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Overland flow velocity and soil properties in established semi-
natural woodland and wood pasture in an upland catchment
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flow. Woodland creation is widely proposed for Natural Flood Management (NFM),
but data on saturation-excess overland flow in woodland habitats is lacking. Here we
measure soil properties and overland flow velocities in established broadleaf wood-
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land and wood pasture with an understorey dominated by either grass or bracken.
We show that wood pasture dominated by bracken has overland flow velocity 12-
20% lower than established broadleaf woodland and 19-27% lower than grass-
dominated wood pasture. Established woodland soils exhibited eight times higher
saturated hydraulic conductivity than bracken-dominated wood pasture and 80 times
higher than grass-dominated wood pasture. We conclude that upland habitats can be
managed to reduce flood risk, first by storing storm water in the soil and then by
reducing overland flow velocity through rough surface vegetation. These factors
combine to reduce floods by delaying the onset of overland flow runoff and slowing
its delivery to streams. It is clear than Manning's n is far from constant in these
shallow overland flows, the development of overland flow datasets is, therefore, also

beneficial for improving the theory and practice of hillslope rainfall-runoff modelling.
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1 | INTRODUCTION

with natural processes to enhance the water storage capacity of a
catchment and to ‘slow the flow’. Examples of approaches include the

Flooding has increased across the globe over the past three decades
(Kundzewicz et al., 2014; Wingfield et al., 2019) and the frequency of
flood events is expected to increase further under future climate
change (Bl6schl et al., 2019; lacob et al., 2017). Traditional flood man-
agement methods have consisted of expensive, hard-engineered
structures. Recently, both researchers and policy makers have shown
greater interest in the use of Natural Flood Management (NFM) strat-
egies (Dadson et al., 2017; Stevens et al., 2016). NFM aims to work

development of built water storage (Nicholson et al., 2020; Quinn
et al., 2013), river restoration (Dixon et al., 2016), leaky debris dams
(Ashbrook, 2020; Thomas & Nisbet, 2012) and land-use management
(Spray et al., 2016).

In recent years land-use management, particularly in the uplands
(>250-300 m above sea level in the UK) has been increasingly
debated as an effective method of NFM. The management of upland

areas is crucial to managing future flood risk (Murphy et al., 2020) as
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these regions are experiencing greater increases in precipitation com-
pared to lowland areas (Burt & Holden, 2010; Murphy et al., 2019)
and play a principal role in river flow generation (Robinson
et al., 2013). Many upland soils are often in poor condition, due to a
legacy of soil compaction from long-term over grazing (Holden
et al., 2007; Murphy et al., 2020; Sansom, 1999). Soil degradation can
increase flood risk due to the loss of macro-porous structures within
the soil profile reducing water storage and soil permeability (Alaoui
et al., 2018; Murphy et al, 2020; Palmer & Smith, 2013). When
implemented in the uplands, NFM land-use management strategies
aim to improve the condition of these soils through a number of inter-
ventions, including reductions in grazing, peatland restoration and tree
planting. However, a lack of empirical data on the impact of NFM
interventions on soil and vegetation properties (Bond et al., 2020;
Ngai, 2017; Wheater & Evans, 2009) and downstream flooding is a
barrier to effective and widespread implementation (Dadson
etal, 2017).

There has been a particular interest in tree planting as a method
of NFM, as woodland soils are often associated with higher perme-
ability and increased water storage compared to other land covers
(Agnese et al., 2011; Archer et al., 2013; Calder et al., 2008; Carroll
et al, 2004; Mawdsley et al., 2017; McCulloch & Robinson, 1993;
Monger et al., 2021; Murphy et al., 2020; Zimmermann et al., 2006).
For example, Archer et al. (2013) found that areas of established
woodland exhibited permeability rates 5 to 6 times higher than neigh-
bouring grazed grasslands. Monger et al. (2021) found woodland soils
had permeability rates 11-20 times greater than pasture soils. This is
often attributed to increased organic matter from leaf litter and the
action of tree roots which enhance woodland soils macroporosity and
soil structure (Archer et al., 2013; Nisbet & Thomas, 2006). The evi-
dence supporting the benefits of woodland on soil properties has
increased in recent years (Burgess-Gamble et al., 2017; Stratford
et al,, 2017).

Wood pasture are woodland areas grazed by livestock resulting in
dynamic systems with a mosaic of different successional stages
between grassland and woodland (Peringer et al., 2013; Smit
et al., 2005; Uytvanck et al., 2008). Wood pasture has declined drasti-
cally in Europe over the last few decades (Smit et al., 2005). Recently
there have been several efforts to restore and create wood pasture
for conservation and environmental benefits (Uytvanck et al., 2008).
Wood pasture offers a compromise to those in land management
(including but not exclusively, land owners, land managers and
farmers) who want to combine grazing livestock and the benefits of
woodland. However, there is limited information available regarding
the potential of wood pasture for reducing flood risk (Krasi¢
et al., 2018). Therefore, there is a pressing need to better understand
the role of wooded upland habitats in managing flood risk.

The focus on land-use management for NFM has primarily con-
centrated on the impact of land cover on soil properties through soil
permeability and storage (Bronstert et al., 2002; Carroll et al., 2004;
Marshall et al., 2014; Monger et al., 2021). Recently, Bond et al. (2020)

also highlighted the role of land cover on surface roughness and the

importance for flood mitigation. Surface roughness plays a crucial role
by reducing the velocity of overland flow and hindering water flow
connectivity, ‘slowing the flow’ and reducing downstream flood
peaks. Although the role of roughness has been well studied regarding
channel and bank flow (Medeiros et al., 2012), investigations into the
impact of vegetation on hillslope roughness are rare (Pan et al., 2016),
and measurements of the impact of hillslope vegetation on overland
flow have commonly been limited to slopes of less than 1% and/or
have been restricted to semi-arid environments (Dunkerley
et al., 2001; Emmett, 1970; Kuhn et al., 2003). An important study by
Chow (1959), reported Manning's n roughness values for a range of
vegetation types on floodplain channels, including cropland and
woodland. These values are still commonly used as an estimate of
roughness (Burgess-Gamble et al., 2017) but are of limited relevance
for shallow overland flow on hillslopes.

Recent studies have started to provide data of hillslope vegeta-
tion impacts on overland flow velocity and roughness (Bond
et al, 2020; Holden et al, 2008; Wallace et al, 2021). Holden
et al. (2008) found the mean overland flow velocity for moss (Sphag-
num) cover was more than 5 times slower than for a bare peat surface.
Gao et al., 2016 used the fully distributed SD-TOPMODEL to esti-
mate that the reduction in overland flow reduced flow peaks by up to
13.4%. Bond et al. (2020) found overland flow velocity varied by a
factor 1.5 between four upland grassland habitats. Grass, leaves,
stems and litter all contribute differently to resistance to overland
flow (Pan et al., 2016) meaning complex responses to changes in veg-
etation are likely.

Here we expand on these previous studies and report soil proper-
ties and hillslope overland flow velocity for one area of upland
established semi-natural woodland and two areas of wood pasture;
bracken-dominated wood pasture and grass-dominated wood pasture,
for which data is currently lacking. Empirical evidence collected in this

study will be useful to inform rainfall-runoff model parameters.

2 | METHODS

21 | Studysite

Fieldwork took place in the Naddle catchment, Cumbria, UK
(54°31'50.9”N, 2°45'37.3”W) (Figure 1a). The area is managed by the
RSPB (The Royal Society for the Protection of Birds) on behalf of the
landowners, United Utilities. The Naddle catchment consists of a mix-
ture of grazed pasture, grazed wood pasture and un-grazed semi-
natural broadleaf woodland. The catchment experiences mild winters
and cool summers (Kenworthy, 2014), with mean monthly tempera-
tures ranging from —0.3 to 18.3°C and mean annual precipitation of
1779 mm, with monthly rainfall ranging from 88 to 231 mm (1981-
2010 mean, Shap weather station at 255 m AoD, 5.73 km SE [Met
Office, 2020]). Soils in the study area are upland organo-mineral soils,
predominately Malvern 611a (Chromic Endoleptic Umbrisol), a free

draining acid loamy soil (Cranfield University, 2019).
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FIGURE 1

(a) Location of the Naddle catchment, Lake District, UK. (b) Locations for data collection of soil properties (white box) and

overland flow velocity measurements (red crosshatch, multiple flume locations or circle, singular flume location). W: Established semi-natural

woodland. G: Grass wood pasture. B: Bracken wood pasture

2.2 | Data collection

Three UK upland land covers were investigated in this study, 1) an
established mature semi-natural broadleaf woodland, 2) wood pasture
with an understorey dominated by grass and 3) wood pasture with an
understorey dominated by bracken (Table 1). Bracken, Pteridium
aquilium, is a common fern often regarded as a weed species, found
on all continents except Antarctica (Rasmussen et al., 2003). Bracken
originated as a woodland plant crucial to succession, however it now
dominates large tracts of land outside woodland in temperate cli-
mates, causing problems for land management (Marrs et al., 2000).

Soil sampling and overland flow velocity measurements were
completed in October 2019 and October 2020 (Table 2). Soil data
were collected at 5 m intervals (25 soil sampling sites) across 20 m by
20 m plots established within each of the land covers investigated
(Figure 1b, white boxes).

To investigate overland flow velocity in the established woodland
and bracken wood pasture, flume locations were selected at random
within ~10 m of the plots established for soil sampling. With the
exception of one established woodland flume location (Figure 1b, red
crosshatch, multiple flume locations or circle, singular flume location).
Due to changes in land management, the overland flow velocity sam-
pling locations for the grassland wood pasture was moved following
the October 2019 field campaign (2 flume locations in 2019, 5 flume

locations in 2020). Overland flow velocity measurement sites were
restricted to locations with a local gradient of between 11° and 16°
and away from field boundaries to reduce edge effects. Sampled ele-
vations range from 250 to 292 m AOD.

2.3 | Soil properties
We measured soil bulk density, saturated hydraulic conductivity (Kay),
soil moisture and organic matter. To calculate Ky (m-s~2), intact soil
cores were taken using Eijelkamp bulk density rings from the upper
5 cm of soil. Any vegetation present was clipped using shears as low
as possible (Cresswell & Hamilton, 2002). Soil cores were placed in an
Eijelkamp Permeameter and Ksat measurements taken following the
method set out by Eijkelkamp (2011). Saturated soil cores were then
transferred to pre-weighed containers and dried overnight at 105°C
(@ minimum of 16 h) to remove moisture. On removal from the oven,
samples were placed in a desiccator to cool and then reweighed to
determine bulk density (g-cm™%) (Cresswell & Hamilton, 2002). Finally,
to calculate the percentage organic matter (%) of the soil, the loss on
ignition method at 550°C was used (Dean, 1974).

Soil moisture content (%) was measured in the field using a
Delta-T Ltd. ‘theta probe’. Approximately 225 readings were taken at
each land use. Measurements were taken during within a 24 hour
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TABLE 1

Land cover Dominant ground cover species

Established Semi-
natural Woodland

Nardus stricta, Molinia caerulea,
Sphagnum sp., Trifolium repens,

Land cover descriptions in Naddle Valley. Grazing intensity as LU-ha™

Management

Deer fenced to exclude livestock
and deer grazing.

1

Example site

Bracken wood
pasture

Grass wood pasture

Euphrasia sp.

Pteridium aquilium, Oxalis sp.,
Deschampsia flexuosa.

Nardus stricta, Molinia caerulea,
Anthoxanthum odoratum,
Cynosurus cristatus, Festuca
spp, Trifolium repens, Rumex

An area of ancient semi-natural
upland woodland designated as
a site of special scientific
interest (SSSI). The NVC

classification is W7, W9, W11 -

upland mixed woodland and
wet woodland.

Intermittent grazing at
0.05 LU-ha~*sheep, with Red
and Roe deer.

An area of upland wood pasture
dominated by bracken,
Pteridium aquilium, with
scattered established trees.
Little regeneration due to
opportunistic grazing by deer.

All-year round grazing at
0.10 LU-ha™? sheep, with Red
and Roe deer.

An area of upland wood pasture

acetosa, Ranunculus repens,
Achillea millefolium

TABLE 2

Measurement

Overland flow velocity 1.2 L/min 27 (7)
6 L/min 33(7)
12 L/min 35(7)

Soil properties Bulk density 25 (25)
Saturated hydraulic permeability 25 (25)
Soil moisture 250 (25)
Organic matter 25 (25)

period to reduce any potential weather impacts. The ‘theta probe’
uses a simplified time-domain reflectometry (TDR) technique to derive

instant values of volumetric moisture content (Delta-T, 1999).

24 | Overland flow velocity

Overland flow velocity was measured using the portable hillslope
flume described in detail by Bond et al. (2020). The portable flume
was constructed by hammering aluminium side panels into the ground
to create a 0.4 m by 2.0 m bounded plot with a z-shape base panel

(0.4 m wide with three 0.2 m long faces angled at 60° to form the z-

dominated by grassland, with
scattered established trees.

Established semi-natural woodland

Sampling strategy, number of individual measurements (number of flume locations/soil sampling sites)

Bracken wood pasture  Grass wood pasture

36(8) 35(7)
38(8) 35(7)
40 (8) 35(7)
25 (25) 25 (25)
25 (25) 25 (25)
250 (25) 250 (25)
25 (25) 25(25)

shape) dug into the ground, so that the upper surface of the base
panel was level with the soil, downslope of the aluminium side panels
(Figure 2). The z-shape was driven ~2 cm into the soil face to create a
seal between the ground surface and z-shape. A plastic funnel was
then fitted level to the z-shape on the opposing side using tape to
secure and petroleum jelly to make watertight. The funnel collected
and subsequently channelled water that had travelled the length of
the flume through the attached Seapoint Rhodamine fluorometer. The
fluorometer logged the fluorescence of water in SEVolts every 1 s
using a CR220x data logger. A low-concentration tracer, Rhodamine
water tracing (WT) dye, was injected at the inlet of the flume to

enable automated velocity measurements. Mean overland flow
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velocity was calculated for three discharge rates (30, 15 and
3 L'm~ts71), with a minimum of 5 Rhodamine tracer injections
recorded at each discharge rate.

As set out in Bond et al. (2020), mean overland flow velocity, U
(m-s~1) was calculated using an inverse time weighting (i.e. linear in

distance) summed over r sequential time steps where:

,_ S
Ve
where:

| is the vegetated flume length (m);

t is the time difference from point of Rhodamine tracer injec-
tion (s);

Vq is fluorescence strength.

Further information about these calculations, including a list of
abbreviations and examples of breakthrough curves, can be found in
appendices S1 and S3 of Bond et al. (2020).

Manning's n roughness <s~m*%) was calculated as a commonly
used measure of roughness:

ol

el
S

where:

R is the hydraulic radius (m);

S is the slope (radians).

Mean flow depth, d (m) was calculated from mean overland flow
velocity, U, the fixed flume width, w (m) and the set discharge rate,
Q (m3s Y

@)

Mean overland flow velocity was calculated for the three discharge
rates (30, 15 and 3 L-m~*.s~%), with a minimum of 5 Rhodamine tracer
injections recorded at each discharge rate.

Aluminium

panels

Wired to data
logger and laptop

Funnel

Water

Fluorometer

(a) Overland flow hillslope flume design (Bond et al., 2020); (b) example of portable flume installed in the grass wood pasture

2.5 | Statistical analysis
Shapiro-Wilk tests were used to test the normality of soil properties
and overland flow velocity. Normally distributed data was then
analysed using ANOVA, followed by Tukey's post hoc tests to identify
significant differences (p < 0.05) between land covers, whilst non-
normal data was analysed using Kruskal-Wallis and Conover's post-
hoc tests.

Statistics were performed using the Python SciPy (Virtanen
et al., 2019) and scikit-posthocs (Terpilowski, 2019) packages.

3 | RESULTS

3.1 | Soil properties

Bulk density data was normally distributed, whilst Ksat, soil mois-
ture and soil organic matter was non-normally distributed. A post-
hoc Tukey's test found that the bulk density of established wood-
land soil was significantly (p < 0.05) lower than both bracken wood
pasture and grass wood pasture soils (respectively 21% and 18%
lower) (Figure 3a, Table 3). However, there was no significant dif-
ference between bracken wood pasture and grass wood pasture.
Using a post-hoc Conover's test we found that established wood-
land soils exhibited significantly (p < 0.05) higher Ksat compared
with bracken wood pasture and grass wood pasture soils, by 8 times
and 80 times respectively (Figure 3b). Bracken wood pasture Ksat
was significantly (p < 0.05) (10 times) higher than grass wood pas-
ture. Soil moisture in semi-natural woodland soils (86.5%) was sig-
nificantly (p < 0.05) greater than bracken wood pasture (75.5%) and
grass wood pasture (78.5%). Additionally, grass wood pasture soil
moisture was significantly (p < 0.05) higher than bracken wood pas-
ture. The organic matter of semi-natural woodland soils (24.0%)
was significantly (p < 0.05) higher than the bracken wood pasture
(18.4%) and grass wood pasture (16.6%) soils. There was no signifi-
cant difference between bracken wood pasture and grass wood
pasture.
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3.2 | Overland flow

The lowest mean overland flow velocity was found at the bracken
wood pasture site under all discharge rates, whilst grass wood pasture
site had the highest mean overland velocity (Table 4). Mean overland
flow at the bracken wood pasture was 12-20% lower than the semi-
natural woodland and 19-27% lower than the grass-dominated wood
pasture (Figure 4). Overland flow velocity data collected for all three
discharge rates was non-normally distributed. Therefore Kruskal-
Wallis followed by Conover's post-hoc tests were used to identify

significant differences between land covers. At the lowest discharge
rate (3 L-m™1-s'%), overland flow velocity at the bracken wood pasture
site was significantly (p < 0.05) lower than both grass wood pasture
and established woodland, with no significant difference between
grass wood pasture and established woodland. At both 15 and
30 L'm 1571 overland flow velocity at the bracken wood pasture site
was significantly (p < 0.05) lower than both grass wood pasture and
established woodland. In addition, overland flow velocity at the
established woodland site was significantly (p < 0.05) lower than the
grass wood pasture site.
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TABLE 3 Median (5), mean (), and standard error (SEM) for bulk density, permeability, soil moisture and organic matter at each habitat

Bulk density (g-cm3) Permeability (m-s~%) Soil moisture (%) Organic matter (%)

Habitat n SEM n n SEM n n SEM ¢ n SEM
Established Semi-natural ~ 0.51 003  123x107°  228x10°° 490x10°* 927 865 16 235 240 14

Woodland
Bracken wood pasture 0.61 0.02 1.50x10~4 2.90 x10~* 7.00 x10~° 74.6 75.5 0.9 18.2 18.4 0.6
Grass wood pasture 0.61 0.02 1.00x10~°>  3.00x10™° 1.00x10> 78.7 785 08 157 166 0.6

TABLE 4 Overland flow velocity (U) recorded at 30, 15 and 3 Lm~t.s7*
Manning's
Velocity, U (m-s™%) n <s~m‘%) Slope Depth (m)
Count,

Habitat n 7 SEM 7 7 ]
3Lmts?

Established semi-natural Woodland 27 0.010 0.0005 241 0.24 0.011

Bracken wood pasture 30 0.008 0.0005 2.54 0.22 0.009

Grass wood pasture 33 0.011 0.0003 1.89 0.23 0.009
15 Lm ts?!

Established semi-natural Woodland 32 0.028 0.0007 0.76 0.24 0.009

Bracken wood pasture 34 0.023 0.0006 1.00 0.22 0.011

Grass wood pasture 33 0.031 0.0008 0.52 0.23 0.006
30Lm st

Established semi-natural Woodland 34 0.043 0.001 0.59 0.24 0.012

Bracken wood pasture 38 0.038 0.001 0.67 0.22 0.013

Grass wood pasture 31 0.047 0.001 0.50 0.23 0.011

Note: Count represents the number of Rhodamine injections per habitat. For velocity, the mean (x) and standard error of the mean (SEM) is given. For

slope, the mean (u) slope in radians is shown.
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FIGURE 4 Distribution of flow velocity for flow rates of (a) 30 L-m~*-s7%, (b) 15 L'm Y571, (c) 3 L-m~ s~ ! at the three different habitats.
Shown as median (line), 25th to 75th percentile (box), 5th to 95th percentile (whiskers). Sites that are statistically different share a letter
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When converted to Manning's n roughness, values ranged
between 0.50 and 2.54 (s»m’%). Grass wood pasture consistently
had the lowest Manning's n values across the three discharge rates.

Mean flow depth ranged between 0.006 and 0.013 m across the
three discharge rates. At the lowest discharge rate (3 L-m~.s7?),
depth was greatest for semi-natural woodland sites. However, for the
other two discharge rates, bracken wood pasture had the greatest

depth and grass wood pasture the shallowest.

4 | DISCUSSION

Our study reports some of the first upland hillslope overland flow
velocity measurements for established semi-natural woodland and
wood pasture. We demonstrate the importance of trees as a potential
NFM strategy whether as part of a woodland or wood pasture
habitat.

4.1 | Comparison of soil properties in established
woodland and wood pasture

We found that semi-natural woodland soils exhibited higher Ksat and
lower bulk density when compared to other vegetation types, consis-
tent with current understanding (Archer et al., 2013; Calder
et al., 2008; Carroll et al., 2004; McCulloch & Robinson, 1993). Higher
Ksat is attributed to a more open soil structure, evidenced by lower
bulk density and greater organic matter in woodland soils. Semi-
natural woodland soils also exhibited significantly higher soil moisture
compared to wood pasture soils, possibly due to lack of livestock and
lower levels of grazing at the woodland site (Xu et al., 2014). How-
ever, the grass wood pasture had higher grazing intensity but also
exhibited higher soil moisture compared to the bracken wood pasture.
The larger range of soil moisture in woodland soils may be explained
by a more porous structure meaning soils can store greater rainfall
volumes and so there is potential for higher and lower soil moisture
compared to grazed pasture systems. There was no significant differ-
ence in bulk density and organic matter between the two wood pas-
ture habitats, yet the soils at the bracken wood pasture site had
significantly higher Ks,.. Whilst it is well understood that grazing mod-
ifies vegetation structure, soil composition (Milligan et al., 2016; Orr &
Carling, 2006) and water storage capacity (Meyles et al., 2006), the
influence of different grazing patterns and foraging behaviour is less
well studied. Therefore, the presence of bracken, which is a less
favourable grazing environment than the grassland dominated site,
due to its toxicity, may have influenced grazing regimes and therefore

impacted soil characteristics.
4.2 | Comparison of overland flow velocity in
established woodland and wood pasture

Land management impacts soil properties and vegetation composition
which both influence the generation of overland flow and the

potential for downstream flooding (Stratford et al., 2017). We found
that woodland soils had greater Ksat and lower bulk density, which
may contribute to delays in the formation and reduce the volume of
saturation excess overland flow (Monger et al., 2021). Infiltration
excess overland flow may be generated when rainfall intensity
exceeds infiltration rates or where compaction is high. Regardless of
how overland flow is generated, surface roughness plays a dominant
role in delaying delivery of water to streams, extending the tail of the
hydrograph and reducing the flood risk. Vegetation alters the velocity
of overland flow through controlling the roughness of the surface
(Bond et al., 2020; Holden et al., 2008). We found that the bracken
wood pasture sites had the greatest surface roughness and the lowest
overland flow velocity across all three discharge rates analysed. This
could be explained by the accumulations of bracken leaf litter, creat-
ing friction between the vegetation and overland flow. Contrastingly,
grass wood pasture sites had short-cropped vegetation and the
highest overland flow velocity. Bracken is generally considered as a
problem species and often heavily managed due to its toxicity to live-
stock (Marrs et al., 2000; Pakeman & Marrs, 1992). Here we identify a
positive and largely unrecognized benefit of a bracken understorey

for reducing overland flow.

43 | How does woodland and wood pasture
compare to other upland habitats?

Table 5 compares overland flow velocities measured in our study
against those from upland peat (Holden et al., 2008) and grassland
(Bond et al., 2020). For a discharge rate of 30 L-m 1.5~ overland
flow velocities varied from 0.023 m-s~* for peatland habitats domi-
nated by grass and moss, 0.028 m-s~* for low-density grazed pasture,
0.038 m-s~* for bracken wood pasture, 0.050 m-s~* for bare peat to
0.052 m-s~* for hay meadows. The presence of moss, with its coarse
structure, appears a contributing factor to lower overland flow veloci-
ties and higher roughness in both the peatland and low-density grazed
pasture. This highlights the importance of vegetation structure in the
first few centimetres (Pan et al., 2016) as this is the part that interacts
with overland flow.

As overland flow velocity decreased (vegetation roughness
increased) there was proportional increase in flow depth. Overland
flow velocity is dependent on the ‘roughness’, which is related to the
vegetation density of the first few cm of vegetation, where the over-
land flow is being intercepted by the vegetation. This is further
highlighted through further comparison between the grass wood pas-
ture and the grassland habits studied by Bond et al. (2020) (Table 6).
The grass wood pasture investigated in our study had a lower grazing
intensity (0.10 LU-ha™?) but higher overland velocity compared to the
‘low-density grazing’ (0.25 LU-ha™?) site in Bond et al. (2020). The
generally higher flow depth exhibited by the habitats studied by Bond
et al. (2020) suggest that more of the vegetation is intercepting over-
land flow down the hillslope. Bond et al., (2020) attributed this to the
mossy understorey found at the ‘low-density grazing’ site. Further-
more, the rank grassland site, where grazing had been removed for
6 years, also exhibited lower overland flow velocities compared with
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TABLE 5 Comparison of overland flow velocities at flow rates of 30, 15 and 3 L-m~1.s~! recorded in our study against previous work
Flow rates
Mean overland
Habitat Study 3Lmts? 15Lm ts?t 30Lm ts? flow velocity, U
Grass wood pasture This U=0.011 U=0.031 U =0.047 0.033
n=1.890 n=0.518 n = 0.502
f=0.026 f=0.066 f=0.100
d =0.009 d =0.006 d=0.011
Hay meadows Bond et al., (2020) U=0.012 U=0.031 U = 0.052 0.032
n=0.917 n = 0.545 n=0.341
f=0.052 f=0.039 f=0.154
d = 0.005 d =0.009 d=0.010
Bare peat Holden et al., (2008) - - U =0.050 -
Established Semi-natural Woodland This U=0.010 U =0.028 U =0.043 0.027
n= 2410 n=0.76 n=0.592
f=0.022 f=0.058 f=0.081
d=0.011 d =0.009 d=0.012
Rushes Bond et al., (2020) U =0.007 U=0.026 U =0.039 0.024
n=2238 n=0.747 n=0.586
f=0.023 f=0.071 f=0.093
d = 0.008 d=0.011 d=0.014
Bracken wood pasture This U =0.008 U =0.023 U =0.038 0.023
n= 2543 n = 1.003 n=0.674
f=0.019 f=0.052 f=0.075
d = 0.009 d=0.011 d=0.013
Peat grassland Holden et al., (2008) - - U =0.037 -
Rank Grassland Bond et al., (2020) U = 0.004 U=0.019 U = 0.030 0.018
n=5.699 n = 1.403 n = 1.007
f=0.010 f=0.039 f=0.056
d=0.013 d=0.015 d=0.019
Low-density Grazing Bond et al., (2020) U = 0.006 U=0.018 U=0.028 0.017
n = 3.255 n=1.392 n=1.053
f=0.016 f=0.040 f=0.054
d = 0.009 d=0.016 d=0.020
Peat grassland and moss mix Holden et al., (2008) - - U =0.023 -
Peat moss Holden et al., (2008) - - U =0.023 -
Mean overland flow velocity, U 0.008 0.025 0.040

Note: Measurements from Bond et al. (2020) are from November, as the closest seasonal comparison to our study.
Abbreviations: U, mean overland flow velocity (m-s~Y); n, estimate of Manning's n coefficient <s~m*§>; f, Darcy-weisbach roughness 1/sqrt(f); d, mean flow

depth (m).

sites investigated in our study. The rank grassland site looks visibly
rougher, see Table 6, indicating the potential benefits of removing
grazing. Comparing these grassland habitats offers an insight into the
variability the management of land and species presence can have on
overland flow.

Surface roughness and overland flow velocity depend on habitat
management and vary seasonally due to changes in vegetation over
the growing season (Bond et al., 2020). It would be expected that the
habitats we investigated would also be impacted by seasonality, but
we our unable to assess this since our study was restricted to mea-
surements taken in October. The seasonal growth and dieback of
bracken would likely influence roughness throughout the year depen-
dent on management. Depending on how bracken grows and decays,
its influence on roughness in the first few cm will vary and future

work is needed to confirm its control on overland flow seasonally.

44 | Impact of grazing

The wood pasture environments investigated in this study were man-
aged with a relatively low grazing intensity. Soil properties and vege-
tation roughness are strongly influenced by grazing regimes (Drewry
et al., 2008) and we compared our findings with areas of grassland
managed at different grazing intensities in the neighbouring valley,
Swindale. The frequency of overland flow occurrence will determine
the relative importance of surface roughness or permeability for flood
management. If soils are shallow then overland flow may occur
despite high Ksat, and therefore surface roughness is of greater
importance. If compaction is preventing infiltration, then improving
soil aeration and therefore Ksat, may be the best method. Grazing
livestock can exert considerable pressure on the soil surface, causing
compaction (Chandler et al., 2018; Wheeler et al., 2002), and reducing
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TABLE 6 Comparison of grassland habitats with Bond et al. (2020)

Study
Habitat

Site description

Bond et al., 2020
Low-density grazing

Consisting of common grasses,
underlain by moss throughout. Due
to grazing, these species remain close
to ground level. Grazing occurs in

Bond et al., 2020
Rank grassland

Typically species poor, rank grassland is
dominated by tall, tussocky and
coarse grass species and is produced
in unmanaged, ungrazed grasslands.

This study
Grazed wood pasture

Open pasture with scattered
established trees. Grazed all year
round, with intermittent high density
grazing due to its preferential

this area for short periods of time for
treatments, shearing and separating

lambs from ewes.
Grazing Intensity 0.25 LU-ha™?t

Visual comparison

soil porosity (Clarke et al., 2008). If grazing density is too high, then
decreasing stocking levels is likely to increase both roughness and
Ksat. Future work is needed to investigate how different grazing
intensity and livestock (e.g. cattle versus sheep) impacts on vegetation
roughness and overland flow velocity. Some grazing systems may
develop more heterogeneity in vegetation (Lunt et al., 2021) and

roughness, with possible implications for downstream flood peaks.

4.5 | Impact of tree canopy

This study has identified potential co-benefits and tradeoffs between
tree canopy cover, understorey vegetation and grazing. Chandler
et al. (2018) found that both tree species and forest management
(grazed versus ungrazed) have important effects on soil hydraulic
properties with implications for surface runoff. Future research is
needed to compare a wider range of tree species, woodland manage-
ment and tree density.

Woodlands with closed canopy cover will typically have sparse
understorey vegetation (Alder et al., 2018), resulting in lower surface
roughness and greater overland flow velocity. Mature semi-natural
woodlands with a varied age structure and canopy gaps, woody
debris, shade-tolerant woodland flora communities and greater under-
storey are likely to result in greater surface roughness and reduced
overland flow. Woodlands with a relatively open canopy may there-
fore combine the higher soil permeability typical of woodland soils in
combination with the higher surface roughness associated with a
denser understorey. In contrast, wood pasture has less permeable
soils likely due to the lower density of trees but greater surface rough-
ness where the ground vegetation below the open canopy is domi-

nated by bracken. Wood pasture has a wide range of grazing regimes,

No grazing for 6 years

location next to farm buildings.

0.10 LU-ha™?*

understorey vegetation, tree density and canopy cover. Careful con-
trol of grazing levels to allow natural regeneration and increased tree
density could increase soil permeability towards levels seen in wood-
lands whilst maintaining vegetation understorey and associated lower
overland flow velocity.

4.6 | Suitability of Manning's n roughness
coefficient

We found that the Manning's n values calculated for the three habi-
tats investigated in this study can be an order of magnitude higher
reported by Chow (1959)
(Arcement & Schneider, 1989). We compare our grass wood pasture
site (h = 0.50-1.89) to the Chow (1959) floodplain habitat described
as a short grass habitat (n = 0.030), the bracken wood pasture

than previous values and others

(n = 0.67-2.54) with floodplain covered with medium to dense brush
(n = 0.100) and established woodland (n = 0.59-2.41) to the ‘heavy
stand of timber, a few down trees, little undergrowth, flood stage
below branches’ (n = 0.100). This supports the potential unsuitability
of Manning's n roughness coefficients to represent hillslope vegeta-
tion roughness and shallow overland flows in hydrological modelling
(Arcement & Schneider, 1989; Rose & Rosolova, 2015). Manning's n is
not constant in these environments and varies with water depth
across vegetated surfaces (Zhang et al., 2021). Different types of veg-
etation cover have more resistance to overland flow and are ‘rougher’
(Bond et al., 2020; Holden et al., 2008). Rougher land covers reduce
the velocity of overland flow and can contribute to reducing flood risk
further down the catchment (Gao et al., 2016). Therefore, it is impor-
tant to represent these environments as accurately as possible when

modelling for future flood.
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4.7 |
for NFM

Woodland creation and management

Our results show the potential for woodland and wood pasture in the
UK uplands to increase soil permeability and surface roughness and
reduce overland flow. Results from our study and others (Chandler
et al, 2018; Murphy et al., 2020) suggest that woodland type and
management are important controls over soil permeability and over-
land flow velocity. We found bracken-dominated wood pasture to
have the slowest overland flow, whilst the established woodland had
the highest Ksat values. Bracken is often considered to be a weed that
needs to be managed; our results demonstrate the benefits bracken
can have on slowing overland flow. Trees play an important role in
altering soil properties and permeability but tree density may not nec-
essarily be the most important factor (Murphy et al., 2020). Future
work is needed to assess the effects of tree stocking density on soil
permeability and surface roughness to inform woodland creation
grant schemes (e.g., England Woodland Creation Offer).

Many UK woodlands are grazed by sheep and deer with impor-
tant impacts on tree regeneration and ground vegetation (Ford &
Smith, 2016) that will alter soil properties including permeability, sur-
face roughness and overland flow. Long-term changes in understorey
are also occurring across UK woodlands due to changes in manage-
ment and deer density (Amar et al., 2010) but the impacts on surface
roughness and overland flow are not known. The impact of grazing
intensity in wood pasture on tree regeneration, soil properties and
surface roughness also needs further investigation.

In addition, modelling work is needed to understand the relative
impacts of greater permeability in mature woodland compared to
lower overland flow in bracken wood pasture on downstream
flooding. Future work is needed to explore potential tradeoffs
between tree density, biomass carbon storage, soil permeability and
overland flow and the implications for both climate mitigation
and NFM.

5 | CONCLUSION

In this study, we report saturated hydraulic conductivity (K, and
overland flow velocity in established semi-natural woodland and
wood pasture dominated by either a bracken or grass understorey.
We find that mature semi-natural woodland soils have the highest Kg,¢
and storage of soil water, whilst the bracken wood pasture has the
roughest surface, resulting in the lowest overland flow. However, it is
important to note our study is carried out in a limited area to repre-
sent the three land covers investigated, further sites are needed to
ensure these sites are consistent with other areas of similar land
cover.

Combined, these habitats have the potential to reduce flood risk
by temporarily retaining surface and subsurface storm water. During
the initial stages of a storm, woodland soils have the potential to delay
and reduce peak flow through storing storm water. However, once

available soil storage is filled or compaction reduces infiltration,

reductions in overland flow velocity are crucial. This is where areas of
bracken wood pasture can play their part. Bracken, whilst often seen
as a nuisance, can be beneficial on the slopes of a catchment to
increase surface roughness, reducing overland flow velocity.

Future work is needed to understand how variations in canopy
cover and understorey vegetation within woodland and wood pasture
impact both soil permeability and surface roughness. Improved under-
standing may allow land management to be crafted to maximize the
benefits of both woodlands and wood pasture for reduced down-

stream flooding.
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