuration, topogra-

phy, soil moisture conditions, management history (e.g., peatland res-

toration and ditch cleaning) and climate conditions (Bring et al., 2022;

Heathwaite, 1995; Sun et al., 2002; Tardif et al., 2009).
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Given the uncertain role of peatlands in peak flow regulation,

more research is needed on their hydrologic functions. Detailed

studies on event scale regulation have been limited due to the lack

of high-resolution hydro-climatic data (Haque et al., 2022; Manus

et al., 2009; Menberu et al., 2018). Existing studies have typically

been conducted at either small spatial scales that focus more on

individual catchments (McKillop et al., 1999; Palleiro et al., 2014;

Streich & Westbrook, 2020; Wilson et al., 2011), or captured a rela-

tively limited number of rainfall events (Haque et al., 2022;

Ketcheson & Price, 2011; Lana-Renault et al., 2014; Sun

et al., 2002; Viglione et al., 2010; Wu et al., 2020). These studies

have highlighted the important role of factors such as initial condi-

tions and antecedent moisture in influencing hydrological responses,

demonstrating a higher responsiveness of streamflow to rainfall

events under higher antecedent wetness conditions. Additionally,

these studies have emphasized the importance of employing larger

spatial scales and high-resolution datasets when evaluating how

catchments respond to rainfall events. There may be limitations in

extending these previous findings to larger spatial scales, such as

stream networks, that vary in peatland cover or for a broader range

of rainfall event conditions (Edokpa et al., 2022; Gao et al., 2018;

Rodríguez-Blanco et al., 2012). Moreover, explicitly accounting for

the influence of antecedent storage (i.e., the amount of water

stored in a watershed before a rainfall event occurs) on peak flow

response has often not been accounted for in many previous

studies.

The main objective of this study was to understand the role of

peatlands on flood regulation when scaling from headwaters to larger

catchments in a boreal ecosystem. To address this, we used hourly

measurements of discharge data from 14 nested catchments (with

varying land cover configurations comprised of peatland, lake and for-

est) within a well-studied boreal experimental forest in northern

Sweden. We specifically asked the following questions: how impor-

tant are peatlands for regulating hydrologic events compared to other

landscape characteristics and does the hydrological response depend

on the spatial scale? We hypothesized that a higher areal peatland

and lake coverage would be associated with reduced peak flow mag-

nitudes, runoff ratios, and delayed peak flow lag time. We also

expected that antecedent wetness conditions would modify the rela-

tionships between peatland and lake coverage and peak flow

response, with elevated antecedent conditions associated with

greater relative peak flow magnitudes.

2 | MATERIALS AND METHODS

2.1 | Study area description

The 14 partially nested sub-catchments are located within the 68 km2

Krycklan Catchment Study (Laudon et al., 2021) in the northern part

of Sweden (Lat. 64�, 23 0N, Long. 19�, 78 0E) (Figure 1). The catchment

has an elevation range from 127 to 372 masl. The climate at the site is

characterized by cold winters (with a mean temperature of �9.1�C in

January) with seasonal snow cover that typically accumulates starting

from early November and persists until late April. Based on the period

of 1991–2020, the mean annual air temperature is 2.1�C, and the

average annual precipitation is 630 mm, where approximately 40% of

the annual precipitation falls as snow (Laudon et al., 2021). The sea-

sonal snow cover typically starts in mid-November, and snowmelt

begins in April or the beginning of May. Of the 68 km2 catchment,

almost 87% is forested, with 9% covered by peat-dominated wet-

lands, 1% by lakes and 3% by arable land (Table 1). Scots pine (Pinus

sylvestris) and Norway spruce (Picea abies) dominate the forests. The

bedrock in the catchment consists primarily of metagraywacke and

metasediments (94%). Lower parts of the catchment comprise post-

glacial sorted sediments, while the upper part mainly comprises till

and thin soils.

2.2 | Rainfall event identification

Rainfall data were obtained from the Svartberget Research Station,

located in the centre of the Krycklan catchment (64�140 N, 19�460 E,

225 m a.s.l). The rainfall was recorded using a tipping bucket (ARG

100, Campbell Scientific, USA) with a temporal resolution of 10 min

and summed to hourly intervals for this study.

Individual rainfall events were extracted from hourly rainfall time

series. An event was considered distinct if at least 2 mm of rainfall fell

within 1 h and was separated from other events by at least 14 h with-

out any additional rainfall. Following Jones et al. (2004), rainfall events

were categorized as low, medium and high if the total event magni-

tude was below the first quartile (<7.5 mm), between the first and

third quartile (7.5–21.2 mm), and above the third quartile (>21.2 mm),

respectively. The cumulative probability of rainfall events is shown in

Figure S1. This analysis resulted in 18 high rainfall events, 56 medium

rainfall events and 30 low rainfall events with mean volume rainfall of

34.4, 12.4 and 5.1 mm, respectively. We used the ‘IETD’ R package

(https://cran.r-project.org/web/packages/IETD/index.html) for identi-

fying rainfall events.

2.3 | Analysis of the antecedent
precipitation index

To evaluate the effect of antecedent wetness conditions on hydro-

graph response, the antecedent precipitation index (API) for 1 and

5 days before the events were quantified following the approach by

Kohler and Linsley (1951).

API¼
X�i

t¼�1

PtK
�t,

where i is the number of antecedent days, Pt is the rainfall during day

t, and K is the decay constant. The value of K for a given region is gen-

erally selected empirically, with literature values ranging between

0.80 and 0.98 at daily time steps (Brocca et al., 2009; Li et al., 2021).

Larger values of K lead to larger APIs. Here, we adopted the value of

0.98 for K when applying this equation to hourly rainfall data.

KARIMI ET AL. 3 of 17
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Moreover, we observed that changes in the K value primarily affect

the absolute value of the API within catchments, as we used the same

climate/rainfall data for all catchments. Therefore, selecting

K becomes more crucial when comparing catchments across different

climate regions.

It should be noted that our study focused exclusively on periods

where all precipitation occurred as rainfall. We classified the anteced-

ent rainfall index for each event into three categories: low, moderate

and high, using the first and third quartiles, similar to the classification

of the rainfall events outlined above. However, we used the median

value as the threshold for classifying API1 into either low or high ante-

cedent conditions as the first quartile of API1 resulted in a value

of zero.

2.4 | Runoff-event metrics analysis

Hourly discharge from the 14 sub-catchments was estimated from

water level observations and station-specific stage-discharge rating

curves developed by Karlsen et al. (2016). Data were extracted from

2009 to 2017 since records were available for all catchments during

this period. For the present study, we defined the start of a runoff

event as the beginning of rainfall, and we considered the event to

continue until 12 h after the rain had stopped. This time frame was

chosen to ensure that the peak flow response resulting from the

storm event was captured. For each rainfall event, streamflow metrics

were calculated to characterize the hydrograph response for each

catchment. The streamflow variables include (1) runoff coefficient

(unitless) calculated as total runoff divided by rainfall depth for each

event; (2) peak flow (mm/h); (3) discharge increase (Δ mm/h) calcu-

lated as the difference between peak flow and discharge at the start

of the event and (4) lag time (hours) as the time difference between

the peak rainfall and peak flow (Beven, 2011; Haque et al., 2022)

(Figure 2, Table 2).

Moreover, we used observed streamflow recorded at the C7 sta-

tion 5 h before the start of each rainfall event as another indicator of

antecedent storage (referred to as antecedent reference discharge)

(Hudson et al., 2021; Wilson et al., 2011). We used specific discharge

F IGURE 1 Maps of the Krycklan catchment, indicating (a) soil type, (b) magnified view of the three end-member catchments: c5 (the lake-
influenced catchment), c4 (the peatland-dominated catchment), and c2 (the forest-dominated catchment) from map (a), (c) elevation, stream
network and sub-catchments and (d) tree volume.
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at C7 sub-catchment, following Tiwari et al. (2022), as it is located in

the central part of Krycklan, drains a mix of mire and forest land

covers, and has a mean specific discharge comparable to that of all

other sub-catchments; therefore, the use of C7 allows for a consistent

and standardized measurement across all sites. The antecedent refer-

ence discharge values were then categorized into three groups, low,

moderate and high based on the abovementioned quartile approach.

3 | STATISTICAL ANALYSIS

To evaluate the local influence of peatlands on flood response, we

fitted linear models to identify possible relationships between total

rainfall and peak flow responses across three small sub-catchments:

C2 (forest-dominated catchment), C4 (mire-dominated catchment)

and C5 (lake-influenced catchment) under varying antecedent condi-

tions (Peralta-Tapia et al., 2015). These catchments represent three

end-members of the land cover types typically found in boreal land-

scapes. In addition, these three catchments are of comparable size

and experience similar weather events, facilitating inter-comparisons.

F IGURE 2 Flood hydrograph characteristics.

TABLE 1 Main characteristics of all 14 monitored sub-catchments in Krycklan.

Topography Quaternary deposit Landcover

Area
(ha)

Elevation (m a.
s.l.)

EASa

(m)
Slope
(�)

Soil
depthb (m)

Sediment
(%)

Till
(%)

Peatland
(%)

Lakes
(%)

Forest
(%)

C2 12 273 10.1 4.7 9.9 0 100 0 0 100

C4 18 287 9.0 4.2 10.1 0 49 44 0 56

C7 47 275 7.5 5.0 11.4 0 81 18 0 82

C1 48 279 10.9 4.9 12.2 0 100 2 0 98

C5 65 292 2.3 2.9 12.3 0 46 40 6 54

C6 110 282 4.2 4.5 9.8 0 65 25 4 71

C20 145 214 13.5 6.0 15.9 21 65 10 0 88

C9 288 251 4.4 4.3 14 4 76 14 1 84

C10 336 296 8.3 5.1 9.5 1 71 26 0 74

C12 544 277 7.4 4.9 12.2 6 75 17 0 83

C13 700 251 6.3 4.5 13.5 16 70 10 1 88

C14 1410 228 10.2 6.4 17.3 38 53 5 1 90

C15 1913 278 9.6 6.4 12.3 10 73 15 2 82

C16 6790 239 10 6.4 16 30 58 9 1 87

Note: Sub-catchments are ordered by catchment area.
aEAS: Catchment mean elevation above stream network calculated similarly to Seibert and McGlynn (2007).
bSoil depth: Mean catchment soil depth, calculated from the SGU soil depth model map (Daniels & Thunholm, 2014). Soil depth is here equivalent to the

depth of bedrock.

TABLE 2 Names, abbreviations and units for the variables used to
characterize rainfall–runoff events.

Abbreviation Unit

Runoff-event metrics

Peak flow Qmax mm/h

Discharge increase ΔQ mm

Lag time Lag h

Runoff coefficient Rc -

Antecedent reference discharge Qb mm/h

Rainfall metrics

Rainfall volume P mm

Intensity IP mm/h

Antecedent precipitation index API mm

Rainfall duration Rd h

KARIMI ET AL. 5 of 17
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C2 consists mainly of forested areas overlying mineral soils and C4

and C5 are dominated by peatland and lake cover, respectively.

Boxplots were also used to illustrate the variability of

runoff-event metrics across these end-member catchments for differ-

ent rainfall conditions. In addition, a paired Wilcoxon test with a Holm

correction on the p values was utilized to determine whether the

observed differences between the runoff-event metrics were statisti-

cally significant.

The second purpose of the study was to determine which catch-

ment characteristics may be related to differences in hydrological

responses among all 14 catchments. A principal component analysis

(PCA) was performed on the landscape characteristics in Table 1 using

the XLSTAT statistical software to account for the strong covariance

between landscape characteristics. The relationships between catch-

ment characteristics and mean runoff-event metrics were investigated

using non-parametric Spearman rank correlation tests. All the correla-

tion analysis and graphics, except for the PCA, were performed using

the R software, version 4.1.2 (https://www.r-project.org/). Statistical

significance was determined using a 5% significance level (p < 0.05).

4 | RESULTS

4.1 | Rainfall event identification

We identified 114 individual rainfall events from 2009 to 2017 for

which hourly streamflow records were available for all sites (Table 3).

The rainfall events exhibited a wide range in rainfall totals (2.8–

75 mm) and antecedent rainfall during the previous 1 and 5 days.

4.2 | Rainfall-runoff responses for the end-
member examples

To show the variability in streamflow response across the end-

member catchments, four hydrograph examples (out of the 114 in

total) for different event rainfall amounts and antecedent conditions

were compared (Figure 3). These hydrographs include events with

high P and low antecedent reference discharge (A), low P, and high

antecedent reference discharge (B), moderate P and high antecedent

reference discharge (C) and moderate P and low antecedent reference

discharge.

The first event on the upper left (21–23 July 2008, Figure 3a)

was generated by a rainfall amount of 66 mm that followed a dry

period during the previous five days (0.47 mm) and low antecedent

reference discharge (0.003 mm/h). For the lake-influenced catchment

(C5), the event hydrograph had a slow and prolonged rising limb. In

contrast, the forest-dominated catchment (C2) showed a flashier and

more rapid response to rainfall inputs with a shorter lag to the peak.

The response of the peatland-dominated catchment (C4) was more

delayed and had a lower peak magnitude than the forest-dominated

catchment (C2).

The rainfall event of 12 mm (20–23 August 2008) (Figure 3, top

right) followed a high antecedent rainfall period (7.7 mm during the

TABLE 3 Statistic summary of the
main characteristics of rainfall–runoff
events.

Minimum Maximum Mean 1st quartile 3rd quartile

Rainfall duration (h) 1.00 92 22 8 29.75

Rainfall depth (mm) 2.84 75 15.38 6.75 18.47

Intensity (mm/h) 0.15 6.1 1.07 0.49 1.28

AP1 (mm) 0.00 10 0.35 0 0.96

AP5 (mm) 0.00 22 3.5 0.14 8.2

Qb (mm/h) 0.002 0.13 0.02 0.003 0.05

Peak flow (mm/h)

C1 0.003 1.16 0.11 0.019 0.113

C2 0.000 5.55 0.20 0.020 0.124

C4 0.003 0.55 0.07 0.018 0.105

C5 0.002 3.32 0.13 0.014 0.081

C6 0.005 3.6 0.16 0.025 0.092

C7 0.003 0.79 0.09 0.024 0.104

C9 0.003 0.62 0.08 0.019 0.106

C10 0.006 0.55 0.07 0.023 0.085

C12 0.007 0.49 0.08 0.024 0.093

C13 0.003 0.47 0.06 0.020 0.075

C14 0.006 0.44 0.04 0.020 0.049

C15 0.011 0.29 0.06 0.029 0.075

C16 0.015 0.31 0.05 0.026 0.059

C20 0.007 0.43 0.07 0.035 0.085
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previous five days) and high antecedent reference discharge

(0.05 mm/h). The forested and peatland-dominated catchments

showed relatively similar initial hydrograph rise but the peatland-

dominated catchment had a more delayed recession limb. Also, the

lake-influenced catchment (C5) had a relatively higher response than

the event with low antecedent conditions, but the peak occurred later

than the other two catchments.

The event of 9–12 July 2009 (Figure 3c) was generated by a rain-

fall amount of 20 mm but under high antecedent conditions

(AP5 = 19 mm and Qb = 0.05 mm/h). When the antecedent rainfall

was relatively high, the forest and peatland-dominated catchments

showed a relatively rapid response to rainfall. The response of the

lake-influenced catchment was slightly higher than during the other

events. However, the peak flow response of the forested catchment

was much higher and steeper than peatland and lake catchments for

the event with a similar amount of rainfall (Figure 3d), but occurring

after a dry period (AP5 = 0.0 mm). Furthermore, two peak flows were

observed in forest and peatland-dominated catchments due to

another high-intensity rainfall during the event. In the forest-

dominated catchment, the second peak was higher than in the

peatland-dominated catchment.

We also investigated how event peak flow response and runoff

coefficient were related to event rainfall with different antecedent

conditions for the forest, peatland and lake catchments (Figure 4).

Overall, peak flows for all end-member catchments were higher dur-

ing events with high antecedent conditions. The forest-dominated

catchment generally experienced the highest and lowest peak flows

during high and low rainfall events, respectively, regardless of

F IGURE 3 Examples of event scale hydrographs for the end-member catchments.
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antecedent conditions. Moreover, peak flow response in the forest-

dominated catchment showed a steeper response to rainfall, particu-

larly during the moderate and low antecedent conditions. During

periods of low antecedent conditions, we observed similar runoff

coefficients for the lake-influenced and peatland-dominated catch-

ments, particularly during small rainfall events. However, as the rain-

fall intensity increased, the coefficients of the runoff events diverged

between the two catchment types. The runoff coefficients were larg-

est during the high antecedent conditions for all end-member catch-

ments. Moreover, runoff coefficient responses for each

catchment were more scattered during low and moderate antecedent

conditions. It is worth noting that the impact of antecedent conditions

on peak flow and runoff response was more pronounced during small

rainfall events for all end-member catchments.

The analysis of runoff-event metrics (e.g., peak flow, discharge

increase, runoff coefficient and lag) in different rainfall groups

revealed that high rainfall events exhibited greater differences among

the end-member catchments, whereas the variations were relatively

small during low rainfall events (Figure 5).

The mean increase in discharge varied significantly among the

end-member catchments (C2, C4 and C5) during all rainfall events. In

general, the forest-dominated catchment exhibited a significantly

higher discharge increase than the peatland and lake catchments,

while the lake-influenced catchment showed the lowest increase.

Furthermore, during high rainfall events, the forest-dominated

catchment showed significantly higher peak flow values compared to

the peatland and lake-influenced catchments, while no statistically sig-

nificant difference was identified between the peak flows influenced

by the lake and peatland. During moderate rainfall events, no statisti-

cally significant differences were found between the forest and

peatland-dominated catchments. Nevertheless, the mean peak flow in

the lake-influenced catchment was significantly lower than that of

F IGURE 4 Peak flow response and runoff coefficient plotted against rainfall events (log scale). The solid lines show the best-fit regression
lines. The grey band is a 95% confidence interval for the regression line. ‘High’, ‘Moderate’ and ‘Low’ denote high, medium and low antecedent
reference discharge, respectively. The stars show the four events analyzed in Figure 3.
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forest and peatland-dominated catchments. Conversely, during low

rainfall events, the forest-dominated catchment showed a significantly

lower peak flow compared to the lake and peatland catchments.

The result of the pairwise comparision test for the runoff coeffi-

cient indicated that the forest-dominated catchment had significantly

higher runoff coefficients compared to the peatland and lake

F IGURE 5 Event-based
stormflow characteristics of the
forest (green), peatland (red) and
lake (grey) dominated catchments
during high, moderate and low
rainfall conditions. Ns denotes not
significant. The stars indicate the
levels of significance in Wilcoxon
test (*p ≤ 0.05; **p ≤ 0.01;

***p ≤ 0.001; ****p ≤ 0.0001).
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catchments during high and moderate rainfall events. During low rain-

fall events, there was no significant difference between the forest and

peatland-dominated catchments while the lake-influenced catchment

exhibited a significantly lower runoff coefficient than both forest and

peatland-dominated catchments.

In terms of the lag time, the catchment influenced by the lake

exhibited the longest mean lag time, while the forest-dominated

catchment had the lowest mean lag time. These differences were par-

ticularly distinct and significant during high rainfall events. While the

forest-dominated catchment had a significantly shorter lag time than

the peatland during high rainfall events, these differences were not

significant during moderate and low rainfall events. No significant dif-

ferences were observed in lag times among the three end-member

catchments during low rainfall events.

4.3 | Rainfall-runoff response and catchment
characteristics

PCA applied to these landscape characteristics showed that the first

two principal components (PCs) explained 42% and 30% of the vari-

ance, respectively (Figure 6). Some catchment characteristics are

strongly correlated. For example, the catchment area was positively

correlated with soil depth and percent sediment soil. In addition, tree

volume and percent till soil had a strong positive correlation. Thus, we

excluded tree volume from the rest of the analysis. A Spearman rank

correlation test was then conducted on all 14 catchments to investi-

gate whether any runoff-event metrics were correlated with

catchment characteristics at the network scale (Figure 7). Results indi-

cated negative associations between peak flow (r = �0.78, p < 0.05),

discharge increase (r = �0.79, p < 0.05), and runoff coefficient

(r = �0.58, p < 0.05) with drainage area. Conversely, till-soil-cover

catchments showed positive correlations with discharge increase

(r = 0.63, p < 0.05) and runoff coefficient (r = 0.83, p < 0.05). Further-

more, the data revealed significant inverse correlations between lake

percentage and runoff coefficient (r = �0.69, p < 0.05). Similarly, per-

cent sediment soil exhibited inverse correlations with peak flow

(r = �0.83, p < 0.05) and discharge increase (r = �0.73, p < 0.05).

There were inverse correlations between peak flow (r = �0.56,

p < 0.05) and discharge increase (r = �0.56, p < 0.05) with soil depth.

In terms of lag time, it was found to positively correlate with catch-

ment area (r = 0.57, p < 0.05) and percent sediment soil (r = 0.51,

p < 0.05), while showing a negative correlation with percent till soil

(r = �0.63, p < 0.05). However, no statistically significant relationship

was observed between peatland percentage and peak flow, runoff

coefficient, lag time, or discharge increase. Additionally, neither eleva-

tion nor elevation above stream (EAS) exhibited strong correlations

with any of the runoff-event metrics.

4.4 | Rainfall-runoff responses and antecedent
conditions

The correlation analysis between peak flow and catchment character-

istics exhibited varying degrees of strength under specific antecedent

conditions (Figure 8). At the network scale, catchment area and

F IGURE 6 Principal components
analysis (PCA) for the landscape
characteristics (labelled arrows). The
three end-member catchments are
highlighted in yellow.
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F IGURE 7 Spearman rank correlations between catchment characteristics and hydrological response variables. The colours correspond to the
values of the correlation coefficient (blue and red indicate positive and negative correlations, respectively). White stars indicate significant

correlations at the 5% level.

F IGURE 8 Spearman rank correlation analysis between peak flow and catchment characteristics calculated for groups based on different
antecedent conditions. The colours correspond to the values of the correlation coefficient (blue and red indicate positive and negative
correlations, respectively). White stars indicate significant correlations at the 5% level.
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percent sediment soil were found to exhibit the most pronounced

negative correlation with peak flow across a wide range of antecedent

moisture conditions. This correlation was notably strengthened during

periods of high antecedent conditions. Subsequently, soil depth and

slope were also found to be negatively correlated with peak flow.

Specifically, the negative correlation with slope was stronger and sta-

tistically significant, primarily during high antecedent conditions. On

the other hand, soil depth exhibited a significant negative correlation

with peak flow in almost all of the examined conditions. However, in

contrast to catchment area and percent sediment soil, the results

showed that peatland and lake percentages did not display any signifi-

cant correlation with peak flow. Interestingly, the correlation between

till and peak flow was found to be non-significant when antecedent

conditions were not considered. However, after considering different

antecedent conditions, a statistically significant positive correlation

between percent till and peak flow emerged under moderate anteced-

ent conditions.

Correlation analyses were performed to investigate the relation-

ship between discharge increase rate and catchment characteristics

under various antecedent moisture conditions (Figure S2). Regardless

of the antecedent moisture conditions, larger drainage areas were

associated with decreased rates of discharge increase. Similarly, a neg-

ative correlation was identified between the discharge increase rate

and both percent sediment soil and soil depth. This implies that catch-

ments with higher proportions of sediment soil and deeper soil exhib-

ited lower rates of discharge increase. Additionally, the correlation

analysis revealed a significant negative correlation between slope and

peak flow, but only under low antecedent conditions and during high

rainfall events. Moreover, we found that the positive relationship

between till soil content and peak flow was stronger during moderate

antecedent moisture conditions. In contrast, this correlation became

insignificant during low antecedent moisture conditions. Interestingly,

percent till soil was consistently associated with increased rates of

discharge increment across all rainfall events.

We also investigated the relationship between the runoff coeffi-

cient and catchment characteristics under various antecedent condi-

tions (Figure S3). Regardless of antecedent conditions, lake

percentage consistently exhibited the largest negative correlation with

the runoff coefficient among all the catchment characteristics exam-

ined. Conversely, percent till soil demonstrated a consistent positive

correlation with the runoff coefficient under all antecedent condi-

tions. Furthermore, our study identified significant correlations

between the runoff coefficient and other catchment characteristics,

including EAS, percent sediment soil and soil depth. However, these

relationships were contingent upon specific antecedent conditions.

Specifically, we found that EAS had a significant positive correlation

with the runoff coefficient, but only under the low antecedent dis-

charge. Regarding soil depth, a significant correlation was observed

during high antecedent rainfall over the past five days. Furthermore,

increased percent sediment soil was associated with a higher runoff

coefficient, particularly during high antecedent conditions.

A similar analysis was performed for lag time and catchment char-

acteristics by accounting for antecedent moisture conditions

(Figure S4). Percent till soil displayed the most pronounced negative

correlation with lag time, particularly under high antecedent rainfall

conditions (r = �0.78, p < 0.05). Conversely, the analysis indicated

that area exhibited the strongest positive correlation with lag time,

specifically during low antecedent conditions. Furthermore, the study

identified a significant positive correlation between the lake percent-

age and lag time during high antecedent rainfall conditions (r = 0.52,

p < 0.05) and high antecedent discharge (r = 0.56, p < 0.05). Similarly,

percent sediment soil had a significant positive correlation with lag

time during both low and moderate antecedent rainfall conditions. Soil

depth displayed a significant positive correlation with lag time, specifi-

cally during low antecedent rainfall conditions.

5 | DISCUSSION

5.1 | The local influence of peatland on runoff-
event metrics

The event hydrographs of the end-member catchments (C2, C4 and

C5) suggest that antecedent conditions play an important role in the

hydrological response of lake-, peatland- and forest-dominated

catchments. The peatland-dominated catchment response was higher,

compared to the lake-influenced catchment, but lower than the

forest-dominated catchment (Figure 3). However, at high antecedent

conditions, even low rainfall amounts caused relatively large hydro-

graph responses in all catchments.

In general, the peatland-dominated catchment showed more

dampened responses than the forested catchment of similar size. An

illustrative example is an event with complex rainfall patterns resulting

in two peaks, where the second peak at the forest site was noticeably

higher than that at the peatland-dominated catchment (Figure 3d).

This suggests that the peatland-dominated catchment may have been

able to store and delay a larger proportion of the event runoff follow-

ing the first peak. However, during events following high antecedent

conditions, there is limited storage capacity in the lake and peatland,

resulting in relatively higher flood peaks.

During high antecedent conditions, hydrograph analysis demon-

strated that the peatland (C4) and forest-dominated (C2) catchments

experienced flood events of similar magnitude. However, a notable

difference was observed in the duration of high flow periods between

the two catchments, with the peatland-dominated catchment exhibit-

ing longer periods of elevated flow compared to the forest-dominated

catchment (Figure 3). To explain this discrepancy, one potential factor

could be the swelling mechanism of the peat layer. This mechanism

suggests that peatlands can retain water for an extended period, even

when they have reached their maximum water storage capacity during

high antecedent wetness conditions (Howie & Hebda, 2018; Kellner &

Halldin, 2002). The swelling mechanism is a short-term change in the

pore structure of peatlands caused by high water absorption capacity

during wet conditions. This extra peat soil storage capacity could con-

tribute to sustaining streamflow for an extended period following a

rainfall event. Our comparison between events with high and low
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antecedent conditions demonstrated that peatlands do not always

reduce peak flows. This finding is supported by Acreman and Holden

(2013), who stated that, in order to mitigate floods in headwater

catchments, the water table level at the wetlands must be sufficiently

low to possess the capacity to absorb water at the onset of the rainfall

event. In a study by Bay (1969) on runoff response in four forested

bog watersheds in northern Minnesota, they found that the ability of

peatlands to reduce peak flows, especially at short time scales, is influ-

enced mainly by their available storage capacity. Wetlands, which are

usually recognized for their role in mitigating peak flows, might con-

tribute to amplified flood peaks when they become fully saturated,

thus potentially enhancing flood peaks.

Low-magnitude hydrological response (with no clear peak flows)

at the lake catchment can be associated with the large storage capac-

ity of lakes. This is also consistent with Spence (2006) who showed

that peak flow response to rainfall events can be attenuated by lake

storage. Although some peatlands may not always have persistent

standing water, they share common characteristics with lakes regard-

ing their large potential storage capacity that can store and delay

water delivery to the downstream network. During snowmelt, peat-

lands and lakes have relatively high peak flows since the available

storage capacity is limited because ice limits the water pathways

(Laudon et al., 2007). However, during summer, when water losses

from lakes and peatlands are increased due to evapotranspiration,

these waterbodies can exert a greater attenuating effect (Bay, 1969;

Phillips et al., 2011; Roulet & Woo, 1986).

Based on our analysis presented in Figure 4, we found that the

responses of peak flow and runoff coefficient to event rainfall varied

considerably among the end-member catchments and under different

antecedent conditions. Furthermore, it became evident that the same

rainfall magnitude, occurring under different antecedent conditions,

could lead to a wide range of peak flows within each catchment. In

general, we observed that under high antecedent wetness conditions,

catchments exhibited higher peak flow and runoff events with the

same amount of rainfall. This suggests that even a relatively small

amount of rainfall could result in significant runoff responses when

the catchment is already saturated.

The influence of antecedent moisture conditions became less

pronounced when intense rainfall events occurred. This observation

aligns with the study conducted by Ran et al. (2022), which examined

the relative importance of antecedent soil moisture and rainfall in

flood generation within the middle and lower Yangtze River basin.

That study revealed that the dominance of these factors varies

depending on the size of the watershed. In larger catchments, floods

(which were calculated as the maximum daily discharge of each year)

tend to occur when the soil is already saturated, even with relatively

small rainfall amounts. Conversely, floods in small to medium-sized

watersheds are usually linked to intense rainfall events. When com-

paring peatland, forest and lake catchments, we observed that the

relationship between peak flow and event rainfall had a slightly lower

slope in the peatland-influenced catchment compared to the

forested-dominated catchment, but a higher slope compared to

the lake-influenced catchment, suggesting a greater sensitivity to

rainfall events in the forest-dominated catchment. In contrast, the

lake-influenced catchment showed the lowest sensitivity, with a smal-

ler increase in stormflow despite the same amount of rainfall.

The study findings indicated that during high and moderate rain-

fall events, the differences between catchment stormflow responses

became more pronounced (Figure 5). This could be attributed to the

fact that during low-intensity rainfall events, catchments accumulate

and retain rainfall without releasing it to the streams, resulting in mini-

mal or even no observable response at the outlet. In contrast, during

periods of high rainfall events, some catchments reached their storage

capacity faster, activating more hydrological pathways. This would

lead to rapid delivery of rainfall to the catchment outlet, causing high

peak flows.

The activation of the hydrological pathways depends on local

spatial heterogeneity, including differences in physical properties

and land cover. The contrasting land covers are important in deter-

mining spatial differences in soil storage, evapotranspiration and

subsequent stormflow responses within each catchment (Devito

et al., 2017). Despite these catchments experiencing the same cli-

matic conditions, the forest-dominated catchment demonstrated sta-

tistically significant and higher responses than the peatland and

lake-influenced catchments. The lake-influenced catchment exhib-

ited the lowest stormflow responses. Catchments influenced by

lakes and peat have a higher capacity to store rainfall and delay run-

off. For forested areas, stormflow responses were higher, primarily

attributed to the relatively small amount of water storage capacity,

compared to a lake or peatlands. In addition, forested hillslopes have

greater slope gradients that facilitate more rapid transfer of rainfall

to the stream network. The absence of differences in low rainfall

events can be explained by the forested catchment's ability to delay

responses through rainfall interception by leaves and trees (Levia

et al., 2011).

Results from this study indicate that stormflow responses of the

peatland-dominated catchment, including discharge increase, peak

flow, runoff coefficient and lag, generally fall between the responses

observed in lake and forested catchments, as seen in Figures 3–5.

These findings suggest that the peatland-influenced catchment has a

more moderating effect on peak flows than the forested catchment

but less than the lake catchment. It is crucial to account for variations

in drainage basin features within these end-member catchments, as

these variations could contribute to the observed stormflow

responses. As previously mentioned, the flashier hydrologic response

of the forest and peatland-dominated catchments, in comparison to

the lake-influenced catchment, may potentially be due to their steeper

slope of the drainage area as well. Nonetheless, it is noteworthy that

the lake-influenced catchment also contains 40% peat soil, making it

difficult to determine whether the effect is solely due to the presence

of the lake or the combined effect of the lake and peatland. Addition-

ally, our analysis primarily focused on total event rainfall, and we did

not consider differences in rainfall intensity and duration, which can

also affect soil infiltration and, consequently, response lag, runoff

coefficient and peak flow magnitude (Castillo et al., 2003; Guan

et al., 2016; Joel et al., 2002).
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5.2 | What role do peatlands play at stream
network scales?

We found no significant effect of peatlands on the attenuation or

amplification of floods at the network scale even though our analysis

using the end-members catchments, as well as findings from other

studies, have shown that they can decrease peak flow locally

(Bourgault et al., 2014; Holden et al., 2006). It is important to note

that this lack of effect is seen at larger spatial scales with heteroge-

neous land cover composition. A reason why percent peatland cover

was not statistically significant in moderating stormflows could be that

the composition and configuration of land cover and soil types influ-

ence the flood moderation ability of peatlands (Gao et al., 2018). This

is probably due to the runoff characteristics of the other land cover

types overwhelming the peatland influences at a larger spatial scale.

Although peatland cover did not emerge as an important predic-

tor of runoff response at network scales, our analysis suggests that

some other landscape characteristics strongly correlate with storm

runoff in our study area. In particular, catchment area, percent sedi-

ment soil, and soil depth were positively correlated with lag time. This

means that larger catchment areas and more significant proportions

of deeper, especially sediment soils lead to longer lag times, which is

an indication of the time it takes for water to flow from the catchment

to the outlet. On the other hand, these factors negatively correlated

with peak flow magnitude, runoff coefficient, and discharge response.

This suggests that larger catchments with more sediment and deeper

soil tend to have lower peak flow magnitudes, reduced runoff coeffi-

cients (ratio of runoff to rainfall), and slower discharge responses.

McGlynn et al. (2004) investigated how catchment size and

landscape organization affect runoff generation in New Zealand. By

analyzing both hydrometric and tracer data, they found a systematic

increase in the lag times of tracer responses as the catchment size

increased. However, these relationships can be spurious as the larg-

est catchments in our study exhibit a strong correlation with higher

proportions of sediment, greater soil depth, and steeper slopes (see

Figure 6). However, based on physically based modelling, Jutebring

Sterte et al. (2021) showed that the larger catchments with more

sediment cover are linked to longer hydrological travel times, sup-

porting our empirical evidence. The reason for this relationship

could be that large catchments with more percent sediment soils

have a greater capacity to store water, resulting in longer subsur-

face flow paths.

Lake percentage was also an important landscape feature in

reducing runoff coefficient. During short rainfall events, lakes control

streamflow response by storing much of the rainfall input, resulting in

lower runoff volumes during rainfall events. The results are similar to

those obtained by Hudson et al. (2021), who found that catchments

that have larger lake percentages can reduce the peak flow magnitude

and delay peak flow occurrence, especially during short rainfall events.

Arp et al. (2006) also investigated how stream-lake landscapes con-

tribute to flood reduction by analysing the timing and magnitude of

peak flow during snowmelt and storm events. Interestingly, their find-

ings revealed that the lake did not significantly impact flood reduction

during spring snowmelt, while during summer rainstorms, the lake

consistently reduced downstream runoff. In another study examining

lake influence on streamflow, Leach and Laudon (2019) found that the

large storage capacity of lakes reduces downstream peak flows and

delays runoff peaks several km down in the stream network. High

storage capacity in the lakes during summer could be attributed to the

water loss from surface evaporation. Furthermore, Rouse et al. (2003)

studying a catchment in northern latitudes, also pointed out that lakes

in these regions have the highest evaporation rates of any surface.

Although some studies have discussed the similarities between

lakes and peatlands in reducing peak flow (Novitzki, 1979), our results

show that lakes have a greater peak flow dampening effect than wet-

lands at local scales. At network scales, the influence of both lakes

and peatlands on event response was negligible. A reason could be

that hydrological responses are affected by the catchment configura-

tion, that is, the position of lakes and peatlands in the catchment. Sim-

ilar conclusions were reported by Tardif et al. (2009), who compared

hydrological responses among fens and lakes. Their results indicated

that fens that become more aquatic (merging with adjacent ponds due

to vegetation loss) would tend to have more consistent hydrological

responses to rain events, meaning that they will be characterized by

frequent, but smaller, runoff fluctuations.

5.3 | Importance of antecedent wetness
conditions

In the correlation analysis, we observed that certain catchment char-

acteristics, including drainage area and till soil composition, play a sig-

nificant role in generating stormflow responses. However, the

dominance of each factor varied when antecedent conditions were

considered, which helped to understand the relative importance of

antecedent soil moisture and rainfall in flood generation in the study

catchment. Incorporation of antecedent wetness conditions into the

analyses also helps to disentangle how runoff response might be

related to other landscape characteristics beyond peatland cover. For

instance, soil depth was one of the factors that had no significant

moderating effect on increasing lag before considering different

catchment moisture conditions. Previous studies reported that shal-

low soils result in a flashier response, while deeper soils result in a

more moderate peak flow response (Birkinshaw et al., 2011; Lee

et al., 2015). Nonetheless, the significance of soil depth on lag time

became evident primarily during low antecedent moisture conditions.

When the soil is relatively dry, a deeper soil layer can absorb and

retain more water. This leads to a longer lag time as the water slowly

infiltrates through the soil layers before reaching the stream.

Finally, based on our findings, we can infer that lakes play a signif-

icant role in delaying peak flow within the stream network during high

antecedent discharge conditions (Figure S4). Lakes act as a buffer that

effectively delay the occurrence of peak flow and mitigate the poten-

tially adverse effects of rapid runoff response. Conversely, during low

antecedent discharge conditions, the influence of lakes on delaying

the occurrence of peak flow becomes less pronounced. Instead, other

factors may have a greater influence, such as percent sediment soil

and soil depth.
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6 | CONCLUSIONS

Our study provides insights into the moderating effect of peatlands

on runoff-event metrics, specifically at the local scale. Additionally, we

observed a significant impact of antecedent wetness conditions on

both the local and network scales, further emphasizing their role in

shaping catchment stormflow responses. Our study primarily served

as an exploratory investigation, and future research should expand on

these correlation analyses by incorporating additional process-based

methods to understand how landscape organization affects hydrologi-

cal event dynamics at network scales. These advancements will be

important for flood prediction in boreal catchments altered by a

changing climate, and how interventions, such as peatland and forest

management, may help mitigate hydrological risks to infrastructure

and aquatic systems.
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