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Abstract

Vegetative barriers are increasingly used to reduce sediment export from cropland

and thus mitigate negative off-site consequences of soil erosion. Here, we report and

discuss the effectiveness of vegetative barriers implemented in Flanders (Belgium) to

buffer the flows of water and sediment. The three types of vegetative barriers stud-

ied are made of straw bales, wood chips or bales of coconut- fibre. Based on three

simulated runoff experiments performed in the field, we calculated the hydraulic

roughness and sediment deposition ratio. Our experiments showed that the barriers

made of coconut-fibre bales performed markedly better than those of straw bales or

wood chips (Manning's n values of 1.355, 1.049 and 2.231 s m-1/3 and a sediment

deposition ratio of 19%, 38% and 64% for barriers made of straw bales, wood chips

and coconut-fibre bales, respectively, during the first experiment). These values

increased during subsequent experiments demonstrating the effect of sediment

accumulating inside the structures. Especially for coconut-fibre bales, this accumula-

tion increases the risk of runoff bypassing or overtopping the barriers. The barriers

mainly retained sand and, to a lesser extent, silt and clay. As vegetative barriers have

to be renewed every few years because of the decomposition of organic material,

barriers made of locally available materials are more sustainable as a nature-based

solution to erosion. We conclude that although the vegetative barriers made of

coconut-fibre bales are superior in their regulation of flows of runoff and sediment,

barriers made of locally sourced materials are more sustainable.

K E YWORD S

agriculture, erosion control, hydrological connectivity, runoff, sediment

1 | INTRODUCTION

Accelerated soil erosion is a serious threat to sustainable develop-

ment worldwide, as it impairs the invaluable ecosystem services

provided by healthy soils (Keesstra et al., 2016). Specific to inten-

sively cultivated areas in rolling topographies is the issue of

hydrological and sediment connectivity of the land (Bracken &

Croke, 2007). During the scaling up of agricultural practices, inten-

sive farming systems have often created open landscapes, largely

depleted of perennial vegetation, in which runoff can move largely

unhindered. As a result, many headwaters that are intensively

farmed suffer from flooding, and downslope, rivers are exposed to
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pollution from sediment, nutrients and pesticides (Verstraeten &

Poesen, 2002). When the connectivity of the land is high, off-site

problems may persist even if erosion rates are within acceptable

margins (Boardman et al., 2019).

To reduce sediment export from cropland, farmers and land man-

agers are increasingly implementing small-scale measures such as veg-

etative barriers. The latter are small permeable dams made of narrow

strips of stiff, dense vegetation or barriers made of vegetal biomass

(Frankl et al., 2021). These barriers can be implemented at the lower

edge of erosion-prone fields or, more ideally, across concentrated

flow zones. By increasing the hydraulic roughness across the flow

zone, vegetative barriers reduce the runoff velocity and, in conse-

quence, cause runoff to accumulate and spread upslope (Kervroëdan

et al., 2021). As a result of the decrease in the transport capacity of

the flow, sedimentation occurs, both in the ponding water and inside

the vegetative barrier. In addition, vegetative barriers protect locally

from erosion and can strongly increase infiltration, especially where

plant roots develop (Frankl et al., 2018; Kervroëdan et al., 2021;

Richet et al., 2017).

Even though vegetative barriers are increasingly implemented in

agricultural land, few data exist on their hydraulic roughness or sedi-

ment deposition rate. In NW Europe, however, several studies have

been devoted to understanding their hydro-geomorphological

effects (e.g., Vander Linden, 2011; Ouvry et al., 2012; Degré &

Bielders, 2016; Richet et al., 2017; Frankl et al., 2018; Kervroëdan

et al., 2018; Boardman et al., 2019). Here, we report on the hydraulic

resistance and sediment deposition ratio (SDR) of vegetative barriers

that have recently been implemented in the agricultural areas of

Flanders (Belgium). These barriers have been co-designed by local

farmers and stakeholders and are largely unique to the area in

terms of the vegetative materials used. As such, we want to

improve the transfer of knowledge between agricultural regions

and discuss the potential of vegetative barriers for reducing sedi-

ment export. This demonstration is important for communicating to

farmers the advantages of adopting such measures and for model-

ling sediment transport to support land management policies

(Frankl et al., 2018).

2 | METHODS

2.1 | Experimental field site

The vegetative barriers investigated were made of (i) straw bales

(width = 0.45 m, density 73 kg m�3, Figure 1a), (ii) wood chips

(width = 0.92 m, density 520 kg m�3, Figure 1b), and (iii) bales of

coconut-fibre (width = 0.40 m, density 143 kg m�3, Figure 1c). The

experimental field site where the vegetative barriers were studied

was located near the village of Nukerke in East Flanders, Belgium

(50.7741�N, 3.5877�E; 89 m a.s.l.). The mean annual precipitation and

temperature are within the range of 900–1000 mm and 10–10.5�C,

respectively (RMI, 2021). The soil texture is sandy loam, and according

to the World Reference Base for Soil Resources, the soil is a Haplic

Luvisol (Dondeyne et al., 2014). The barriers of straw and coconut-

fibre were placed in the field about 2 months before the experiment.

A wood-chip barrier was placed 1.5 years earlier. Since runoff from

the upper slope is diverted away from the vegetative barriers, it did

not accumulate sediment prior to the experiments, and the settled

barriers were considered as new structures, which had the time to

settle at their base.

F IGURE 1 Types of
vegetative barriers studied:
(a) straw bales; (b) wood-chips;
(c) coconut-fibre bales and
(d) experimental setup to simulate
sediment-laden runoff events,
also showing the flume fitted to
the barrier and the earth dam
ponds at each side of the flume.
(e) Sediment deposited in the
flume after an experiment, also
showing ponded water [Colour
figure can be viewed at
wileyonlinelibrary.com]
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2.2 | Determining the hydraulic roughness and
sediment deposition ratio from simulated runoff
events

For each type of vegetative barrier, the runoff events were simulated

three times on the same barrier on 17 and 18 August 2020. Therefore,

we constructed a rectangular flume based on the design of Ouvry

et al. (2012). This flume consists of a channel 6 m long � 0.5 m wide

� 0.5 m deep. The flume was installed at the upslope front of the veg-

etative barriers, perpendicular to their longitudinal axis (Figure 1d,e).

The slope of the flume was set at 9% (�local slope gradient) using a

clinometer and by adjusting the adjustable metal support legs. At the

upper side of the flume, a perforated plastic storage box was placed

that allowed to feed the flume with a flow of water and topsoil. We

close-fitted the flume to the barriers and filled any gaps around the

flume edges with expanding foam to avoid leakage. To ensure that

the runoff did not divert sideways inside the vegetative barriers, we

made small earth dam ponds on each side of the flume and filled them

with water during the experiments. As such, the flume (together with

the two small ponds) functioned as a double-ring infiltrometer. A ruler

was placed vertically in the flume at its contact with the vegetative

barriers in order to record the water level height (at cm resolution).

We aimed at simulating runoff events similar to those performed

in previous studies (e.g., Degré & Bielders, 2016; Richet et al., 2017),

while also considering the feasibility of such experiments under field

conditions. For the sediment discharge, this means that we simulated

a rather low sediment concentration as compared to what can be

expected in field conditions. Fields unprotected by vegetation may

produce runoff with sediment concentrations reaching approximately

200 g L�1 (Steegen et al., 2000). However, Degré and Bielders (2016)

showed that sediment deposition in the flume is mainly influenced by

slowing down the flow rate and building up backwater – which in turn

depends on the characteristics of vegetative barriers influencing the

water level height – and not by the sediment load of the flow. Our

results can therefore provide valuable information on the effective-

ness of vegetation barriers.

To ensure a constant water discharge during the simulated runoff

experiments, the pressure by the water column in the perforated box

was kept constant to the level of three evacuation holes (connected

to tubes) at the back of the box. The resulting discharge simulation

was 9.1 ± 0.3 L s�1 m�1 (�peak flow rate in small catchments in NW

Europe; Ouvry et al., 2012; Degré & Bielders, 2016) as determined by

recording the time it takes to fill a container of 200 L, repeated three-

times. To simulate a sediment discharge, the topsoil collected before

the tests from the field site was sieved at 2 mm and air-dried. To

achieve a constant flow of sediment, the topsoil was first inserted into

two buckets of water and mixed manually while feeding it into the

box at a constant speed. The resulting simulated sediment concentra-

tion was 5.5 ± 0.3 g L�1.

When the flume was in place, we first tested the experimental

set-up and only started measuring once we observed that no leakage

occurred between the flume and the barrier. The simulated runoff

experiment then consisted of three phases: (1) feeding the flume with

a constant discharge and measuring the water level height at its con-

tact with the vegetative barriers once the water level was stable for

approximately 15 s (t1 = 0, Table 1). This water level was used to cal-

culate the Manning n coefficient (see below). (2) Keeping the dis-

charge constant and feeding the flume with sediment for 60 s, and

then measuring the water level after t2 = 30 s and t3 = 60 s. (3) Stop-

ping the discharge and collecting the sediment deposited in the flume.

To define the hydraulic resistance, we used the empirical Man-

ning n coefficient, to be consistent with previous research on vegeta-

tive barriers (Ouvry et al., 2012; Degré & Bielders, 2016; Richet

et al., 2017; Kervroëdan et al., 2018). Manning's n is also used as an

input parameter to numerous hydrological models (e.g., LISEM and

WATEM-SEDEM). Strictly speaking, defining Manning's n requires

steady flow and a constant water level in the flow section (i.e., inside

the barrier). As this condition is not fulfilled, the Manning n values

presented here are an approximation of the hydraulic roughness, as

also discussed in Richet et al. (2017). Manning's n is determined using

Equation (1):

n¼ 1
Q
AR2=3S1=2, ð1Þ

Where: n is the Manning's roughness coefficient in s m�1/3. Q is the

flow rate in m3 s�1. A is the cross-sectional area of flow in m2

(or A = L * h, L is the channel width and h the height of the flow at the

vegetation barrier, measured at the same location during every experi-

ment). R is the hydraulic radius in m (or R = A/P, P being the wetted

perimeter). S is the slope of the flume in m m�1.

The SDR is the ratio of the sediment deposited in the flume to the

sediment injected in the flume. The grain size distribution was deter-

mined after dry sieving following standard procedures and classed

into fractions (sieve openings, see Table 1).

3 | RESULTS AND DISCUSSION

The buffering of the water flow was most pronounced for barriers

made of bales of coconut fibre, and this caused the water level in the

flume to increase most and thus also produce the highest hydraulic

roughness (Table 1). It also took >1 hr before the flume fully emptied

at the coconut-fibre barriers. This time lag has a significant effect on

the reduction of the hydrological connectivity. However, the high

hydraulic roughness also increases the risk of runoff bypassing or

overflowing the barriers, especially once the barriers are clogged with

sediment and cause a marked increase of the water level during sub-

sequent runoff events (Table 1). The barriers made of straw bales or

wood-chips produced a lower hydraulic roughness (and also emptied

rapidly after the simulated runoff events). The increase in the water

level during subsequent runoff events was also less pronounced so

that the barriers made of straw bales or wood--chips remain func-

tional over longer periods as compared to the barriers made of

coconut-fibre bales. Such effects have to be considered by both land

managers and modellers. For the latter, the Manning n values at t1 of
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the first experiment (i.e., newly implemented barriers) are most suited

to compare between studies, or 1.355, 1.049 and 2.231 s m-1/3,

respectively, for the barriers made of straw bales, wood-chips and

coconut-fibre bales. These values will however increase once the bar-

riers fill with sediment.

For the sediment deposition ratio, the barriers made of coconut-

fibre bales trapped most sediment (Table 1). For the first experiment,

the deposition ratio was 19%, 38% and 64%, respectively, for the bar-

riers made of straw bales, wood chips and coconut-fibre bales. For all

types of barriers, there was a positive effect of the increase in the

water level (due to sediment accumulation inside the barriers during

subsequent experiments) on the SDR (Figure 2). Remarkably, the bar-

riers made of coconut-fibre bales could retain almost all the inserted

sediment after the first experiment. The increase in the SDR did, how-

ever, not change the barrier's efficiency in trapping fine sediments.

Subsequent tests did not change the grain size distribution much and

the variability remained very small (Table 1). The barriers were most

effective in trapping sand. Therefore, we could not explain sediment

grain size distribution by the SDR as carried out in the study by Richet

et al. (2017). Overall, the results of Table 1 are within the range of

previous studies in NW Europe (e.g., Vander Linden, 2011; Ouvry

et al., 2012; Degré & Bielders, 2016; Richet et al., 2017; Kervroëdan

et al., 2018), even though these studies mainly considered other types

of vegetative barriers (e.g., made of brushwood fences or live vegeta-

tion). Improving the efficiency of the barriers in trapping fine sedi-

ments could be achieved by implementing grass strips downslope of

the barriers, where gently flowing water spreads over the slope below

the barrier. A gentle flow of water inside a grass strip could also

improve infiltration rates and therefore reduce the risks of ephemeral

gully erosion by the clear water effect (Frankl et al., 2018).

In terms of sustainability, using locally sourced materials is prefer-

able as the vegetative barriers have to be renewed regularly. In that

regard, using coconut fibre is less sustainable as it is not locally avail-

able in NW Europe. Straw and wood chips can be locally sourced.

TABLE 1 Effectiveness of the
vegetative barriers: steady-state water
height (h), hydraulic roughness
(Manning's n), sediment deposition ratio
(SDR) and grain size distribution of
inserted and deposited sediment

Vegetative material Experiment h (m)a n (s m-1/3)b SDR (%)

Straw bales 1 0.18, 0.17, 0.17 1.355 19

2 0.18, 0.17, 0.17 1.355 18

3 0.18, 0.18, 0.18 1.355 26

Wood-chips 1 0.15, 0.16, 0.16 1.049 38

2 0.18, 0.19, 0.21 1.355 50

3 0.20, 0.19, 0.22 1.566 50

Coconut-fibre bales 1 0.26, 0.27, 0.28 2.231 64

2 0.32, 0.33, 0.33 2.928 88

3 0.35, 0.37, 0.37 3.286 89

Grain size distribution (%)

Clay and siltc Very fine sandd Fine to coarse sande

Inserted topsoil 55.0 15.2 29.8

Deposited

sediment

Straw bales 35.2 ± 1.7A 26.4 ± 0.3A 38.4 ± 1.6A

Wood-chips 23.1 ± 0.9B 15.4 ± 2.0B 61.5 ± 2.8B

Coconut-fibre bales 28.7 ± 3.6C 31.3 ± 2.9C 39.9 ± 0.7A

Note: A, B, C show statistical difference from the ANOVA LSD test at α = 0.05
aAt t1, t2, t3
bAt t1
c<0.064 mm
d0.064–0.125 mm
e0.125–2 mm

F IGURE 2 Relationship between maximum water level and
sediment deposition ratio for subsequent simulated runoff events
(after experiments 1, 2 and 3, Table 1) indicating that as the barriers
fill with sediment, they become more effective in trapping sediment
[Colour figure can be viewed at wileyonlinelibrary.com]
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Straw is readily available as an agricultural by-product. Wood chips

can be produced following the trimming of local hedges and trees.

Furthermore, wood chip barriers can fulfil other services such as pro-

viding shelter for insects (such as an insect hotel) or increase infiltra-

tion rates as a well-textured soil, rich in organic matter, develops

below them.

4 | CONCLUSIONS

Vegetative barriers are increasingly used in agricultural regions as a

nature-based solution to land degradation. Largely unique to the

region in terms of materials used, the barriers made of straw bales,

wood chips and coconut-fibre bales were shown to have a major

effect on buffering flows of water and sediment, the most effective

being bales made of coconut fibre. The latter, however, rapidly fill

with sediment and therefore increase the risks of runoff bypassing

or overtopping during subsequent events. In addition, coconut fibre

is imported, therefore, we suggest using vegetative barriers made

from locally sourced vegetative materials such as straw or wood-

chips.
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