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Abstract:

The increased frequency of flood events has motivated interest in natural flood 

management (NFM), in particular the potential for woodlands to reduce flooding. 

Woodlands can reduce the risk of rainfall-generated flooding through increased 

interception, soil infiltration, and available storage. Despite growing evidence, there is 

still low confidence in woodlands as a flood mitigation method due to limited empirical 

data available, particularly for semi-natural woodlands.  

We established a correlation catchment study in Haweswater, Cumbria, UK. Nine small 

upland catchments, each less than 0.2 km2 in area, were established on semi-natural 

broadleaf woodland sites where no stock grazing occurs or pasture with varied grazing 

intensity. At each site soil characteristics were investigated, namely soil moisture, 

permeability and bulk density. In addition, a v-notch weir was installed within in each 

catchment to calculate flow. The specific peak discharge (SPD), peak runoff coefficient, 

volume runoff coefficient and time taken to flow response was determined at each site 

for 28 storm events, of up to 205 mm, identified over a 13-month period.

We found that semi-natural woodland reduced SPD by 33-52 % compared with pasture,

reducing SPD by 36 % during larger storms (> 1 mm/hr peak discharge). Woodland 

reduced the peak runoff coefficient by 31-52 % and the volume runoff coefficient by 13-

22 % compared to pasture. Additionally, response to storm events took 1-4 hours longer

in woodland. These differences in flood response can be somewhat explained by the 

more permeable woodland soils, 4.6 times greater than pasture soil. Our analysis 

strengthens the argument that woodlands can reduce rainfall-generated flooding as a 

land use management method of NFM.

Data collected here should be used to inform the parameters in flood prediction models 

and contribute to the evidence base for NFM.
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Introduction:

Flooding has increased across the globe over the past three decades (Kundzewicz et 

al., 2014; Wingfield, Macdonald, Peters, Spees, & Potter, 2019) and the UK is no 

exception (Rogger et al., 2017). In England, flood damage costs £1.1 billion annually 

with 1 in 6 properties (5.4 million) at risk from flooding (Priestley, 2017 ). This risk is 

expected to further increase under future climate change (Iacob, Brown, & Rowan, 

2017). 

Traditional flood management methods in the UK have consisted of costly, hard-

engineered structures. These flood defences have been put under immense pressure in

recent years due to the persistent reoccurrence of flood events. This has contributed to 

the growing interest in the use of ‘soft-engineered’ and in most instances cheaper 

Natural Flood Management (NFM) strategies (Dadson et al., 2017; Stevens, Clarke, & 

Nicholls, 2016). NFM, also referred to as Working with Natural Processes (WWNP) or 

nature-based solutions, is an approach to flood management that seeks to work with 

natural processes whilst enhancing the flood regulatory capacity of a catchment with the

addition of benefits to ecosystem services, pollution assimilation, habitat creation and 

carbon storage (Hankin et al., 2017). NFM can reduce flooding through a number of 

mechanisms, such as increasing interception, soil infiltration and soil storage 

capacity, and reducing water flow connectivity and overland flow velocity (Natural Flood 

Management, 2011). One of the principal ways this can be accomplished is through 

land use management for example, woodland creation. 

Vegetation and land cover have well recognised impacts on a range of hydrological 

processes including interception, infiltration into the soils, and available storage 

(Stratford et al., 2017). Trees intercept more precipitation than other vegetation types, 

as trees are usually taller and have greater leaf area (I. R. Calder & Aylward, 2006; 

Nisbet, 2005). Woodland soils are often associated with higher infiltration and 

permeability rates than other vegetation types (Agnese, Bagarello, Baiamonte, & Iovino,

2011; N. A. L. Archer et al., 2013; I. Calder, Harrison, Nisbet, & Smithers, 2008; Carroll, 

Bird, Emmett, Reynolds, & Sinclair, 2004; Mawdsley, Chappell, & Swallow, 2017; 

McCulloch & Robinson, 1993; Zimmermann, Elsenbeer, & De Moraes, 2006). This is 
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attributed to a more open structure found in woodland soils as a result of increased 

organic matter and the action of tree roots (TR Nisbet & Thomas, 2006). Planting trees 

and preventing livestock grazing can rapidly modify soil properties, with permeability 

rates 2.3 times higher at a depth of 10-30 cm, under 18-month old saplings compared to

adjacent grazed moorland (Mawdsley et al., 2017). Permeability rates in a mature forest

were 8 times higher at a depth of 12.5 cm and 4 times higher at 20 cm compared to 

rates observed in a pasture (Zimmermann et al., 2006). Infiltration rates were 2 times 

higher under 6-year old saplings and 3 times higher under mature (50-year old) forest 

than adjacent cropland (Wahren, 2009). Higher infiltration and permeability rates denote

more water storage availability therefore reducing the likelihood of overland flow and 

risk of flooding.

Whilst the impacts of land cover on hydrological processes are well known (McCulloch 

& Robinson, 1993; Ngai, 2017 ), there is less confidence around the impacts of land 

cover on flood risk (Dadson et al., 2017; Marapara, Jackson, Hartley, & Maxwell, 2020; 

Rogger et al., 2017; Stratford et al, 2017). Catchment-based studies, which have been 

widely used to determine the impacts of land cover on food risk can be grouped into 3 

main types: 

 Correlation catchment studies, where streamflow is compared between different 

catchments that are as similar as possible in all respects other than vegetation. 

 Single catchment studies, where streamflow of one catchment is related 

statistically to climatic variables before and after a land cover change. 

 Paired catchment studies, where streamflow is measured in two similar 

catchments which are studied for a calibration period before the ‘experimental’ 

catchment is subject to change and the ‘control’ remains unchanged (McCulloch 

& Robinson, 1993). This approach combines the correlation and single 

catchment approaches. 

One of the first catchment-based studies was implemented in 1900 in Switzerland, 

reported that a forested (99% forest, Fir, Spruce and Beech) catchment had lower 

annual water yields in comparison with a catchment consisting of 69% pasture and 31%

forest (McCulloch & Robinson, 1993). In the UK, Law (1956) studied the Stocks 

reservoir catchment in Lancashire and found annual runoff was 290 mm less in a 
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catchment planted with coniferous trees in comparison with that of an adjacent 

grassland catchment. These results have been confirmed by other catchment-based 

studies in the UK, including Plynlimon, Wales (Hudson, Gilman, & Calder, 1997; Kirby, 

Newson, & Gilman, 1991); Coalburn, England (Birkinshaw, Bathurst, & Robinson, 2014;

Mark Robinson, 1998) and Balquhidder, Scotland (Johnson & Whitehead, 1993). 

Synthesis of catchment-based studies (Brown, Zhang, McMahon, Western, & Vertessy, 

2005; Farley, Jobbágy, & Jackson, 2005; Zhang et al., 2017) show the response of 

annual runoff to forest cover change is highly variable, depending on forest type, 

hydrological regime and climate. 

Land cover can also impact the flow peak experienced during a storm event. Further 

study of the Plynlimon research catchments by Kirby et al. (1991) found that whilst flow 

peaks were smaller in the forested catchment for smaller storms, during high flood flows

there was no significant difference between the forested and grassland catchments (D. 

R. Archer, 2007). These results were confirmed by studies in Oregon (Beschta, Pyles, 

Skaugset, & Surfleet, 2000) and the Pyrenees (F.  Gallart & Clotet, 1987; Francesc 

Gallart & Llorens, 2003) with woodlands providing a smaller reduction in peak flow for 

larger storms and larger catchments. M. Robinson et al. (2003) analysed 28 catchments

across Europe and found impacts of forests on peak flow depend on forest type, climate

and ground conditions. A meta-analysis of European studies found increasing tree 

cover reduced peak flow, but that additional studies were required to help understand 

variability and reduce uncertainty (Carrick et al., 2019).

The impact of land cover on streamflow has also be investigated using runoff 

coefficients, the ratio of runoff to rainfall during a storm event (Blume, Zehe, & Bronstert,

2007). Sriwongsitanon and Taesombat (2011) identified that during smaller flood events

(less than 2-year annual recurrence interval) the runoff coefficient in the forest area was

lower than the non-forest areas (disturbed forest and agricultural area) for the same 

amount of rainfall. This method is useful in identifying flood response of different land 

covers; however, it should be noted that runoff coefficient is also related to other factors 

such as topography, soil type, and geology.
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Additionally, land cover can influence the time taken to reach peak flow during a storm 

event (Robinson, 1998) although this has not been extensively studied for different land 

covers (Lana-Renault et al., 2011). Catchments that have been recently logged, 

typically respond more quickly compared to forested catchments (Burch, Bath, Moore, &

O'Loughlin, 1987; Dubicki, 1994). Lana-Renault et al. (2011) found that an undisturbed 

forested catchment responded 2 to 3 times (356 min) more slowly to a storm event 

compared to a formerly agricultural catchment, subsequently left to naturally recolonise 

(131 min). 

The hydrological impacts of woodland depend on forest type, age, and management 

(Stratford et al., 2017). In the UK, previous research has focused on impact of 

productive conifer plantations with little work on native semi-natural broadleaf 

woodlands. These woodland types are likely to have different impact on hydrological 

processes. Evergreen conifers retain leaves all year and intercept 25-40% of annual 

rainfall compared to 10-25% for broadleaf deciduous woodland (Ahmad-Shah & Rieley, 

1989; TR Nisbet & Broadmeadow, 2003; Roberts & Rosier, 2005). Broadleaf trees 

typically have deeper root systems and higher soil infiltration rates compared to conifers

(N. A. L. Archer et al., 2013). Drainage ditches and forest roads are more likely to be 

established when preparing land for a productive conifer plantation, which can 

contribute to increases in downstream peak flows (Bathurst et al., 2018; Stratford et al., 

2017). Furthermore, the occurrence of periodic felling in a productive conifer plantation 

removes the canopy and causes soil disturbance which contributes to an increase in 

localised flood risk (TR Nisbet & Thomas, 2006).  Despite these important differences, 

empirical data on the impact of semi-natural broadleaf woodlands on hydrological 

processes and stream flow is lacking. 

Taken together these complexities mean there is still low confidence in the impacts of 

land and soil management as a method of flood mitigation, predominately due to the 

limited empirical data (Burgess-Gamble et al., 2017). More data is needed to better 

inform decision makers on flood management and improve flood prediction models.
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The aim of this study was to establish an experimental correlation catchment study to 

explore differences in soil properties and streamflow response between upland pasture 

and native semi-natural broadleaf woodland.
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Methods:

Study Area:

Fieldwork was conducted at RSPB (The Royal Society for the Protection of Birds) 

Haweswater in Cumbria, UK within the Lake District National Park (54°31'50.9"N, 

2°45'37.3"W). The study area consists of Naddle Farm and its associated common 

(grazing) land, covering about 3000 hectares. In 2012, the RSPB took over the 

tenancies of this land and since have worked in partnership with the landowners, United

Utilities, to trial a number of upland management strategies. The implementation of the 

Sustainable Catchment Management Programme, (SCaMP) has seen a range of 

interventions being delivered including tree planting, moorland drain blocking and 

changes to grazing (RSBP, 2015). Annual mean temperature is 11.5°C and annual 

mean rainfall is 1779 mm (1981-2010 mean) derived from the Shap weather station at 

255 m AoD (Met Office, 2020).

Study Design: 

Nine field site locations, each consisting of a small tributary to the Naddle Beck or 

Haweswater Reservoir were selected with regard to their land cover and management 

strategies to allow for a correlated catchment-like approach (Fig. 1). This field study 

design is motivated by a number of previous studies (Carroll et al., 2004; Chandler, 

Stevens, Binley, & Keith, 2018; Mawdsley et al., 2017; Wahl, Bens, Schäfer, & Hüttl, 

2003) often investigating 3-6 smaller sites representative of their surrounds. Correlation 

studies involve catchments which are as similar as possible in all respects other than 

vegetation/and management (McCulloch & Robinson, 1993). Therefore, it was essential

that the chosen areas with different land covers were located in areas with the same 

parent material. Soil in the study area are predominately Malvern and Bangor soils, over

igneous rock. 

The nine field sites are between 260-390 m AoD and can be divided into three-

subgroups dependent on their land cover/management (Table 1). Semi-natural upland 

woodland (W) sites have no stock grazing. Woodlands consisted of mixed broadleaf 

species, predominantly oak, ash, alder, birch and hazel (W7, W9, W11 NVC woodland 
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classifications). Pasture sites are described as either commons grazing (CG) land, 

where sheep grazing occurs all year round at a maximum ewe intensity of 0.12 livestock

units (LU)/ha and low-density grazing (LG); with a maximum grazing of 0.10 LU/ha, 

removal of grazing in winter and scattered tree planting. In addition, light grazing by Red

and Roe deer occurs at all sites.

Data Collection:

Soil data collection:

Permeability (Kfs or Ksat), soil moisture and bulk density measurements, were 

measured over a 12-month period (July 2018- July 2019).

Bulk density:

To calculate bulk density, soil samples (approximately 31 samples at each site) were 

taken from the first 5 cm of soil, just below the vegetation layer, using Eijelkamp bulk 

density rings. The soil samples were removed from the bulk density ring into pre-

weighed and pre-labelled containers and placed into an oven at 105°C for a minimum of

16 hours. They were then be placed into a desiccator to cool before weighing. The bulk 

density (ρ, g/cm3) was calculated using equation (1) below: 

ρ=
M
V

 Where;

 M is the mass of soil (g);

 V  is volume (cm3).

Topsoil permeability:

An Eijelkamp Permeameter, was used to calculate the topsoil saturated permeability (m/

s). Soil samples (approximately 29 samples at each site) taken from the first 5 cm of 

soil, just below the vegetation layer, using bulk density rings.

(1)
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Subsoil permeability:

An Engineering Technologies Canada Ltd. (ETC) pask (constant head well) 

permeameter was used to measure subsoil permeability (m/s) following the constant 

head well permeameter (CHWP) method described by Reynolds (2008) and Elrick and 

Reynolds (1986). Measurements (approximately 13 at each site) are taken at 0.15 m 

and an auger used to ensure the same dimensions. A brush was then used to reduce 

the problem of smearing. The method set out by dynamic monitors was adapted. A pre-

wetting phase was included to reduce the time to reach steady state flow and ensured 

that each measured point was saturated. The Eijelkamp permeameter was unsuitable 

for the subsoil measurements due to the rocky nature of the ground.

Soil moisture:

Soil moisture content was measured using a Delta-T Ltd ‘theta probe’ (approximately 

225 readings were taken at each site). The ‘theta probe’ uses a simplified Time-Domain 

Reflectometry (TDR) technique to derive values of volumetric moisture content (Delta-T,

1999). 

Stream flow data collection:

At each site, a v-notch weir was established to collect flow data every 5 minutes over a 

13-month period (January 2019 - February 2020). Rainfall data was collected using a 

HOBO RG3 data logging tipping bucket rain gauge, recording the number of tips every 

5 minutes. This allows for the isolation of rainfall events for hydrograph analysis. 

The v-notch weir was installed at a point in the stream less than 1 m across. The weir 

itself was constructed by removing a small proportion of the stream banks before 

rebuilding them to offer support to a pre-cut 1.6 mm sheet of galvanised metal (Fig. 2a). 

A Rugged Troll Level Logger was placed within an adapted section of pipe casing which

allowed for the free movement of water and positioned in the now-formed stilling pool 

(Fig. 2b).  

The V-notch weir uses the basic principle that discharge is directly related to water 

depth above the bottom of the V and is referred to as the head (h) (IOFS, 1980). The 
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Rugged TROLL level logger records water level depth every 5 minutes which allows for 

the determination of head. A V-notch weir was chosen over other types of weir, such as 

the rectangular weir, as a large change in depth represents a small charge is discharge 

so produces far more accurate discharge measurements. In addition, the use of a 

Rugged BaroTROLL logger allowed for correction of absolute level sensor data to 

eliminate barometric pressure effects from the measurements, which will additionally 

improve the accurately of discharge. The depth corrected values were used to calculate 

the effective head (he). River flow (Q, m3/s x 10-1) was calculated using the Kindsvater-

Shen equation (2):

Q=C d
8
15
tan

∝

2
√2 ghe

5/2

Where;

Cd is discharge coefficient;

he is the effective head (m);

g is acceleration due to gravity (m/s2);

α is angle of V-notch (°).

Data Analysis: 

Soil data analysis: 

Statistical analysis including normality tests, the non-parametric Kruskal-Wallis and post

hoc tests were used to identify significant differences between sites.

Stream data analysis:

Storm events were defined when more than 20 mm of rain occurred during a 24-hr 

period. The end of the event was defined as 6 hours with no rain. During a 13-month 

period (January 2019 - February 2020), 28 storms were identified including both winter 

and summer time storms (Appendix A). The site’s response to each storm has been 

analysed in four ways; the specific peak discharge, peak runoff coefficient, volume 
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runoff coefficient and the time taken for the site’s streamflow to respond to the first 

instance of rainfall.  

The specific peak discharge (SPD) indicates the highest discharge during the storm 

event with the influence of catchment area removed. This allows for comparisons of 

different sized catchments. The specific peak discharge is calculated using the following

equation (3):

Q
A
×3600

Where;

Q is discharge (m3/s);

A is area (m2).

The maximum SPD (mm/hr) from the storm’s duration is taken. 

Both the peak runoff coefficient and volume runoff coefficient are dimensionless 

coefficients relating the amount of runoff to the amount of precipitation received and 

useful for catchment comparisons to understand how different landscapes impact runoff

(Young, McEnroe, & Rome, 2009). A larger runoff coefficient can indicate a catchment 

with lower infiltration rates that is more susceptible for flash flooding, whilst a smaller 

value suggests a more permeable area.  

Peak runoff coefficient is calculated for each storm event using equation (4):

C=
Q
iA

Where:

Q is peak rate of runoff (m3/s),

i is maximum rainfall intensity (m/s),

A is catchment area (m2).

(3)

(4)
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To determine the volume runoff coefficient for each storm, baseflow is removed from the

storm hydrograph and the total storm runoff calculated. The volume runoff coefficient is 

then calculated by equation (5):

Total storm runoff (mm)

Total storm rainfall (mm)

The time taken for streamflow to respond is calculated as the number of hours between 

when the rainfall event starts to when the streamflow responds, determined as the time 

when flow has increased by a factor of 3. In instances when the flow does not increase 

by this amount, the number of hours to the peak flow is determined.

In addition, the changes in flow at each site over a duration longer than one storm is 

also analysed. The duration selected was chosen based on the availability of data at all 

9 sites, when little to no evapotranspiration can be assumed. The cumulative sum of 

flow above thresholds (1 and 2 mm/hr) was calculated between 03.03.2019 – 

17.03.2019. 

Statistical analysis including normality tests, Kruskal-Wallis and post hoc tests were 

used to identify any significant differences between sites.  

(5)
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Results

Table 2 summarises the mean and standard error of streamflow and soil properties in 

the different land covers.

Soil properties 

Figure 3 reports soil properties for each land cover (breakdown of soil properties at 

each site in Appendix B & C).

The lowest bulk density soils were measured at the LG sites (0.36 g/cm3) compared 

with CG (0.46 g/cm3) and W sites (0.50 g/cm3) (Fig. 3a). The bulk density at site LG3 

was significantly different (P<0.05) from all other sites.

The woodland sites typically exhibit higher permeability compared to the pasture sites 

(Fig. 3b) (P<0.05). Mean topsoil permeability across the woodland sites was 0.0046 

m/s, compared to 0.0010 m/s in the grazed sites (LG = 0.0007 m/s, CG = 0.0013 m/s) 

(Table 2).  

There was no significant difference between subsoil permeability at the different sites 

(P<0.05, Fig. 3c). Mean subsoil permeability across the woodland sites was 2.21E-06 

m/s, 2.47E-06 m/s in the CG sites and to 2.25E-06 m/s in the LG sites. 

The highest mean soil moisture occurs at the woodland sites (49%), compared to LG 

(46%) and CG (33%) with significant differences between the soil moisture at the 

different sites (P<0.05, Fig. 3d).

Streamflow:

Figure 4 shows streamflow properties for each land cover (breakdown of streamflow 

properties at each site in Appendix D & E).

Mean SPD is lower across semi-natural woodland sites (1.80 mm/hr) compared to CG 

(2.71 mm/hr) and LG (3.72 mm/hr) sites. Woodland sites had significantly lower SPD 

compared to CG and LG sites (P<0.05) (Fig .4a). 
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The mean peak runoff coefficient of semi-natural woodland sites (0.87) is lower than CG

(1.27) and LG (1.83) sites. Woodland sites had significantly different runoff coefficients 

compared to the pasture sites (P<0.05) (Fig. 4b).

Mean volume runoff coefficient is lower across semi-natural woodland sites (0.40) 

compared with CG (0.46) and LG (0.51) sites. Whilst there were some significant 

differences between sites (Fig. 4c), there was no significant difference between land 

covers. 

The mean time to flow in semi-natural woodland (9 hrs) is lower than CG (8 hrs) and LG

(5 hrs) sites (Fig. 4c). Woodland sites had significantly different time taken to flow 

response compared to the LG, but not CG sites (P<0.05) (Fig. 4d).

We also compared flow responses over a duration longer than one storm. The 

cumulative sum of flow above thresholds (1 mm/hr and 2 mm/hr) was calculated 

between 03.03.2019 – 17.03.2019, see Table 3. Overall woodland sites exhibited the 

lowest cumulative flow at both thresholds compared with pasture sites.
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Discussion 

Comparison of semi-natural woodland and pasture

We found that woodland sites typically had lower specific peak discharge compared to 

grazed pasture sites. These results are in line with findings from a review of 72 papers 

by Stratford et al., (2017), which concluded that increasing tree cover of a catchment 

decreases flood peaks. However, Stratford et al., (2017) notes whilst there is strong 

evidence that afforestation reduces peak discharge during small events, studies often 

find little or no significant difference during larger flood events. One such study by Kirby 

et al. (1991) at the Plynlimon research catchments identified lower peak flows in a 

wooded catchment compared to a grassland catchment during smaller storms 

(discharge peaks < 1 mm/hr), but little difference during larger storms (discharge peaks 

> 1 mm/hr). Due to storm selection in our study, the majority of storm responses would 

be classified according to Kirby et al. (1991) as larger storms. For these larger storms 

only, we find the woodland exhibited lower mean SPD (2.35 mm/hr) compared with 

pasture (3.67 mm/hr). Our study focused on semi-natural woodlands consisting of 

native broadleaf trees species without any drainage. In contrast the woodland 

investigated by Kirby et al. (1991) was a conifer plantation with drains established prior 

to tree planting which may explain the difference in storm response. Additionally, we 

found the cumulative flow above a certain threshold during a 14-day period in winter 

was lower at the woodland sites compared with pasture. 

We found a significant difference between peak runoff coefficients estimated for the 

woodland and pasture sites. Woodland sites exhibited lower runoff coefficients than 

both the CG sites and LG sites, by 31% and 52% respectively. Whilst the volume peak 

runoff coefficient was 13 – 22 % lower for woodland than pasture. These results support

findings from Sriwongsitanon and Taesombat (2011) where lower runoff coefficients 

were calculated for a forested area in comparison with an agricultural area. 

The average time taken for flow to respond to storm events was longer in the woodland 

compared to pasture sites. Woodland sites took 13% longer to respond than CG sites 

and 80% longer than LG sites. Similar results were found by Lana-Renault et al. (2011) 

where an undisturbed forested catchment responded 2 to 3 times more slowly than a 
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formerly agricultural catchment, subsequently left to naturally recolonise (171% longer). 

The impact of land cover on flood timing parameters is a relatively new method, which 

could be easily replicated on established streamflow records from research catchments.

This would contribute to creating a more robust evidence base on whether land cover 

may contribute to ‘slowing the flow’ for NFM. 

The lower specific peak flow, lower runoff coefficient and longer response time of 

woodlands in an upland catchment contributes to reducing the peak flow downstream 

and highlights the importance of understanding upland land cover and land use as a 

method of NFM. We analysed the impacts of land cover during both winter and 

summertime storms (Appendix A). Woodlands had lower SPD and runoff coefficients 

compared to pasture in both summer and winter, with the largest differences in winter 

(Appendix F). An increase in heavy wintertime rainfall across Northern England in 

recent decades, highlights the need for flood management during winter months (Burt &

Ferranti, 2012; Orr & Carling, 2006).  

The difference in streamflow response by woodland and pasture sites, particularly in 

winter when differences in interception and transpiration will be more limited, can in part

be explained by differences in their soil properties. Lower peak flows, lower runoff 

coefficients and longer times to flow response all indicate a more permeable catchment.

This is confirmed from the topsoil permeability recorded in the woodland catchments, 

which have an average topsoil permeability 4.6 times greater than the pasture sites. Our

results confirmed previous work showing woodlands have a topsoil (< 10 cm) 

permeability 1.8 to 6 times that of gazed pasture (Table 4). Many previous studies also 

found higher permeability in woodland soils, whereas we found no significant difference 

in soil permeability at 15 cm depth between woodland and pasture soils. This is likely 

due to the relatively thin soils in our upland sites, with the action of tree roots limited in 

the development of open pores more limited below 15 cm.

We found LG and woodland sites had significantly higher soil moisture when compared 

to CG sites. The sparse tree planting in the LG may also have contributed to the higher 

soil moisture in this area. This supports recent research by Mawdsley et al. (2017) 

which identified that the ‘sponge effect’ can develop in a relatively short timeframe, 18 
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months after tree planting. Furthermore, higher levels of soil moisture are often 

attributed to lower levels of grazing (Xu, Xie, & Wang, 2014). Wallace and Chappell 

(2020) found that application of fertiliser and slurry to agriculturally improve pasture 

resulted in reduced summer soil moisture but increased autumn soil moisture potentially

increasing downstream flood risk.

Some previous studies have found woodland soils to have 10-30 % lower bulk density 

than other vegetation types (Agnese et al., 2011; Sharrow, 2007; Wahren, 2009). In 

contrast, Upson, Burgess, and Morison (2016) found woodland soils had greater bulk 

density compared to pasture. We found woodlands exhibited the highest bulk density 

values, 0.5 g/cm3 compared to 0.36 and 0.46 g/cm3, with a significant difference 

between woodland soils and LG soils. 

In our study the pasture sites were grazed by livestock whereas the woodland sites did 

not have any livestock grazing. The number of sheep in the UK has changed 

substantially in recent decades, increasing from 19.7 million in 1950 (Fuller & Gough, 

1999) to 44.5 million in 1990, before declining around the turn of the century to 33.5 

million in 2019 (DEFRA, 2020). Sheep numbers in the nearby Lune catchment 

(Cumbria) increased by a factor of 5 from 100 000 in 1860 to 500 000 in 1990 (Orr & 

Carling, 2006). These large changes in livestock numbers are likely to have caused 

substantial impacts. Stock grazing and the changes in vegetation structure and 

composition that it results in, can lead to soil compaction and a reduction in soil 

permeability (Alaoui, Rogger, Peth, & Blöschl, 2018) and soil water storage (Meyles, 

Williams, Ternan, Anderson, & Dowd, 2006) as well as changes in nutrient cycling and 

vegetation structure and diversity (Milligan, Rose, & Marrs, 2016). Loss of vegetation 

and soil compaction can increase flood risk, with simulated flood peak in a UK upland 

catchment increased by 33% under light grazing and 82% under heavy grazing (Gao, 

Holden, & Kirkby, 2017). The lower grazing levels found in our Lower-density Grazing 

(LG) sites would be anticipated to lead to higher soil permeability and lower peak flow. 

In contrast, we found lower rates of permeability and higher SPD and runoff coefficients 

at the LG sites. Overall grazing pressure across both the CG and LG pasture sites in 

our study were relatively similar at around 0.1 livestock unit per hectare (Table 1), with 
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the main difference being less wintertime grazing in the LG sites. Our study does not 

provide any information on the impacts of higher grazing pressure that is found across 

much of the UK uplands, exceeding 4 sheep per hectare in some locations (Orr & 

Carling, 2006). Variability in grazing pressure within a site can result in areas favoured 

for grazing experiencing more compaction (Orr & Carling, 2006) reducing the downward

mixing of organic material, decreasing permeability. In our study reduced grazing was 

introduced fairly recently (~ 7 years ago) and whilst relatively little is known about the 

effects of reducing stock grazing pressures, it may take 48-62 years to see the benefits 

of reducing sheep grazing due to the long-term degradation caused by historical sheep-

grazing and slow rates of recovery (Robert H. Marrs et al., 2020; Robert H Marrs et al., 

2018). High grazing pressure by sheep in the uplands replaces heather with short grass

(Orr & Carling, 2006). The recovery of vegetation after a reduction in grazing should 

reduce rates of overland flow (Bond, Kirkby, Johnston, Crowle, & Holden, 2020), with 

impacts on downstream flooding. 

Implications for Policy

Our study provides some of the first information of the impacts of mature semi-natural 

woodlands in the UK on streamflow in small (< 0.2 km2) catchments. Data collected 

here can be used to inform parameter choice in flood prediction models, which can then

be used to upscale results to understand the impacts of semi-natural woodlands on 

downstream flooding in larger catchments (Gao et al., 2017). We show that semi-natural

woodland has more permeable soils resulting in lower peak flood discharge compared 

to pasture grazed by sheep, the dominant land use in much of the UK uplands. All the 

pasture sites in our study had relatively low grazing intensity (~0.1 sheep / hectare) - the

difference in streamflow between woodland and pasture may be even greater for 

pasture with the higher grazing intensity more typical of the UK uplands (DEFRA, 2020).

Our study suggests that restoring or converting upland pasture to semi-natural 

woodland would help reduce downstream flood risk. Previous studies have found that 

soil permeability can increase rapidly after tree planting (Mawdsley et al., 2017) so the 

benefits to reduced flooding could be realised quickly. In contrast, reductions in grazing 

without tree planting may result in relatively slow changes in soil properties suggesting 
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tree planting may be necessary in many locations if rapid changes are needed. In the 

UK, agricultural subsidies have supported upland sheep farming in recent decades and 

many landowners have not adopted alternative land management strategies (Hardaker, 

2018). Changes in agricultural subsidy and the need to mitigate climate change and 

reach net-zero carbon emissions, both in the UK and internationally (Paris Agreement, 

2015), provide challenges to upland farming and may increase future interest in 

woodland creation. An integrated policy perspective combining climate and flood 

mitigation alongside the other benefits of woodlands is required to maximise benefits for

society. Future work is needed to identify the most beneficial locations for woodland 

creation in terms of flood mitigation and to understand how climate and flood mitigation 

vary for different woodland types. 
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Conclusion

The aim of this study was to explore the potential flood mitigation impacts of semi-

natural broadleaf woodlands. We established an experimental correlation catchment 

study at Haweswater, Cumbria, to identify differences in streamflow and soil properties 

between semi-natural woodland and pasture. Sites were selected with similar soil type 

and geology but different land use.  

We found that semi-natural broadleaf woodlands can reduce runoff coefficients by 31-

52% compared with pasture and specific peak discharge (SPD) by 33-52 %. Crucially, 

we found that woodlands exhibit lower SPD during larger storms (> 1 mm/hr). Woodland

sites take longer to respond to storm events (1-4 hours) than that of the pasture.  

Differences in flood response can be explained by the more permeable woodland soils, 

2.3 to 8 times greater than pasture soil irrespective of the higher bulk density measured.

These results strengthen the case that semi-natural broadleaf woodlands can reduce 

rainfall-generated flooding as a land use management method of NFM.

Our study contributes vital empirical data from a correlation catchment study to an 

insufficient NFM evidence base. The development of new research catchments has 

offered a different insight into the potential of upland catchment management for NFM. 

The longevity of the project should be considered to investigate the long-term impact of 

reduced grazing levels and tree planting on streamflow and soil properties.  

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504



Data Availabilty Statement

The data that support the findings of this study are openly avaible in the University of 

Leeds repository at https://doi.org/10.5518/950.

References

Agnese, C., Bagarello, V., Baiamonte, G., & Iovino, M. (2011). Comparing physical 
quality of forest and pasture soils in a sicilian watershed. Soil Science Society of 
America Journal, 75(5), 1958-1970. 

Ahmad-Shah, A., & Rieley, J. (1989). Influence of tree canopies on the quantity of water
and amount of chemical elements reaching the peat surface of a basin mire in 
the midlands of england. The Journal of Ecology, 357-370. 

Alaoui, A., Rogger, M., Peth, S., & Blöschl, G. (2018). Does soil compaction increase 
floods? A review. Journal of Hydrology. 

Archer, D. R. (2007). The use of flow variability analysis to assess the impact of land 
use change on the paired plynlimon catchments, mid-wales. Journal of 
Hydrology, 347(3), 487-496. doi:https://doi.org/10.1016/j.jhydrol.2007.09.036

Archer, N. A. L., Bonell, M., Coles, N., MacDonald, A. M., Auton, C. A., & Stevenson, R.
(2013). Soil characteristics and landcover relationships on soil hydraulic 
conductivity at a hillslope scale: A view towards local flood management. Journal 
of Hydrology, 497(Supplement C), 208-222. 
doi:https://doi.org/10.1016/j.jhydrol.2013.05.043

Beschta, R. L., Pyles, M. R., Skaugset, A. E., & Surfleet, C. G. (2000). Peakflow 
responses to forest practices in the western cascades of oregon, USA. Journal of
Hydrology, 233(1), 102-120. doi:https://doi.org/10.1016/S0022-1694(00)00231-6

Birkinshaw, S. J., Bathurst, J. C., & Robinson, M. (2014). 45 years of non-stationary 
hydrology over a forest plantation growth cycle, coalburn catchment, northern 
england. Journal of Hydrology, 519, 559-573. 
doi:https://doi.org/10.1016/j.jhydrol.2014.07.050

Blume, T., Zehe, E., & Bronstert, A. (2007). Rainfall—runoff response, event-based 
runoff coefficients and hydrograph separation. Hydrological Sciences Journal, 
52(5), 843-862. 

Bond, S., Kirkby, M. J., Johnston, J., Crowle, A., & Holden, J. (2020). Seasonal 
vegetation and management influence overland flow velocity and roughness in 
upland grasslands. Hydrological Processes, 34(18), 3777-3791. 

Brown, A. E., Zhang, L., McMahon, T. A., Western, A. W., & Vertessy, R. A. (2005). A 
review of paired catchment studies for determining changes in water yield 
resulting from alterations in vegetation. Journal of Hydrology, 310(1), 28-61. 
doi:https://doi.org/10.1016/j.jhydrol.2004.12.010

Burch, G. J., Bath, R. K., Moore, I. D., & O'Loughlin, E. M. (1987). Comparative 
hydrological behaviour of forested and cleared catchments in southeastern 
australia. Journal of Hydrology, 90(1), 19-42. doi:https://doi.org/10.1016/0022-
1694(87)90171-5

505

506

507

508

509
510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547



Burgess-Gamble, L., Ngai, R., Wilkinson, M., Nisbet, T., Pontee, N., Harvey, R., . . . 
Maslen, S. (2017). Working with natural processes–evidence directory. 
Environmental Agency, Report No. SC150005. 

Burt, T. P., & Ferranti, E. J. S. (2012). Changing patterns of heavy rainfall in upland 
areas: A case study from northern england. International Journal of Climatology, 
32(4), 518-532. doi:https://doi.org/10.1002/joc.2287

Calder, I., Harrison, J., Nisbet, T., & Smithers, R. (2008). Woodland actions for 
biodiversity and their role in water management. 

Calder, I. R., & Aylward, B. (2006). Forest and floods: Moving to an evidence-based 
approach to watershed and integrated flood management. Water International, 
31(1), 87-99. 

Carrick, J., Abdul Rahim, M. S. A. B., Adjei, C., Ashraa Kalee, H. H. H., Banks, S. J., 
Bolam, F. C., . . . Stewart, G. (2019). Is planting trees the solution to reducing 
flood risks? Journal of Flood Risk Management, 12(S2), e12484. 
doi:https://doi.org/10.1111/jfr3.12484

Carroll, Z. L., Bird, S. B., Emmett, B. A., Reynolds, B., & Sinclair, F. (2004). Can tree 
shelterbelts on agricultural land reduce flood risk? (Vol. 20).

Chandler, K. R., Stevens, C. J., Binley, A., & Keith, A. M. (2018). Influence of tree 
species and forest land use on soil hydraulic conductivity and implications for 
surface runoff generation. Geoderma, 310(Supplement C), 120-127. 
doi:https://doi.org/10.1016/j.geoderma.2017.08.011

Dadson, S. J., Hall, J. W., Murgatroyd, A., Acreman, M., Bates, P., Beven, K., . . . Wilby,
R. (2017). A restatement of the natural science evidence concerning catchment-
based ‘natural’ flood management in the uk. Proceedings of the Royal Society A: 
Mathematical, Physical and Engineering Science, 473(2199). 
doi:10.1098/rspa.2016.0706

DEFRA. (2020). Livestock numbers in england and the uk.  Retrieved from 
https://www.gov.uk/government/statistical-data-sets/structure-of-the-livestock-
industry-in-england-at-december.

Delta-T, D. (1999). Theta probe soil moisture sensor user manual: Type ml2x. Delta-T 
Devices Ltd. Cambridge, England. 

Dubicki, A. (1994). Changes in catchment discharge associated with forest dieback in 
regions of poland affected by long-range transported air pollutants. Ecological 
Engineering, 3(3), 291-298. doi:https://doi.org/10.1016/0925-8574(94)90057-4

Elrick, D. E., & Reynolds, W. D. (1986). An analysis of the percolation test based on 
three-dimensional saturated-unsaturated flow from a cylindrical test hole. Soil 
Science, 142(5), 308-321. 

Farley, K. A., Jobbágy, E. G., & Jackson, R. B. (2005). Effects of afforestation on water 
yield: A global synthesis with implications for policy. Global change biology, 
11(10), 1565-1576. 

Fuller, R. J., & Gough, S. J. (1999). Changes in sheep numbers in britain: Implications 
for bird populations. Biological Conservation, 91(1), 73-89. 
doi:https://doi.org/10.1016/S0006-3207(99)00039-7

Gallart, F., & Clotet, N. (1987). Hydraulic geometry as a method for analysis of 
uninstrumented catchments. In V. Gardiner (Ed.), In international geomorphology
1986 (pp. 711–722). Chichester, UK: Wiley.

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593



Gallart, F., & Llorens, P. (2003). Catchment management under environmental change: 
Impact of land cover change on water resources. Water International, 28(3), 334-
340. doi:10.1080/02508060308691707

Gao, J., Holden, J., & Kirkby, M. (2017). Modelling impacts of agricultural practice on 
flood peaks in upland catchments: An application of the distributed topmodel. 
Hydrological Processes, 31(23), 4206-4216. doi:10.1002/hyp.11355

Hankin, B., Metcalfe, P., Johnson, D., Chappell, N. A., Page, T., Craigen, I., . . . Beven, 
K. (2017). Strategies for testing the impact of natural flood risk management 
measures. In T. Hromadka & P. Rao (Eds.), Flood risk management (pp. Ch. 01).
Rijeka: InTech.

Hardaker, A. (2018). Is forestry really more profitable than upland farming? A historic 
and present day farm level economic comparison of upland sheep farming and 
forestry in the uk. Land Use Policy, 71, 98-120. 
doi:https://doi.org/10.1016/j.landusepol.2017.11.032

Hudson, J., Gilman, K., & Calder, I. (1997). Land use and water issues in the uplands 
with reference to the plynlimon study. 

Iacob, O., Brown, I., & Rowan, J. (2017). Natural flood management, land use and 
climate change trade-offs: The case of tarland catchment, scotland. Hydrological 
Sciences Journal, 62(12), 1931-1948. doi:10.1080/02626667.2017.1366657

IOFS. (1980). Water flow measurement in open channels using weirs and venturi 
flumes. Retrieved from 

Johnson, R. C., & Whitehead, P. G. (1993). An introduction to the research in the 
balquhidder experimental catchments. Journal of Hydrology, 145(3), 231-238. 
doi:https://doi.org/10.1016/0022-1694(93)90056-F

Kirby, C., Newson, M., & Gilman, K. (1991). Plynlimon research: The first two decades: 
Institute of Hydrology.

Kundzewicz, Z. W., Kanae, S., Seneviratne, S. I., Handmer, J., Nicholls, N., Peduzzi, P.,
. . . Mach, K. (2014). Flood risk and climate change: Global and regional 
perspectives. Hydrological Sciences Journal, 59(1), 1-28. 

Lana-Renault, N., Latron, J., Karssenberg, D., Serrano-Muela, P., Regüés, D., & 
Bierkens, M. F. P. (2011). Differences in stream flow in relation to changes in 
land cover: A comparative study in two sub-mediterranean mountain catchments.
Journal of Hydrology, 411(3), 366-378. 
doi:https://doi.org/10.1016/j.jhydrol.2011.10.020

Law, F. (1956). The effect of afforestation upon the yield of water catchment areas. 
Journal of the British Waterworks Association, 38, 489-494. 

Marapara, T. R., Jackson, B. M., Hartley, S., & Maxwell, D. (2020). Disentangling the 
factors that vary the impact of trees on flooding (a review). Water and 
Environment Journal. 

Marrs, R. H., Lee, H., Blackbird, S., Connor, L., Girdwood, S. E., O'Connor, M., . . . 
Chiverrell, R. C. (2020). Release from sheep-grazing appears to put some heart 
back into upland vegetation: A comparison of nutritional properties of plant 
species in long-term grazing experiments. Annals of Applied Biology, 177(1), 
152-162. doi:https://doi.org/10.1111/aab.12591

Marrs, R. H., Sánchez, R., Connor, L., Blackbird, S., Rasal, J., & Rose, R. (2018). 
Effects of removing sheep grazing on soil chemistry, plant nutrition and forage 

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639



digestibility: Lessons for rewilding the british uplands. Annals of Applied Biology, 
173(3), 294-301. 

Marshall, M. R., Francis, O. J., Frogbrook, Z. L., Jackson, B. M., McIntyre, N., Reynolds,
B., . . . Chell, J. (2009). The impact of upland land management on flooding: 
Results from an improved pasture hillslope. Hydrological Processes: An 
International Journal, 23(3), 464-475. 

Mawdsley, T., Chappell, N., & Swallow, E. (2017). Hydrological change on tebay 
common following fencing and tree planting: A preliminary dataset. . Retrieved 
from Lancaster 
http://www.es.lancs.ac.uk/people/nickc/TebayCommon_HydrologicalChange_RE
PORT_final.pdf  

McCulloch, J. S., & Robinson, M. (1993). History of forest hydrology. Journal of 
Hydrology, 150(2-4), 189-216. 

Met Office. (2020). Uk climate averages. Retrieved from 
www.metoffice.gov.uk/public/weather/climate/

Meyles, E. W., Williams, A. G., Ternan, J. L., Anderson, J. M., & Dowd, J. F. (2006). 
The influence of grazing on vegetation, soil properties and stream discharge in a 
small dartmoor catchment, southwest england, uk. Earth Surface Processes and 
Landforms, 31(5), 622-631. doi:https://doi.org/10.1002/esp.1352

Milligan, G., Rose, R. J., & Marrs, R. H. (2016). Winners and losers in a long-term study
of vegetation change at moor house nnr: Effects of sheep-grazing and its 
removal on british upland vegetation. Ecological Indicators, 68, 89-101. 
doi:https://doi.org/10.1016/j.ecolind.2015.10.053

[dataset] Monger, F. Spracklen, D. V., Kirkby, M. J., Schofield, L. (2021). The impact of 
semi-natural woodland and pasture on soil properties and streamflow - dataset. 
University of Leeds. https://doi.org/10.5518/950

Murphy, T. R., Hanley, M. E., Ellis, J. S., & Lunt, P. H. Native woodland establishment 
improves soil hydrological functioning in uk upland pastoral catchments. Land 
Degradation & Development, n/a(n/a). doi:https://doi.org/10.1002/ldr.3762

Natural flood management. (2011). London: Parliamentary Office of Science and 
Technology.

Ngai, R., Wilkinson, M. Nisbet, T., Harvey, R. Addy, S., Burgess-Gamble, L., Rose, S., 
Maslen, S., Nicholson, A., Page, T., Jonczyk, J., & Quinn, P. . (2017 ). Working 
with natural processes –evidence directory: Appendix 2: Literature review. . 
Bristol: Environment Agency 

Nisbet, T. (2005). Water use by trees: Edinburgh: Forestry Commission.
Nisbet, T., & Broadmeadow, S. (2003). Opportunity mapping for trees and floods. Forest

Research, Farnham. 
Nisbet, T., & Thomas, H. (2006). The role of woodland in flood control: A landscape 

perspective. 
Orr, H. G., & Carling, P. A. (2006). Hydro-climatic and land use changes in the river lune

catchment, north west england, implications for catchment management. River 
Research and Applications, 22(2), 239-255. doi:doi:10.1002/rra.908

Paris Agreement. (2015). Paris agreement. Fccc/cp/2015/l.9/rev1.  Retrieved from 
http://unfccc.int/resource/docs/2015/cop21/eng.

Priestley, S. (2017 ). Flood risk management and funding. House of Commons Library 

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685



Reynolds, W. (2008). Unsaturated hydraulic properties: Field tension infiltrometer. Soil 
Sampling and Methods of Analysis, 54. 

Roberts, J., & Rosier, P. (2005). The impact of broadleaved woodland on water 
resources in lowland uk: Iii. The results from black wood and bridgets farm 
compared with those from other woodland and grassland sites. Hydrology and 
earth system sciences, 9(6), 614-620. 

Robinson, M. (1998). 30 years of forest hydrology changes at coalburn: Water balance 
and extreme flows. 

Robinson, M., Cognard-Plancq, A. L., Cosandey, C., David, J., Durand, P., Führer, H. 
W., . . . Zollner, A. (2003). Studies of the impact of forests on peak flows and 
baseflows: A european perspective. Forest Ecology and Management, 186(1), 
85-97. doi:https://doi.org/10.1016/S0378-1127(03)00238-X

Rogger, M., Agnoletti, M., Alaoui, A., Bathurst, J. C., Bodner, G., Borga, M., . . . Blöschl,
G. (2017). Land use change impacts on floods at the catchment scale: 
Challenges and opportunities for future research. Water Resources Research, 
53(7), 5209-5219. doi:10.1002/2017WR020723

RSBP. (2015). Farming with nature at rspb haweswater. In. Cumbria: RSPB 
Haweswater.

Sharrow, S. H. (2007). Soil compaction by grazing livestock in silvopastures as 
evidenced by changes in soil physical properties. Agroforestry Systems, 71(3), 
215-223. doi:10.1007/s10457-007-9083-4

Sriwongsitanon, N., & Taesombat, W. (2011). Effects of land cover on runoff coefficient.
Journal of Hydrology, 410(3), 226-238. 
doi:https://doi.org/10.1016/j.jhydrol.2011.09.021

Stevens, A. J., Clarke, D., & Nicholls, R. J. (2016). Trends in reported flooding in the uk:
1884–2013. Hydrological Sciences Journal, 61(1), 50-63. 
doi:10.1080/02626667.2014.950581

Stratford, C. M., J.; House, A.; Old, G.; Acreman, M.; Duenas-Lopez, M.A.; Nisbet, T.; 
Burgess-Gamble, L.; Chappell, N.; Clarke, S.; Leeson, L.; Monbiot, G.; Paterson, 
J.; Robinson, M.; Rogers, M.; Tickner, D.. . (2017). Do trees in uk-relevant river 
catchments influence fluvial flood peaks?: A systematic review. (CEH Project no. 
C06063). Retrieved from Wallingford, UK: http://nora.nerc.ac.uk/517804/

Upson, M. A., Burgess, P. J., & Morison, J. I. L. (2016). Soil carbon changes after 
establishing woodland and agroforestry trees in a grazed pasture. Geoderma, 
283, 10-20. doi:https://doi.org/10.1016/j.geoderma.2016.07.002

Wahl, N. A., Bens, O., Schäfer, B., & Hüttl, R. F. (2003). Impact of changes in land-use 
management on soil hydraulic properties: Hydraulic conductivity, water 
repellency and water retention. Physics and Chemistry of the Earth, Parts A/B/C, 
28(33), 1377-1387. doi:https://doi.org/10.1016/j.pce.2003.09.012

Wahren, A. F., F-H. Schwarzel, K. & Munch, A. . (2009). Land-use effects on flood 
generation – considering soil hydraulic measurements in modelling Advances in 
Geosciences, 21, 99-107. doi:https://doi.org/10.5194/adgeo-21-99-2009 

Wallace, E. E., & Chappell, N. A. (2020). A statistical comparison of spatio-temporal 
surface moisture patterns beneath a semi-natural grassland and permanent 
pasture: From drought to saturation. Hydrological Processes, 34(13), 3000-3020.
doi:https://doi.org/10.1002/hyp.13774

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731



Wingfield, T., Macdonald, N., Peters, K., Spees, J., & Potter, K. (2019). Natural flood 
management: Beyond the evidence debate. Area, 51(4), 743-751. 

Xu, M.-y., Xie, F., & Wang, K. (2014). Response of vegetation and soil carbon and 
nitrogen storage to grazing intensity in semi-arid grasslands in the agro-pastoral 
zone of northern china. PLOS ONE, 9(5), e96604. 
doi:10.1371/journal.pone.0096604

Young, C. B., McEnroe, B. M., & Rome, A. C. (2009). Empirical determination of rational
method runoff coefficients. Journal of Hydrologic Engineering, 14(12), 1283-
1289. 

Zhang, M., Liu, N., Harper, R., Li, Q., Liu, K., Wei, X., . . . Liu, S. (2017). A global review
on hydrological responses to forest change across multiple spatial scales: 
Importance of scale, climate, forest type and hydrological regime. Journal of 
Hydrology, 546, 44-59. doi:https://doi.org/10.1016/j.jhydrol.2016.12.040

Zimmermann, B., Elsenbeer, H., & De Moraes, J. M. (2006). The influence of land-use 
changes on soil hydraulic properties: Implications for runoff generation. Forest 
Ecology and Management, 222(1), 29-38. 
doi:https://doi.org/10.1016/j.foreco.2005.10.070

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748


