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Earth Surface Processes and Landforms

ABSTRACT: Beavers, primarily through the building of dams, can deliver significant geomorphic modifications and result in
changes to nutrient and sediment fluxes. Research is required to understand the implications and possible benefits of widespread
beaver reintroduction across Europe. This study surveyed sediment depth, extent and carbon/nitrogen content in a sequence of bea-
ver pond and dam structures in South West England, where a pair of Eurasian beavers (Castor fiber) were introduced to a controlled
1.8 ha site in 2011. Results showed that the 13 beaver ponds subsequently created hold a total of 101.53 + 16.24t of sediment,
equating to a normalised average of 71.40 + 39.65 kg m*. The ponds also hold 15.90 + 2.50t of carbon and 0.91 + 0.15 t of nitrogen
within the accumulated pond sediment.

The size of beaver pond appeared to be the main control over sediment storage, with larger ponds holding a greater mass of
sediment per unit area. Furthermore, position within the site appeared to play a role with the upper-middle ponds, nearest to the
intensively-farmed headwaters of the catchment, holding a greater amount of sediment. Carbon and nitrogen concentrations in
ponds showed no clear trends, but were significantly higher than in stream bed sediment upstream of the site.

We estimate that >70% of sediment in the ponds is sourced from the intensively managed grassland catchment upstream, with the
remainder from in situ redistribution by beaver activity. While further research is required into the long-term storage and nutrient
cycling within beaver ponds, results indicate that beaver ponds may help to mitigate the negative off-site impacts of accelerated soil
erosion and diffuse pollution from agriculturally dominated landscapes such as the intensively managed grassland in this study.
© 2018 The Authors. Earth Surface Processes and Landforms published by John Wiley & Sons Ltd.

KEYWORDS: Eurasian beaver; ecosystem engineering; sediment storage; nutrient storage; soil erosion

impoundment of large volumes of water and potentially
associated sediment and nutrient accumulation in ponds
(Naiman et al., 1988; Butler and Malanson, 2005; Hood and

Introduction

In the UK intensively managed grasslands, soil erosion rates of

between 0.5 and 1.2 tha™ yr' have been reported (Bilotta et al.,
2010; Gregory et al., 2015), and agricultural erosion rates can
exceed 140tha™ yr' (Chambers and Garwood, 2006). Such
rates exceed typical soil formation rates of 0.1tha™ yr' under
intensive land use (Verheijen et al., 2009), which constitutes a
net soil loss (Montgomery, 2007). In 2009, the cost of soil
erosion in the UK was estimated at £45 million per annum,
much of which was due to the off-site impacts associated with
sediment and nutrient pollution (DEFRA, 2009). To manage the
environmental problems faced in the landscape there is an
increasing interest in ‘working with natural processes’
(Environment Agency, 2017) one such option in the UK is the
reintroduction of the Eurasian beaver (Castor fiber).

Beavers are often termed ecosystem engineers (Jones et al.,
1994). They can extensively modify riparian and river systems
to create habitats more suitable for habitation (McKinstry et al.,
2001; Nyssen et al., 2011; Nummi and Holopainen, 2014).
The most significant geomorphic impact of beavers
results from their dam building ability and the consequent

Bayley, 2008). Dam and pond features can alter hydrological re-
gimes, both locally and downstream (Polvi and Wohl, 2012;
Burchsted and Daniels, 2014). The resulting increased
structural heterogeneity of the environment (Rolauffs et al.,
2001) also creates a diverse range of habitats (Rosell et al.,
2005) with an increasingly recognised potential as a habitat res-
toration tool (Law et al., 2017). In addition to increasing
biodiversity (Law et al., 2017), it has been suggested that, due
to their engineering activity, beavers could play a role in the
management of river catchments (Puttock et al., 2017).

Beaver damming can cause major changes in landscape con-
nectivity to occur; increasing water storage on floodplains and
reconnecting floodplains with channels (Macfarlane et al.,
2015). Beaver dams can also reduce channel flow velocity
(Burchsted and Daniels, 2014) and attenuate storm event
hydrographs (Nyssen et al., 2011) with positive impacts on flood
risk alleviation, attributed to the increased storage capacity
(Collen and Gibson, 2000) and reduced downstream
connectivity (Puttock et al., 2017). Beaver pond-dam
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complexes have been reported to act as sediment traps, due to
the rapid decrease in velocity when water enters a pond (Butler
and Malanson, 1995; Klotz, 2007). The altered flow
regimes also modify nutrient and chemical cycling in ponds
and rivers which, combined with trapping and storage of sedi-
ment, can impact upon downstream water quality (Naiman
etal.,, 1986; Dillon et al., 1991).

Previous research by the authors, monitoring water
quality above and below a sequence of beaver dams, found
a reduction in downstream concentrations and loads of
nitrogen, phosphate and suspended sediment during storm flows
(Puttock et al.,, 2017). The work highlighted the role that
beaver reintroduction might play in managing degraded agricul-
tural landscapes. Another recent study of beaver activity in UK ag-
ricultural landscapes has shown similar downstream reductions
in nitrogen and phosphorus concentrations (Law et al., 2016).

The extent to which beavers alter river systems depends on
habitat suitability, population numbers and catchment character-
istics (Butler and Malanson, 2005). By promoting deposition, bea-
ver dams can lead to the infilling of beaver ponds with sediment
which, over time, can be colonised and stabilised by vegetation
and are referred to as beaver meadows (Naiman et al.,, 1988;
Burchsted and Daniels, 2014; Johnston, 2014). As such, sediment
storage has been shown to increase with beaver pond age
(Gurnell, 1998). However, it must also be recognised that this bea-
ver meadow end state is not reached in all situations and beaver
dams can fail (Butler and Malanson, 2005). Typically during high
energy rain events (Klimenko and Eponchintseva, 2015) beaver
dam failure can result in releases of sediment (Polvi and Wohl,
2012, de Visscher et al., 2014) meaning that sediment storage in
ponds can be transient (Levine and Meyer, 2014).

The combined impact of a beaver dam sequence on flow
dynamics results in a change in deposition and storage
dynamics downstream through a sequence of ponds. Further-
more, while it has been identified that beaver dams can store
large amounts of sediment (Lamsodis and Ulevicius, 2012), it
has also been shown that beaver activity (i.e. burrowing) can
remobilise sediment (Butler and Malanson, 1995) and that in-
pond erosion can occur and constitute a source (de Visscher
et al., 2014). As such, it cannot be assumed that all sediment
within a beaver pond sequence originates from upstream and
therefore sediment source must also be considered.

Eurasian beavers were once widespread across Europe
(Halley and Rosell, 2002). However, populations were greatly
reduced by human activities (Collen and Gibson, 2000) with
beaver being effectively absent from the UK by the T6th
century (Conroy and Kitchener, 1996). Recent reintroduction
programs have seen the re-establishment of colonies across
much of their previous European geographical range (de
Visscher et al., 2014). Yet, due in part to the contemporary
absence from European countries, most existing research has
focused on the North American beaver (Castor canadensis),
rather than the Eurasian beaver (Castor fiber). Perhaps more
importantly, North American research has been undertaken
across very different landscapes to the intensively-farmed land
that is typical of Europe and, with notable exceptions (Stefan
and Klein, 2004, de Visscher et al., 2014), is understudied in
Europe (Puttock et al., 2017). European landscapes are
characterised by a long history of intensive agriculture, high
human population density and dense networks of infrastructure
(Brown et al.,, 2018) meaning beaver impacts cannot be
presumed directly comparable with North American studies
(Gurnell, 1998). As a consequence, further understanding of
how beavers impact on the environment is required. Such
information will inform policy regarding both their reintroduc-
tion into countries like the United Kingdom and the wider
management of these animals across Europe.

© 2018 The Authors. Earth Surface Processes and Landforms published by John Wiley & Sons Ltd.

The aim of this paper is to present results from a controlled
monitoring experiment to improve understanding of the
impacts of the Eurasian beaver on sediment and nutrient
storage within intensively managed agricultural landscapes.
To meet this aim, the study addresses the following hypotheses:

Hypothesis 1 (Sediment and nutrient storage) Individual
beaver ponds create significant sediment and nutrient stores,
in excess of local channel storage.

Hypothesis 2 (Storage downstream) In a sequence of beaver
ponds, in-pond sediment and associated nutrient storage signif-
icantly changes downstream.

Hypothesis 3 (Storage and age) Sediment and nutrient storage
in beaver ponds is positively correlated with age as older ponds
accumulate more sediment over time.

Hypothesis 4 (Sediment source) Sediment and nutrients stored
in ponds is sourced from both in-site redistribution by beaver
activity and sediment eroded from intensively managed grass-
land upstream, but is dominated by the latter.

Methods
Study site

Surveying and sampling was undertaken at the Mid-Devon
Beaver Project controlled reintroduction site in Devon, South
West England (DWT, 2013). The site is situated on a first-order
stream in the headwaters of the River Tamar catchment.
The site has a 20ha upstream catchment area dominated by
intensively managed grassland. Drainage ditches around the pe-
rimeter hydrologically isolate the site, ensuring that the stream is
the only flow in and out of the site and the only fluvial source of
sediment and nutrients. Since beaver introduction, the site has
changed from ¢ 75% woodland cover (Salix cinerea — Galium
palustre woodland) to a fen-meadow dominated community
(Molinia caerulea — Cirisium dissectrum fen meadow) (DWT,
2013). The site experiences a temperate climate with a mean an-
nual temperature of 14°C and mean annual rainfall of 918 mm
(Met Office, 2015). A pair of Eurasian beavers was introduced
to the 1.8 ha enclosure, which includes a 183 m stretch of chan-
nel in 2011. As illustrated in Figure 1, prior to beaver reintroduc-
tion there were no ponds apart from pond 8, which was
created to allow beaver reintroduction to the site. In the
presented figures this constructed pond is displayed as Pond 8a
and has since expanded to cover the area labelled 8b, which
are analysed herein together as pond 8. Beaver activity has
created a complex wetland environment, dominated by
ponds, dams and an extensive canal network (DWT, 2013;
Puttock et al., 2015). The age of ponds is detailed in Table I.

Site survey and sample collection

As the site is constantly changing due to beaver activity, in
addition to the long-term monitoring of structural change
delivered by annual surveys (shown in Figure 1), a survey was
undertaken at the time of sediment sampling (October, 2016)
to create a detailed ‘snapshot’ of the site structure. Pond extents
were surveyed using a differential global positioning system
(DGPS - Leica GS08plus system). Sediment and water volumes
within each pond were calculated via sampling at each node
on a 2x2 m grid using a ranging pole (marked with mm
increments). At each survey point the pole was gently inserted
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Figure 1. Schematic showing change in site structure between 2011 (immediately prior to beaver introduction) and 2016. Solid black lines signify
dam position and extent while dark grey areas are impounded water and light grey areas are wet areas resulting from raised water table. Pond 8 was
artificially constructed to allow for humane beaver release. Black and grey arrow indicates downstream flow direction through the site. Bottom graph
illustrates age of ponds in years. Site schematics provided by South West Archaeology and included with permission. [Colour figure can be viewed at

wileyonlinelibrary.com]

until the tip reached the top of the sediment layer, which was
recorded as water depth. The pole was then gently pushed
through the unconsolidated sediment until it reached a
compacted layer, which was recorded as sediment depth as
per Butler and Malanson (1995), Stefan and Klein (2004) and
de Visscher et al. (2014). This method assumes the unconsoli-
dated sediment layer to be material that has accumulated
post-pond creation while the compacted/consolidated layer is
the pre-pond surface. Surveying on a 2 m grid (at each node)

resulted in @ minimum of n = 12 (maximum n = 29) points
being collected per pond.

At three randomly selected points within each of the 13
ponds, a core was taken through the sediment layer, using a
beeker corer (Uwitec, Austria). Sediment was deposited into
plastic bags and transported back to the University of Exeter’s
laboratories for analysis. In addition, the volume of samples
was recorded allowing calculation of bulk density. For all vari-
ables, mean values for each pond were calculated using the

Table I. Summary pond characteristics alongside; mean, sum and normalised by area values of sediment (S) total nitrogen (N), total carbon (C), bulk
density (BD). All errors are standard deviation (= SD). Pond positions are illustrated relative to data in Figures 2(a) and 3(a)

Pond and age
2

(years) Area 2016 (m”) S Depth (m) Volume S (m?) C (%) N % BD (g cm™)  Sediment (1) Carbon (t)  Nitrogen (t)
Pond 1 (3) 47.23 0.19+0.26 9.01+£12.14 8.88+2.28 0.56+0.16 0.23+0.01 2.08+2.80 0.18+0.25 0.01+0.02
Pond 2 (3) 181.65 0.17+0.15 30.68+26.7 16.00+2.12 0.92+0.12 0.23%0.01 7.06+2.90 1.13+0.3 0.06+0.02
Pond 3 (3) 158.91 0.13+0.08 20.18+12.49 15.06+2.03 0.97+0.24 0.25%0.01 5.01+3.82 0.75+0.54 0.05+0.03
Pond 4 (3) 150.71 0.14+0.12 20.78+17.94 17.66+2.07 1.06+x0.09 0.25+0.01 5.16+5.33 0.91+0.84 0.05+0.05
Pond 5 (4) 169.47 0.20+0.20 33.80+33.76 14.72+3.74 0.96x0.22 0.26x0.02 8.84+5.28 1.30+0.83 0.08+0.05
Pond 6 (3) 119.52 0.23+0.20 27.29+23.79 18.06+0.94 1.01x0.02 0.25%0.01 6.81£5.17 1.23+0.82 0.07+0.05
Pond 7 (4) 198.26 0.27+0.20 52.85+40.41 20.85%+6.92 1.06+0.39 0.27+0.01 14.20+5.06 2.96+0.8 0.15+0.05
Pond 8 (5) 116.17 0.42+0.26 49.06+x30.13 11.84+3.24 0.62+0.18 0.27+0.02 13.39+4.94 1.59+0.78 0.08+0.04
Pond 9 (4) 30.42 0.51+0.21 15.62+6.24 14.88+0.59 0.96+0.02 0.24+0.01 3.67+4.73 0.55+0.75 0.04+0.04
Pond 10 (3) 40.12 0.56+0.34 22.6+13.53 16.00+1.25 1.03+0.03 0.28+0.01 6.34+4.52 1.01+£0.72 0.07+0.04
Pond 11 (4) 207.72 0.29+0.23 59.51+48.66 17.85%x2.39 0.95+0.05 0.29+0.01 17.32+4.39 3.09+0.69 0.16+0.04
Pond 12 (4) 110.76 0.30+0.19 33.15+£20.92 10.41+2.10 0.68+0.05 0.29+0.01 9.51+4.39 0.99+0.68 0.06+0.04
Pond 13 (4) 60.50 0.12+0.10 7.33+6.31 9.41+0.92 0.57+0.03 0.29+0.01 2.15+4.30 0.20+0.69 0.01+0.04
Mean (£SD) 122.42+61.77 0.27+0.15 29.37+16.28 14.74+3.65 0.87+0.19 0.26+0.02 7.81x4.72 1.22+0.9 0.07+0.05
Sum (£SD) 1591.44 381.87+93.02 101.53+£16.24 15.90+£2.50 0.91+0.15
Sum Normalised

by Area (m%) 0.24 0.06 0.01 0.00

© 2018 The Authors. Earth Surface Processes and Landforms published by John Wiley & Sons Ltd.
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three samples and are presented alongside standard deviation
(Table I). For total values (i.e. total sediment mass), a square
root of the sum of squared SD values for each pond was used
(i.e. total SD? = (pond 1 SD? + pond 2 SD? +..)) to present a
compiled SD value.

Laboratory analysis

Upon collection, samples were oven dried (1 week at 40°C).
The sample from a known volume was then dry weighed to
calculate bulk density: (BD (g cm’) = dry sediment weight (g)/
sediment volume (cm?). Samples were then sieved (<2 mm)
and finely ground. Samples were analysed for carbon and nitro-
gen via dynamic flash combustion using a Flash 2000 Series
and compared with standards of known value.

Data processing and statistical analysis

To address Hypothesis 1 (Sediment and nutrient storage), sedi-
ment and nutrient volumes and mass within ponds, as well as
the entire pond system, were calculated. As in Stefan and Klein
(2004) and Butler and Malanson (1995), mean depths per pond
(m) were combined with surveyed spatial extent (m?) allowing
calculation of sediment and water volume at time of sampling.
Mass of sediment was calculated by multiplying volume of sed-
iment by bulk density and converted into tonnes (t):

Sm = (VxBD) (1)

where Sm = sediment mass (g), V = volume (m>), BD = bulk
density (g m>).

Further analysis was undertaken to understand storage of sedi-
ment within the site. As in previous studies (Butler and Malanson,
1995; Stefan and Klein, 2004), annual accumulation rates were
calculated by dividing average sediment depth (m) by age (years).
Normalised by area (m?) values were calculated by dividing
volume and mass calculations by surface area of each pond.
The total pond volume at time of sampling was calculated as
the sum of water and sediment volumes to understand the re-
maining potential storage capacity of ponds at time of sampling.

Percentage carbon and nitrogen values for each pond were
used to calculate carbon-to-nitrogen ratios (C:N) and also total
mass of carbon and nitrogen stored within each pond. As in

previous studies (Peukert et al., 2012; Glendell et al., 2014),
nutrient stocks (carbon and nitrogen) were calculated by
multiplying mean pond decimal percentage concentrations
(%, n = 3), with bulk density (g m*) and volume (m?) and then
converting to tonnes:

Ns = (VxBDx(n+100)) (2)

where Ns = nutrient stock (carbon or nitrogen (g), V = volume
(m>), BD = bulk density (g m®) and n = nutrient percentage con-
centration (carbon or nitrogen).

To address Hypothesis 2 (Storage downstream) and
Hypothesis 3 (Storage and age), statistical analysis was under-
taken between ponds (n = 13). Exploratory analysis illustrated
that data were not normally distributed and were therefore log
transformed for normality. To establish whether observed vari-
ance between ponds was statistically significant, an independent
two-tailed heteroscedastic t-test was used. The tests assumed un-
equal variance between samples and was carried out at the 95%
confidence level (P < 0.05). Relationships between measured
pond variables were tested using linear regression while correla-
tions between downstream pond position and measured
variables were undertaken on non-normalised data using the
non-parametric Spearman’s rank correlation. All tests were un-
dertaken using SPSS v23 (SPSS Inc, IBM, USA). Unless otherwise
stated, all errors are standard deviations around the mean
(detailed for measured variables in Table | and Table II).

It has been shown that there will be some sediment sourced
from beaver building activity and within site erosion (Lamsodis
and Ulevicius, 2012; de Visscher et al., 2014; Hood and Larson,
2014). Sediment partitioning or source determination was not un-
dertaken as part of this study. Over such small contributing areas
(20 ha headwater catchment in this case) there is very little
discriminatory power in existing techniques and considerable
uncertainty associated with estimates of sediment source (Smith
and Blake, 2014). Instead, to address the source of sediment in
ponds (Hypothesis 4), data describing sediment mass in ponds re-
corded in this study, were combined with hydrological and water
quality data previously published from the site (Puttock et al.,
2017) to estimate upstream catchment contributions to the quan-
tities of sediment and nutrients stored in the beaver ponds.

In previous work undertaken at the study site (see Puttock
et al., 2017, for full details), 226 water quality samples were
collected between 2014 and 2015. These samples were
collected through a full range of flow conditions (from baseflow

Table Il.  An illustration of total pond volume and remaining storage capacity at a point in time (October 2016) if the system was to remain static. All
errors are standard deviation (+SD). Pond positions are illustrated relative to data in Figures 2(a) and 3(a)

Pond and

age (years) Volume Water (m*)  Volume Sediment (m®) Total Pond Volume (m®) % Remaining Capacity Volume Extra sediment capacity (t)
Pond 1 (3) 16.45+6.51 9.01x£12.14 25.46+11.45 64.61+£23.04 3.8+1.5
Pond 2 (3) 77.81£31.5 30.68+26.7 108.49+32.05 71.72+20.21 17.91+7.25
Pond 3 (3) 44.49+17 .41 20.18+12.49 64.68+21.74 68.8+12.7 11.05%4.32
Pond 4 (3) 60.68+29.56 20.78+17.94 81.46+24.44 74.49+21.09 15.06+7.34
Pond 5 (4) 43.12+32.79 33.8+33.76 76.92+42 .21 56.06+27.42 11.28+8.57
Pond 6 (3) 34.2+25.75 27.29+23.79 61.49+31.71 55.62+21.95 8.53+6.42
Pond 7 (4) 43.62+24.18 52.85+40.41 96.46+45.29 45.22+24.36 11.72+6.49
Pond 8 (5) 27.06+11.2 49.06+30.13 76.13+31.48 35.55+21.11 7.39+£3.06
Pond 9 (4) 10.65+4.48 15.62+6.24 26.26+10.29 40.54+5.35 2.5+1.05
Pond 10 (3) 14.51+0.86 22.6x13.53 37.11+£13.51 39.1+16.24 4.07+0.24
Pond 11 (4) 62.32+33.3 59.51+48.66 121.83+£59.7 51.15%+23.63 18.13+9.65
Pond 12 (4) 29.02+15.62 33.15+20.92 62.17+23.47 46.67+26.63 8.32+4.48
Pond 13 (4) 15.8+5.36 7.33+6.31 23.12+7.72 68.31+15.73 4.63+1.57
Mean (£SD) 36.90+20.09 29.37+15.64 66.28+30.69 55.22+12.83 9.58+5.02
Sum (£SD) 479.72+77.86 381.87+93.02 861.58+111.90 124.39+2.03

© 2018 The Authors. Earth Surface Processes and Landforms published by John Wiley & Sons Ltd.
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to peak flow) across 11 storm events both for water entering the
site ‘Above Beaver’ and water leaving the site after travelling
through the pond complex ‘Below Beaver'. This sampling,
while giving an insight into the differences in water quality en-
tering and leaving the site, did not give enough temporal cover-
age to calculate total sediment loadings for the duration of the
5years since beaver introduction, for example, using Walling
and Webb (1985) method. Therefore, the difference between
mean suspended sediment values Above Beaver (112.42 =
71.47mgL™") and Below Beaver (39.15 + 36.88mgL™"),
combined with annual discharge entering the site over the
monitoring period (2014-2015) was used to approximate sed-
iment yield from the upstream catchment (Equation (3)) and fur-
thermore, calculate an estimated annual erosion rate
(Equation (4)).

sC = <w) <T o)

1e+09

where SC = sediment from catchment (t); SS = difference in
suspended sediment Above Beaver and Below Beaver (mg Lh
Q = discharge for a 1 year period (L) and T = time beavers have
been at the site (years).

sC
AR = (f) /T (4)

where SC = sediment from catchment (t); AR = mean annual ero-
sion rate (tha™ yr'); C = catchment size (ha) and T = time bea-
vers have been at site (years).

Results
Total sediment and nutrient storage

Ponds covered a total of 1591 = 61.77 m? of the 1.8 ha study
site (i.e. surface water covered 9% of the land area). The 13
ponds had a mean total depth of 0.58 + 0.16 m, a mean wa-
ter depth of 0.31 = 0.07m and a mean sediment depth of
0.27 + 0.15m. Given the site had been active for 5 years at
the time of sampling (although there is some variation in
pond age from 3 to 5years), this equates to an average an-
nual accumulation rate of 5.4 + 3.0cmyr'. In total, the
ponds stored 381.87 + 16.28m’ of sediment which, when
combined with bulk density values (mean 0.26 =+
0.02 gcm?®) equated to a total of 101.53 = 16.24 t of sediment
within the 13 ponds. As shown in Figure 1, prior to beaver
reintroduction, there were no ponds at the site and even if
Pond 8, which was artificially created to facilitate beaver in-
troduction to the site is not included, this represents a sedi-
ment storage increase of 88.14t in 5years. Normalised per
ponded area, the site stores an average of 71.40 = 39.65kg
of sediment per m? of pond. The ratio of remaining storage
capacity to measured water level was also calculated, with
the assumption that the site was to remain static with no fur-
ther beaver engineering. Results presented in Table Il indicate
that, overall the pond system had a remaining 55.7% poten-
tial storage capacity, equating to 124.4t of sediment.

Analysis of this sediment showed mean percentage concen-
trations of 14.74 + 3.65% total carbon and 0.87 + 0.19% total
nitrogen, equating to total storage of 15.90 + 2.50t of carbon
and 0.91 + 0.15t of nitrogen within the ponds.

© 2018 The Authors. Earth Surface Processes and Landforms published by John Wiley & Sons Ltd.

Changes in sediment and nutrient storage through
the pond sequence

It was hypothesised that, in a sequence of ponds, sediment and
nutrient storage would change downstream (Hypothesis 2).
Variability, between ponds and downstream through the pond
sequence, was investigated. Table | summarises survey results
quantifying the surface area of ponds, in addition to the quan-
tity of sediment and water being stored at the time of fieldwork.

Figure 2(B) illustrates how factors contributing to total
sediment and nutrient storage (pond area, sediment depth
and bulk density) change downstream throughout the
sequence of 13 ponds. Neither surface area nor depth
showed a significant relationship with downstream position
(P > 0.05). In contrast, bulk density showed an overall mar-
ginal, but statistically significant downstream increase (P <
0.05, * = 0.67). The amount of sediment in individual ponds
related closely to the surface area of ponds with bigger ponds
storing more sediment (P < 0.05, r? = 0.45), regardless of lo-
cation within the site.

To explore further how sediment storage varies with distance
downstream, normalised sediment storage values per ponded
surface area (m® per m? and kg per m?) were calculated. Over-
all, there was no significant correlation between normalised
pond sediment values and downstream position (P > 0.05).
However, as can be seen from Figure 2(C) normalised sediment
per m? and sediment depth showed a notable spike being sig-
nificantly higher (P < 0.05) between ponds 12 and 7, com-
pared with the first pond (13) and downstream ponds (6-1).
The downstream ponds also showed a significantly higher (P
< 0.05) mean remaining storage capacity (65.2%) than the site
as a whole (55.7%).

As outlined in Hypothesis 3, it was hypothesised that the
age of each pond could impact upon sediment storage, with
older ponds having had more time to accumulate sediment.
The age of ponds (Figure 1) was determined from previous
surveys undertaken at the site. The ponds that had been pres-
ent longest (4-5vyears), showed significantly higher total
amounts of sediment (P < 0.05) and higher (but not signifi-
cantly, P > 0.05) normalised sediment values than newer
ponds (<3 years).

Nutrient stores associated with sediment also varied signifi-
cantly across the study site. As illustrated in Figure 3(B), mean
percentage concentrations of both carbon and nitrogen in pond
sediment (C =14.74 +2.35; N=0.87 + 0.12, n = 39) were sig-
nificantly higher (P < 0.05) than mean percentage concentra-
tions of channel bed sediment, both upstream and
downstream of the beaver-impacted site (C = 1.56 = 0.20%;
N =0.13 £ 0.02%, n = 6). In addition, both carbon and nitro-
gen showed higher percentage concentrations in sediment en-
tering the site Above Beaver (AB; C =2.40 + 0.33%; N=0.18 =
0.03%, n = 3), compared with Below Beaver (BB; C = 0.72 +
0.06%; N =0.08 £ 0.003%, n = 3).

Significant differences in mean percentage concentrations of
carbon and nitrogen were observed between ponds (P < 0.05).
However, for both nutrients, there was no significant correla-
tion with downstream position or volume/mass of sediment in
ponds (P > 0.05). Total mass of carbon and nitrogen in ponds
(Figure 3(D)) showed a significant positive correlation (P <
0.05) with pond surface area and also volume/mass of sediment
(P < 0.05) although the latter cannot be considered as an inde-
pendent variable.

For both concentrations and total mass, carbon and nitrogen
showed a strong positive relationship with each other (P <
0.001). C:N ratios showed no significant difference throughout
the pond sequence (P > 0.05). However, within pond C:N ra-
tios were slightly higher within pond sediment than sediment
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above (P > 0.05) and significantly higher than sediment below
the pond sequence (P < 0.05).

Source of sediment in beaver ponds

If the beaver ponds had a trapping efficiency of 100% and
100% of sediment trapped in the beaver ponds (101.53 t) was
sourced from the upstream catchment this would equate to
20.3tyr" being lost from the 20 ha catchment, over the 5 year
period since beaver introduction (or an erosion rate of
0.98thayr"). However, zit was hypothesised that sediment
and nutrients stored in ponds is sourced from both in-site redis-
tribution and sediment eroded from intensively managed grass-
land upstream, but is dominated by the latter (Hypothesis 4).

© 2018 The Authors. Earth Surface Processes and Landforms published by John Wiley & Sons Ltd.

In previous research at the site, mean suspended sediment
values of 112.42 + 71.47 mgL™" were reported in water enter-
ing the site and a mean of 39.15 + 36.88 mgL™" in water leav-
ing the site (Puttock et al., 2017). These results suggest a net
trapping efficiency (or overall downstream reduction in
suspended sediment concentrations) of 65.17%.

Applying Equation (3), given a difference in suspended
sediment of 73.35mgL™" and a total annual discharge of
1.95E+08 L (Puttock et al.,, 2017) for the monitoring period,
equates to an estimated 71.42t or 70.34% of the total sedi-
ment in ponds being sourced from the catchment upstream.
Applying Equation (4) to this 71.42t of sediment, estimated
to have originated from the upstream catchment (of 20 ha),
results in an estimated annual rate of 0.71tha” yr' over a
5year period.

Earth Surf. Process. Landforms, (2018)
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Discussion

Total sediment and nutrient storage

It is clear that beaver activity at the study site has resulted in
dramatic structural change and significant amounts of both
sediment and nutrients being stored within the 13 ponds.
The total of over 100t of sediment combined with almost
16t of carbon and 1t of nitrogen supports Hypothesis 1 that
beaver ponds act as large sediment and nutrient stores. This
supports previous research finding that beaver impoundments
create localised sediment deposits, having the ability to accu-
mulate large volumes of sediment and associated nutrients
(Butler and Malanson, 2005; Law et al., 2016). It is further
evident that beaver ponds change not just the hydrological
regime of small channels, by slowing flow and enhancing
water storage (Puttock et al., 2017), but also create land-
scapes with depositional sediment regimes (Burchsted et al.,
2010), as signified by the large sediment volumes recorded
in this study.

Data herein illustrates nutrient storage associated with
beaver pond development, both in terms of carbon and nitro-
gen deposition. These results support the existing body of
research showing that wetlands, in the broad sense, act as valu-
able sediment and nutrient stores (Johnston, 1991), particularly
in contrast to anthropogenic degraded landscapes (Nahlik and
Fennessy, 2016). Furthermore, results indicate that beaver
engineered wetlands are exemplars of such valuable wetlands
and can successfully exist or be created within intensively
managed European agricultural landscapes (Law et al., 2017;
Puttock et al., 2017).

The large mass of sediment (101.53 + 4.72t or 71.40 +
39.65 kg per m? of ponded extent) being stored in a relatively
small area (1.8 ha) in this study is in agreement with previous
studies, primarily from North America. Low order streams,
containing dams have previously been shown to account
for up to 87% of sediment storage at reach scales (Hering
et al., 2001), while the removal of a sequence of beaver
dams in Sandon Creek, British Colombia, led to the
mobilisation of 648 m’ of stored sediment (Butler and
Malanson, 1995, 2005). Butler and Malanson et al. (1995)
also reported a range of 2-28cmyr' of sediment
accumulated in several beaver ponds in Glacier National
Park, Montana, while for six different ponds (also in Glacier
National Park, similar rates of c. 4-39 cmyr' were reported
(Butler and Malanson, 1994). Values of sediment
accumulation from North American beaver systems indicate
the estimated average accumulation value of 5.4cmyr’
presented in this study may be at the lower end of what is
possible in bigger dam-pond complexes or systems with a
more plentiful sediment supply. In one of the few studies in
European landscapes, De Visscher et al. (2014), studied
sediment accumulation in two beaver pond sequences
in  predominately  extensively-managed  forest/meadow
ecosystems of the Chevral River, Belgium. de Visscher et al.
(2014) estimated the total sediment mass deposited in the
dam sequences at 495.9t. From the two pond sequences, av-
erage pond area was 200.4m?, average sediment depth
25.1cm and average sediment mass of 14.6t, equating to a
normalised mass of 72.65kg of sediment m*. These values
are very similar to the mean sediment depth of 27 cm and
mean normalised mass of 71.40kgm? reported in this study
from the UK, albeit from entirely different ecosystems. The
sediment accumulation values presented both in this study
and others, also demonstrate that beaver ponds can exhibit
high sediment accumulation values in comparison with other
wetland systems. As an example, in a review of sediment
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accumulation rates in freshwater wetlands (Johnston, 1991)
a mean annual accumulation rate of 0.69cmyr’ was re-
ported across 37 different wetland types, ranging from ripar-
ian forest to wet meadows.

As long as supply continues, sediment will continue to accu-
mulate until either the pond infills and sediments are colonised
by plants forming a beaver meadow (Polvi and Wohl, 2012) or
a dam collapses releasing sediment (Butler and Malanson,
2005). In catchments with high stream power, and associated
risk of dam failure, there may be lower and less stable long-
term sediment associated stores of nutrients than presented
herein (Btedzki et al., 2011). However, where local factors,
such as channel gradient, support the stable construction of
dams and the resulting stream discontinuity, nutrients may be
retained in sediments as shown in this study. Plant colonization
and the creation of beaver meadows can further immobilise
these sediments and associated nutrients (Naiman et al.,
1994). Furthermore, as a considerable volume of potential stor-
age capacity within the 13 yet remains (> 55%), without ac-
counting for ongoing dam building, it may be expected that
beaver damming continues to enhance or at least maintain a
dynamic equilibrium of sediment storage at the site (Giriat
etal., 2016).

It is notable that, at the site reported here, dam failures and
resulting sediment releases have not been observed since
beaver release. However, dam failures, particularly in high
energy environments, may cause infrequent but significant
pulses of sediment (Butler and Malanson, 2005). Such pulses
may, in some cases, exert significant impacts upon river geo-
morphology (Bigler et al., 2001; Butler and Malanson, 2005).
However, different sediment retention dynamics have been
reported following dam collapse. Giriat et al. (2016) found
that there were very minimal losses of sediment from the
Beaver ponds studied, following a dam collapse. Similarly,
Butler and Malanson (2005) reported that the majority of sed-
iments were retained in ponds and subsequently stabilised
following colonisation and dam reconstruction. Levine and
Meyer (2014) reported large sediment losses but the remnants
of the dam structure were found to trap sediment, which was
rapidly colonised by plants and stabilised. In contrast, other
studies have observed rapid loss of pond sediments following
dam collapse (Curran and Cannatelli, 2014; Levine and
Meyer, 2014). It is likely that, as with the site studied, where
closely-spaced, multi-dam complexes exist, these will pro-
vide a major buffering effect, reducing the likelihood of
dam failure and, in so doing, also reducing the downstream
release of sediment from any single dam failure. It is clear
from the literature that significant uncertainty regarding dam
failure dynamics exists (Anderson and Shaforth, 2010;
Klimenko and Eponchintseva, 2015) and is an area in need
of further research.

Research undertaken in this study suggests that sediment is
enriched in both carbon and nitrogen (average across all ponds
of 14.74% C and 0.87% TN), resulting in a notable store of
nutrients within the landscape. This summary is supported by
previous research and is commonly attributed to the same
factors such as channel discontinuity and flow velocity reduc-
tion that result in sediment deposition and storage of associated
nutrients (Naiman et al., 1986; Devito et al., 1989; Lizarralde
et al., 1996; Klotz, 2013). Wohl (2013) estimated that even
relict beaver dam-related storage can account for 8% of total
carbon storage within the landscape and actively maintained
beaver wetlands up to 23%.

Compared with semi-natural ecosystems, intensive agricul-
tural landscapes are often depleted in carbon (Webb et al.,
2001; Quinton et al., 2006). The proportions of nutrients in
sediment entering the site (carbon 2.4 + 0.3% nitrogen 0.18
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+ 0.03%) are lower, but comparable with those reported in
Peukert et al. (2016) for three intensively managed grassland
field systems on similar soil types and in comparable topo-
graphic locations, in the South West UK (total carbon range:
3.5-5.0% and total nitrogen range 0.4-0.6%). Such findings,
in addition to high within-site storage values, suggest that
even when agricultural source areas are depleted in carbon,
beaver ponds can still play a role in enhancing carbon stor-
age in the landscape. Therefore, beaver dams may recreate
valley bottom wetlands, which would have historically been
nutrient rich (Wohl, 2013).

There is only a limited amount of research into the nutrient
storage associated with sediment stored in beaver ponds and
even less from intensively-managed agricultural landscapes. A
key area that is unclear and beyond the scope of this study, is
how the impoundment of water, sediments and associated
nutrients in ponds affects biogeochemical cycling and the
resulting transfers of nutrients in both gaseous and dissolved
forms. Previous research at the study site (Puttock et al., 2017)
showed that compared with water entering the site, water leav-
ing the site had lower levels of both suspended sediment and
also nitrogen. Naiman et al. (1994) found that following the
build-up of large nitrogen stocks in ponds, there is some re-
moval through both transport and local cycling; however, the
majority of nitrogen is retained in pond sediments and taken
up by plants. Similarly Correll et al. (2000) showed that, before
dam construction, nitrogen concentrations were significantly
correlated with river discharge but, after dam construction, no
significant relationship was observed; perhaps due to enhanced
plant uptake or degassing of CH4 and N,O.

In contrast to nitrogen values, dissolved organic carbon
levels have been shown to be higher leaving the site than enter-
ing (Puttock et al., 2017). This was attributed to the greater car-
bon stocks within site in contrast to the relatively carbon
depleted soils in the agricultural catchment upstream. This find-
ing is supported by previous work showing beaver ponds retain
organic matter (Law et al., 2016) and consequently act as net
carbon stores (Lizarralde et al., 1996; Correll et al., 2000), but
attributing increased dissolved organic carbon (DOC) down-
stream of beaver ponds to increased primary production in
ponds (Correll et al., 2000). Beaver ponds have also been
shown to result in increased carbon dioxide and methane
fluxes compared with non-impacted river reaches (Vecherskiy
etal., 2011; Lazar et al., 2015), although It has been suggested
that the sequestration of carbon-rich sediment in ponds may
help offset any increase in gaseous carbon emissions associated
with ponds (Johnston, 2014). From previous studies there is
some inconsistency in the reporting of retention, production
and release of both carbon and nitrogen in beaver ponds with
climatic and seasonal variation in temperature and discharge,
pond age and level of plant colonisation likely to be key con-
trols (Devito et al., 1989; Naiman et al., 1994).

Changing sediment and nutrient storage through
the pond sequence

Beaver pond sequences are heterogeneous and the number,
characteristics and distribution of ponds may have significant
implications for sediment and nutrient storage. The distribution
and properties of sediments within ponds and along pond com-
plexes is discussed by several authors (Gurnell, 1998; Walsh
et al., 1998; Meentemeyer and Butler, 1999; Bigler et al.,
2001; de Visscher et al., 2014), though there is notable variabil-
ity between studies. Beaver pond size will depend on the char-
acteristics of the catchment, building material available, as well
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as the size of stream in which they occur (Butler and Malanson,
1995; de Visscher et al., 2014). Previous research has deter-
mined that pond infilling can also be a function of dam age
(Meentemeyer and Butler, 1999; Bigler et al., 2001), with older
ponds typically accumulating more sediment (Gurnell, 1998).
Herein, the older ponds appeared to hold more sediment,
supporting Hypothesis 3 that storage is positively correlated
with age, but this relationship was non-significant. This is prob-
ably due to the relatively low number of ponds and low differ-
ence between maximum ages with ponds at similar
successional stages (Naiman et al., 1988).

A common finding in previous studies is that larger ponds (by
surface area) hold more sediment (Butler and Malanson, 1995;
Walsh et al., 1998; Giriat et al., 2016). Herein, no matter where
the ponds are located behind the sequence of 13 dams, larger
ponds not only hold significantly more total sediment, but also
hold more sediment per unit area. These results suggest that
larger ponds may exert a greater influence on flow dynamics
and sedimentation patterns, with de Visscher et al. (2014)
explaining this via velocity gradients across ponds.

In addition to size, the position of each pond within a series
of ponds may play a role in sediment and nutrient storage
(Hypothesis 2). Studies have identified that there is a down-
stream decrease in storage between ponds, with the most up-
stream ponds storing more than those downstream (Butler and
Malanson, 1995; Stefan and Klein, 2004). This has been attrib-
uted to high energy upstream catchments providing a sediment
supply which accumulated more rapidly in the upstream
ponds. In a lower energy environment, no difference in sedi-
mentation might be observed between ponds because the ma-
jority of sediment would be fine and transported in suspension;
therefore, larger ponds were found to retain the largest volumes
(Butler and Malanson, 1995). Being in a first order, headwater
tributary, it may be anticipated that the study site examined
herein falls into the latter category, as supported by the relation-
ship between sediment and pond size. However, as illustrated
in Figure 2, sediment mass normalised by area shows a distinc-
tive pattern with a peak in the middle ponds. Water entering the
site during storm events (when sediment loads are highest) may
have the energy to carry sediment through the first pond, before
it is slowed in subsequent ponds depositing sediment. Water
entering the downstream ponds is sediment depleted resulting
in less sediment being deposited in the lower ponds and lower
concentrations of suspended sediment leaving the site (Puttock
et al., 2017). Therefore, results suggest that, in addressing
Hypothesis 2, downstream position does play a role in sedi-
ment storage.

Bulk density values reported in previous research range from
0.47 +0.05 gcm® by Naiman et al. (1994) to 0.29 + 0.05 gcm’
by de Visscher et al. (2014), with the mean values reported in
this study (0.26 + 0.02 g cm?), being marginally lower than this
range. Previous studies including that by Naiman et al. 1994),
also recorded no significant change in bulk density throughout
the pond sequence. In this study a small, but statistically signif-
icant downstream increase in bulk density was observed,
which combined with the previously discussed reduction in
sediment depth in the lower ponds, adds to a picture of sedi-
ment being preferentially trapped and deposited in the upper
to middle ponds (Butler and Malanson, 1995), with less sedi-
ment in lower ponds.

Total carbon and nitrogen at the study site varied with the
size of pond and mass of sediment. Nutrient concentrations
within sediment showed no discernible change throughout
the pond sequence. Both carbon and nitrogen concentrations
in ponds were significantly higher (P < 0.05) than samples
taken from within channel locations above and below the
beaver-impacted site. Concentrations and C:N ratios in
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sediment above the pond sequence were higher than those
leaving the site, indicating preferential in-site carbon reten-
tion. Lizarralde et al. (1996) found that sediment trapped in
beaver ponds contained a greater concentration of nutrients,
including carbon, than riffle environments in the same reach.
Similarly, Johnston (2014) found beaver ponds to exhibit
higher nutrient concentrations than adjacent unimpounded
soils.

Sources of sediment in beaver ponds and wider
implications

While the source of much of the beaver pond sediment ap-
pears to be the upstream catchment, beaver activity within
the site has undoubtedly contributed. It has been shown that
beaver activity can constitute a sediment source primarily
through the contribution of excavated material from burrows
and canals (Lamsodis and Ulevicius, 2012). Attempts have
been made to quantify such sources; for example, Lamsodis
and Ulevicius (2012) investigated the contribution of beaver
(C. fiber) excavation to sedimentation in lowland agricultural
ditches in Lithuania. They found that, in a given 1km reach
of beaver-impacted channel, a mean of 53 burrows were ob-
served which could generate an estimated 80 m? of sediment
(approximate volume of 1.49m> per burrow). Another study
(focusing on C. canadensis), by Butler and Malanson (1995)
suggests a lower, but still noteworthy value of 0.4 m* per bur-
row (Butler and Malanson, 1995). Similarly, in a study of C.
canadensis in 16 US wetlands, it was found that the contribu-
tion of sediment from beaver canals to rivers was significant
(Hood and Larson, 2014). The authors show that, over a
13 km? area in the Miquelon Lake Provincial Park, Canada,
an estimated 22 315m? of sediment was released into the
watercourse. Erosion from within ponds (de Visscher et al.,
2014) or dam failure (Butler and Malanson, 2005) upstream
in a dam sequence may also contribute sediment of a mixed
source to ponds downstream.

It is probable that the ratio between beaver sourced sedi-
ment and other sources of sediment, such as anthropogenic
soil erosion, will vary greatly as a function of land use,
existing channel characteristics and beaver population densi-
ties. Similarly, the overall contribution of beaver activities to
reach or catchment scale sediment budgets will vary greatly
depending on the extent and nature of beaver engineering
activities. It may be hypothesised that in reaches where ex-
tensive and stable dam structures exist, the ability of beaver
activity to act as a sediment sink may be significant. In con-
trast, in areas where beavers exist but are not damming, their
burrowing and other activities may act as a sediment source
that is rarely quantified in existing monitoring and manage-
ment strategies.

The results presented here support the acceptance of
Hypothesis 4 (Sediment source), they show that over 70% (or
c. 70t) of the sediment stored in the ponds was sourced from
the upstream intensively-managed grassland catchment over
the course of 5vyears. The calculated annual rate of
0.71tha™ yr' equates closely to that of 0.72 tha™ yr', which
was reported as a mean annual erosion rate for intensively
managed grasslands (from nine studies) in a recent compilation
of UK soil erosion studies (Benaud et al., 2017).

Globally, soil erosion and degradation of predominately
agricultural land is both an environmental and economic
threat (Gregory et al., 2015). Erosion is also a serious issue
for downstream water quality leading to siltation, habitat de-
struction and eutrophication (Bilotta et al.,, 2008). While
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beaver channel modification cannot prevent agricultural soil
erosion, the reintroduction of beavers into headwaters may
provide a means by which to trap sediment (and associated
nutrients) in ponds and reconnect floodplains, limiting nega-
tive downstream impacts. For example, in North America
beavers are increasingly used as a cost-effective restoration
tool to restore incised and eroding stream systems (Pollock
et al., 2014) and also to restore channel heterogeneity and
fish habitat (Bouwes et al., 2016). Results presented herein
go some way to demonstrating that this could also be a via-
ble strategy within the agricultural landscapes which prevail
in Western Europe.

In the UK, the value of wetland recreation is recognised
(Braskerud et al., 2005; Deasy et al., 2009), with recommen-
dations for wetland creation across 2% of catchments having
being made (Millhollon et al., 2009). Others have suggested
smaller, strategically placed features could play a key role
(Braskerud et al., 2005; Ockenden et al., 2014). However,
such work commonly focuses on anthropogenic features with
associated construction and maintenance costs (Ockenden
et al., 2012). Allowing the recreation of more natural envi-
ronments, may provide a cost-effective strategy (i.e. when
beavers constantly maintain active dam sequences to main-
tain water storage capacity), while additionally providing a
host of other benefits such as biodiversity and habitat restora-
tion (Law et al., 2017), flow attenuation and water quality im-
provements (Puttock et al.,, 2017). The estimated sediment
accumulation rates, presented for the pond sequence in our
study (0.71tha™ yr'"), compares closely with those presented
by Ockenden et al. (2012) for 10 different wetlands con-
structed with the aim of sediment retention (range 0.01-
0.8tha™ yr').

Conclusion

Results presented in this paper illustrate that beavers can ex-
ert a significant impact upon sediment and nutrient storage.
Beaver ponds were shown to hold large volumes of sediment
and associated nutrients. Results also suggest that, whilst
pond age and deposition in a dam—pond sequence may play
a role in sediment and nutrient storage, the clearest control
was pond size, with larger ponds holding more sediment
per unit area.

Unlike most previous work, this study focused on a site
located within an intensively managed grassland landscape. It
was inferred that the majority of sediment trapped in the ponds
originated from erosion in the upstream intensively managed
grassland catchment, therefore, beaver dams mitigated the loss
of this sediment downstream. While further understanding of
the long-term stability of sediment and nutrient storage in bea-
ver ponds is now required, findings presented in this study have
important implications for understanding the role beavers may
play as part of catchment management strategies.
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