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Abstract

Assessing the impacts of future changes in land use on the hydrological cycle is an
important issue for the proper management of water resources, since land use changes
have implications on both water quantity and quality. Land use changes, in particular
the expansion of urban areas, can significantly affect river flow increasing flood risk,
whereas, the development of woodland areas could have positive effects on the
reduction of peak flow. The present study has been carried out to assess and quantify
the impact of land use changes on the water resources of a river basin located in South
West England. With this aim, a hydrological model has been applied to some land use
scenarios. In particular, two scenarios have been investigated: the first includes the
increase of agricultural areas and the decrease of woodlands, the second includes the
increase of urban areas and the decrease of woodlands. Results showed that, in the area
of study, river flow would likely to be affected by future land use changes, mainly in
the case of urban areas increase.

1 Introduction

Change in land use is not a new phenomenon, nevertheless, in recent decades, it has become more
rapid. Globally, croplands, pastures and urban areas have expanded, increasing water and energy
demand and the concentration of pesticides and fertilizers in river flow. Several studies pointed out
that changes in land cover have influenced the hydrological regime of various river basins and the
quality of their water (Tang et al., 2005; Li et al., 2009; Schilling et al., 2014; Tellman et al., 2016).
Quantifying the extent to which land use affects water resources at the watershed scale is essential in
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order to ensure their proper management. Due to the complexity of the hydrological processes, the
magnitude of land use change impacts on runoff generation is still highly uncertain (Niehoff et al.,
2002).

In order to assess the effects of land use changes on hydrological processes at watershed scale,
several methods have been developed and applied, which mainly involve time series statistical
analysis and hydrological modelling. Whereas statistical methodologies are not able to reproduce, by
means of mathematical laws, the physical mechanisms of water cycle, hydrological models provide a
framework to investigate the relationships between land use changes and water resources
(Jothityangkoon et al., 2001). For this reason, the modelling approach has been widely chosen to carry
out studies to investigate the effects of land use changes on runoff. To this aim, hydrological models
have been applied following different approaches. Im et al. (2009) used the MIKE SHE model to
analyze the hydrologic response to land use changes in a watershed located in South Korea. Baker and
Miller (2013) used the SWAT model to assess land use impact on water resources in an East African
watershed, finding that, in the area of study, land use changes caused increases in surface runoff and
decreases in groundwater recharge.

Due to the use of spatially distributed data, the distributed physically-based hydrological models
represent the most rational way to model the impact of land use changes on the runoff dynamics of a
river catchment (Hundecha and Bardossy, 2004). Nevertheless, these models are highly demanding in
terms of data, and in many cases, their applicability could be restricted to small catchments. For these
reasons, approaches based on conceptual models are usually applied. Reynard et al. (2001) analyzed
the potential effects of climate and land use change in the Severn and Thames catchments (United
Kingdom) using a conceptual rainfall-runoff model. The authors found that an increase of urban and
forest cover cause a large shift in flow duration and flow frequency curve, even if in opposite
directions. Schreider et al. (2002) used the IHACRES model (Jakeman et al., 1990) to determine the
daily time series of 12 catchments in Australia under different land use conditions.

In this study, the implications of land use changes on river flow have been investigated, applying a
hydrological model to two different potential future land use scenarios in a river basin located in
South West England, the Exe at Thorverton. The applied model is based on the groundwater recharge
model developed by Rushton et al. (2006) and allows to take into account the effects of different land
uses in the processes of runoff generation. Both evapotranspiration from crops and evaporation from
bare soil are included in the model.

2 Study area and dataset

The study area is the Exe at Thorverton river basin, located in South West England. In the area of
the basin (approximately 600 kmz), land cover includes pasture (66.9%), woodlands (17.8%), arable
(12.9%) and urban areas (2.4%). The prevalent crop in the arable areas is the winter wheat.

The geology is characterized by Devonian sandstones and Carboniferous Culm Measures, with
subordinate Permian sandstones (in the East). The predominant soil type in the basin is the Dystric
Cambisols, covering the 98% of the area, whereas the remaining 2% are Orthic Luvisols.

According to the Koppen classification, the climate of South West England is classified as
oceanic, characterized by cool winters, warmer summers and precipitation distributed during the
whole year. The average annual temperature is approximately 10°C. The warmest months are July and
August, with an average annual temperature of 15-16°C. Average annual rainfall ranges between
1,200 and 1,300 mm/year. The average annual flow at the outlet is approximately 16.2 m’/s.

Daily series of precipitation, temperature, solar radiation, relative humidity and wind speed data
have been obtained from a dataset based on the global data of National Centers for Environmental
Prediction (NCEP) Climate Forecast System Reanalysis (CFSR), available at the website
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http://globalweather.tamu.edu/. Daily river flow data recorded at the Thorverton station (25.8
mAOD) have been provided by the National River Flow Archive of United Kingdom. The Corine
Land Cover 2012 map has been used to obtain information about land use in the area of study. Figure
1 shows the digital elevation model of the basin, the outlet location and the land cover map.
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Figure 1: Digital elevation model of the river basin and land cover map (Corine Land Cover 2012)

3 Methodologies
3.1 Runoff modelling

The applied model is able to represent runoff and potential groundwater recharge processes based
on soil moisture conditions, that are a function of catchment characteristics, in particular the crop
types in arable areas and the related growth stages. The model is described in detail by Rushton et al.
(2006).

The processes included in the model can be summarized as follows (Figure 2): precipitation
reaches the ground surface and, based on rainfall intensity and soil moisture conditions, some of it can
generate runoff, while another part infiltrates in the soil zone. The amount of infiltrated water
becomes available to supply potential evapotranspiration or to be stored as groundwater. Every time
the potential evapotranspiration demand has been met, any further infiltrated water will be stored in
the soil. This process will continue until the stored water reaches the field capacity, that is the point at
which the soil becomes free draining and groundwater recharge occurs. During dry periods, the soil
dries due to water uptake by the crop. The soil moisture deficit represents the depletion below field
capacity that is the amount of water needed to bring the soil back to the field capacity. If enough
water is available, actual evapotranspiration will occur at the potential rate.

In order to identify when the soil reaches the field capacity, the model simulates the soil moisture
conditions on a daily basis throughout the year. Soil moisture distribution in the soil is linked with the
permanent wilting point 8y, that is the soil moisture content below which the plant roots are not able
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to extract water, and the field capacity frc. The main input for soil moisture balance is rainfall.
Interception and runoff reduce the actual infiltration to the soil zone. Runoff can be evaluated by
means of coefficients that define the fraction of rainfall which becomes runoff. These coefficients
depend on daily rainfall and soil moisture deficit.
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Figure 2: Processes involved in the soil moisture balance

The reference crop potential evapotranspiration ETj is estimated using the FAO version of the
Penman-Monteith equation (Allen et al., 1998). The amount of water required by each crop is
different, depending on the date of sowing and harvest, the growth of crop etc. The potential
transpiration of the crop ET is calculated as follows:

ET, = Ks - K, - ET, (1)

where Kj is the stress coefficient and K is the crop coefficient (Allen et al., 1998). Kj is estimated by
considering the depth of roots, the soil moisture deficit and the moisture holding properties of the soil,
while K. depends on the growth stage of the crop, assuming the highest values during the
development and the mid stage, when the crop matures. Evaporation from bare soil occurs from crop
harvest up to the complete coverage of ground by the crop.

The total water available to the plants (TAW) depends on the depth of the crop roots Z, and the
difference between the water content at the field capacity and the wilting point:

TAW = 1000(05¢ — Owp)Zy )

In order to represent the condition in which the crop can obtained all the required water from the
soil, the readily available water RAW is introduced in the model:

RAW =p - TAW 3)
where p is a factor that ranges between 0.2 and 0.7. Once the soil moisture deficit exceed the RAW,

the crop in under stress conditions and will transpire at a reduced rate, whereas the crop transpires at
the potential rate when RAW is higher than the soil moisture deficit.
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In the soil moisture balance, it is assumed that groundwater recharge will occur on days when the
soil moisture deficit become zero and the soil becomes free draining. Recharge is equal to the amount
of water exceeding that required by the soil to reach the field capacity. All the stage of soil moisture
balance calculation are fully described by Rushton et al. (2006).

3.2 Land use change scenarios

U.K. land use is currently dominated by agriculture. Approximately 14% of the U.K. territory is
covered by urban areas, which increased by around 300,000 ha since 1998 (DEFRA, 2006). Some
studied have developed future land use change scenarios for U.K. (Reynard et al., 2001; Johnes et al.,
2007), nevertheless results of these analyses are affected by a high degree of uncertainty. Most of
these scenarios are based on the following potential conditions (Rounsevell and Reay, 2009):

¢ a reduction of croplands used for food production, and an increase of those used for bioenergy;

® an increase in urban areas, with different spatial patterns, as response to population growth and
residential location choices;

¢ an increase of forests that will replace the areas previously used for agriculture, but also due to
the reforestation strategies included in rural development policy;

e a retreat in coastal land areas, due to coastal erosion and sea level rise.

The aspects involved in potential land use change are different and numerous, however, socio-
economic factors and climate change are those that will mainly affect future changes (Rounsevell et
al., 2006). In this study, two different land use change scenarios have been analysed, assuming the
increase of croplands and urban areas:

e Scenario A: it has been assumed that woodland areas are completely replaced with arable areas
farmed with winter wheat. In this scenario cropland areas cover the 30.7% of the river basin
area;

e Scenario B: woodland areas are completely replaced with urban areas. In this scenario urban
areas cover the 20.2% of the river basin area.

4 Results and discussion

Before the application to the land use change scenarios, the model has been calibrated and
validated. To identify the set of model parameters that provides a good fit between observed and
simulated discharges, a Monte Carlo procedure has been used, consisting in a random generation of
parameters value in fixed ranges of variation. In this way, each model simulation has been
characterized by a different combination of randomly generated parameters.

Daily river flow data recorded over the 2003-2008 period has been used for model calibration,
while model validation has been performed using data measured from 2009 to 2012. Table 1 shows
the set of parameters that provided the best simulation in model calibration.

Parameter Description Calibrated value Measurement unit
Orc field capacity 0.204 m’/m’
Owp wilting point 0.096 m’*/m’
p depletion factor for RAW calculation 0.821 -
Z, root zone depth 0.792 m
BF bypass fraction 0.232 -
FRACSTOR factor for near surface storage 0.110 -

Table 1 Parameters of calibrated model
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The Nash and Sutcliffe coefficient (NS) has been calculated to evaluate the model performance. At
daily scale, the calibrated model provided a NS coefficient equal to 0.7, while at the monthly scale the
performance improved, reaching a NS value equal to 0.85. Validation NS coefficients were 0.6 and 0.8
for daily and monthly river flow respectively. Figure 3a) shows the average river flow series
simulated for each month of the 2003-2008 period compared with the observed series. The mean
monthly values of the observed and simulated series are compared in Figure 3 b).
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Figure 3: a) Average observed and simulated river flow in each month of the 2003-2008
period, b) average monthly observed and simulated river flow over the 2003-2008 period.

According to the previously described results, the model is able to reproduce the time pattern of
the average monthly river flow, providing a reliable estimation of the available surface water
resources. Thereafter, the calibrated model has been applied the land use change scenarios. The daily
river flow has been simulated and then aggregated at the monthly scale in order to evaluate the
available water volumes at the watershed outlet. In current land use conditions, the average annual
river flow is equal to 15 m’/s, while the simulated river flow is equal to 16 m’/s and 17 m’/s in the
Scenario A and B respectively. Table 1 shows the annual average water volumes in Mm’ at the river
basin outlet in the different scenarios. Both Scenario A and B are characterized by an increase of
water volume, that is slightly higher in the case of urban areas expansion (Scenario B).

Land use Volume [Mm3] A [%]

Current conditions 476.4 -
Scenario A 546.2 +14.7%
Scenario B 556.6 +16.8%

Table 2 Available volumes of water [Mm°] in current land use conditions and in the two scenarios

Figure 4 shows the monthly average water volumes in Scenario A and B, compared to the current
conditions of land use. It can be observed that the monthly variability of water volumes is more
evident in the case of Scenario A. Indeed, due to the increase of the crop areas, water balance is more
affected by the evapotranspiration processes related to the growth stages of the winter wheat. The
expansion of agricultural areas in scenario A and urban areas in scenario B caused the increase of
surface runoff, and consequently of the water volumes at the river basin outlet. This increase is also
due to the reduction of water infiltration into the soil and the groundwater recharge. In Scenario A, the
highest increases of water volumes occur during autumn months (+85.4% in November), while in
Scenario B during summer months (+76.9% in June). The increase of water volumes in both scenarios
highlights the importance of the role of woodland areas in flood risk reduction.
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Figure 4: Monthly average water volumes in Scenario A and B, compared to the current
conditions of land use.

The applied model allowed to estimate the groundwater recharge as the quantity of water that
exceeds the amount required to bring the soil to field capacity. A reduction of groundwater recharge is
observed in both scenarios, with the highest rates occurring during summer months (approximately
the 50% less recharge in the two scenarios, if compared with current land use conditions). At the
annual scale, recharge decreases by the 25.6% and the 37.4% in Scenario A and Scenario B,
respectively. In both scenarios, the decrease in monthly groundwater recharge can be attributed to a
reduction of soil infiltration, an increase of surface runoff and evapotranspiration. A reduction of base
flow also occurred in the two land use change scenarios. Specifically, the average annual base flow is
2.3 m%/s in the current conditions, while it is equal to 1.8 m’/s and 1.5 m*/s for Scenario A and B,
respectively.

5 Conclusions

Changes in land use will have important impacts on water resources. The magnitude of these
impacts need to be assessed in order to ensure an effective land planning and management. This paper
describes the application of a hydrological model for the estimation of water resources in land use
scenarios. The model has been calibrated and applied to estimate daily river flow in the Exe at
Thorverton river basin, located in South West England. Most of the land in the basin is covered by
pasture. Two land use change scenarios have been investigated: in the first scenario, woodlands have
been completely replaced with croplands, whereas in the second scenario all the woodlands have been
replaced with urban areas. The model has been applied to calculate the average monthly water
volumes available at the basin outlet and the groundwater recharge in each scenario. Results showed
an increase of water volumes and a decrease of groundwater recharge in both scenarios. Specifically,
the recharge rate can be reduced up to 40% in annual average and to more than 50% in the summer
season. This variation will surely affect water resources availability in the near future and, at the same
time, will have a relevant environmental impact on river ecosystems due to the reduction of base
flows. Further development of this study could include the analysis of the effects of different land use
changes (in term of type of land use and percentage of changed area) on the hydrological response of
the river basin, including the increase of woodland areas.
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