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Abstract
Gully erosion leads to soil loss and poses significant threats to availability of land for cultivation, food security and development of infrastructure. Hydrological changes driven by land-use changes are often identified as drivers of gully erosion. The aims of this paper are to assess the influence of changes in land use on gully catchment hydrology and relate these changes to gully erosion. To achieve these aims, we used The Soil Water and Assessment Tool (SWAT, 2012 version) to assess hydrological changes driven by land-use changes in 22 gully catchments in the Orlu region of southeast Nigeria between 2009 and 2018. In the absence of measured hydrological data, we used a mixed-method approach to validate modelling results:  literature review, field observations and focus group meetings. Increase in surface runoff estimates was observed in 21 catchments where reductions in fallow cover were observed. In one catchment where increased fallow was observed, we identified reduction in surface runoff. Surface runoff erosion was identified as a dominant process of gully expansion in the study area, but there was no significant relationship between changes in gullied area and changes in runoff volumes (r2 = 0.15, p = 0.08). Within-catchment variations in land-use configuration influences surface runoff volumes and pathways, and by extension, gully erosion. This was evident in the slow gully expansion rate/gully reduction identified at gullies with vegetated adjacent lands as opposed to active runoff incision observed in gullies with bare adjacent lands.  Therefore, the key finding of this study is that it is important to identify and incorporate the uniqueness of gully catchments in gully management as a successful management technique in a particular catchment may not work in another.
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1.0. Introduction 
Gully erosion has significant effects on soil loss, the availability of land for cultivation, crop productivity and land degradation (Graves et al. 2015; Morgan & Rickson, 1995; Rickson et al. 2015; Soleimanpour & Kazemabady, 2021; Zhang et al. 2002). Gully erosion can result from different mechanisms including sub-surface and surface flows (Bernatek-Jakiel & Poesen, 2018; Betts et al. 2003; Dunne, 1990; Gómez-Gutiérrez et al. 2015). 
Sub-surface erosion of soil particles can occur through seepage erosion (Dunne, 1990), actions of lateral movement of water within the soil (Berry, 1970), groundwater-driven erosion and piping (Bernatek-Jakiel & Poesen, 2018; Jones, 2004; Okagbue & Uma, 1987). Groundwater-driven gullying is evidenced in the presence of springs at different horizons of a gully (Okagbue & Uma, 1987). Events that route surface runoff underground, e.g. increase in biogeomorphic activities such as animal burrows, will likely propagate sub-surface erosion (Chappell, 2010; Swanson et al. 1989), especially if subsequent collapse of pipes and related features occurs. 
Surface-driven erosion can take the form of fluting (Poesen et al. 2002; Vandekerckhove et al. 2000), incisions by rainfall and runoff, development of rills, gully headcut retreat and lateral expansion due to landsliding (Okagbue & Uma, 1987; Osadebe et al. 2014; Osuji, 1984). Four stages of gully evolution have been identified for surface-driven erosion: formation of rills, development of incipient gullies, formation of shallow gullies (< 15 m deep), and development of deep gullies (> 15 m deep) (Okagbue & Uma, 1987). During the first three stages, surface erosion and fluvial incision are the primary methods of gully expansion and the role of landsliding as a gully-driver is of little significance. However, as a gully passes a critical threshold of sidewall length and/or slope in their final stages of evolution, sidewalls begin to fail and landsliding associated with groundwater fluxes is thought to become the dominant gully-driver (Betts et al. 2003; Okagbue & Uma, 1987). Thus, a gully might initiate due to surface processes and then widen due to sub-surface processes or vice versa. 
Gully erosion is the dominant environmental problem in the southeast region of Nigeria and has affected livelihood of the population (Amah et al. 2021; Egboka et al. 1990). High demographic pressures and major land-use changes that have increased volumes of surface runoff in gully catchments are often identified as facilitators of gullying in this region (Attah et al. 2013; Fanciullacci, 1978; Njoku et al. 2017; Osumgborogwu et al. 2022).  However, a study of gully erosion that demonstrates the controls of land-use changes on changes in catchment hydrology, and their consequent effects on gullying is not available for the southeast region of Nigeria and similar environments.  Thus, the aims of this paper are: 1) to assess the influence of changes in land use on changes in gully catchment hydrology and 2) to relate these hydrological changes to gully erosion. We used a modelling-based approach to assess the influence of land-use changes between 2009 and 2018 on changes in the hydrology of gully catchments. In the absence of measured hydrological data, we adopted a mixed-method approach of field observation, literature review and focus group discussions to validate modelling results.
2.0. Materials and methods
2.1. Study area
Twenty-two gully catchments in the Orlu area (534 km2) of southeast Nigeria were studied (Figure 1). Southeast Nigeria has a tropical climate with mean annual minimum and maximum temperatures ranging from 21-29°C along the coast and 30-33°C in the interior. Rainfall generally is intense and ranges from over 2500 mm annually in the southernmost region to about 1500 mm in the northern borders (Chukwu, 2007; Ezemonye & Emeribe, 2012; Igwe, 2012) (Figure 1). Detailed descriptions of rainfall characteristics in the region are provided in Obi & Salako (1995) and Salako (2008). The area lies in the rainforest dominated by evergreen trees such as African star apple (Chrysophyllum africanum) and the oil bean (Pentaclethra macrophylla Benth.) (Ezemonye & Emeribe, 2012). However, increased demographic pressures have led to replacement of rainforests with secondary forests and cultivated lands across the area. Cassava (Manihot esculenta) is the dominant food crop (Ande et al.  2008; Ozor et al. 2010); however mixed farming is also practised. It is common to find a piece of land with cassava and maize (Zea mays) inter-planted. Soils in the study area are sandy loam characterised by high sand contents (up to 90% sand in places) with low silt/clay composition which decreases with depth. The soils have high infiltration rates in the range of 101 to 3571 mm h-1 (Chiemelu et al. 2013; Obi & Asiegbu, 1980; Okorafor et al. 2017). 
2.2. Analysis of remotely sensed data and field observation 
Remotely sensed data used in this study were a 30 m Shuttle Radar Topography Mission (SRTM) digital elevation model (DEM), 2009 RapidEye1 (5 m resolution), 2014 WorldView2 (2 m resolution) and 2018 RapidEye3 (5 m resolution) imagery. Gully digitisation, gully catchment delineation, land-use classifications and field observations were completed using the methods described in Osumgborogwu et al. (2022). A drone-derived DEM and orthophoto (0.4 m resolution) of two gully catchments (Urualla 1 and 2) were made available by Loraj Consortium. Drone data (survey was conducted in May 2019) were used to derive a new regression equation for channel width (details in section 2.3.3). 
During field observation, method of gully expansion (e.g. gully-induced landsliding or surface runoff incision), discharge of water from gully walls/floors, land uses in upstream areas and gully-adjacent lands were observed. Recent landslides were identified based on the approach of Lee (2005): breaks in the forest canopy, bare soil, or other geomorphic characteristics typical of landslide scars, for example, head and side scarps, flow tracks, and soil and debris deposits below a scar. Older slides were visible in the form of scars. Five gully catchments were visited (Obibi-Ochasi, Amucha, Isu 1, Urualla 1 and Umueshi). During field visits, two focus-group meetings were conducted in Amucha and Obibi-Ochasi catchments. Group discussions were used to understand processes driving gullying in the study area and to validate modelling results. Questions asked at the group meetings are provided in supplementary information (S1) and detailed explanation of focus group meetings is provided in Osumgborogwu et al. (2022). Responses from group attendees were analysed using themes representing key findings of the meetings
2.3. The SWAT Model  
SWAT (v. 12) was used to model surface and sub-surface flow responses to land-use changes, as it simulates hydrological responses to land-use configuration. SWAT can be parameterised to simulate effects of tillage farming on hydrological processes (tillage farming is the predominant agricultural activity in rural Nigeria). Finally, the model and required input data are freely available, which is an important consideration in terms of the accessibility of approach used in this study for local practitioners. SWAT is a process-based model, designed with the objective of predicting the impact of land-management practices on water, sediment, and agricultural chemical yields in watersheds with varying soil, land use, and management conditions (Dile & Srinivasan, 2014; Neitsch et al. 2012; Santhi et al. 2001). SWAT (v12) simulates hydrological processes with a daily time step.  Within SWAT, catchments are disaggregated into subbasins, which are further divided into Hydrological Response Units (HRUs) (Dile & Srinivasan, 2014). The HRUs are represented as a percentage of the subbasin area and may not be contiguous or spatially identified within a SWAT simulation (Arnold et al. 2012). The following sub-sections detail the required data and working mechanism for the SWAT model.
2.3.1. Weather data
The Nigerian Meteorological Agency (NIMET) provided monthly rainfall data of Local Government Areas (LGAs) in the study area. However, this resolution of data was not high enough for SWAT modelling. Three alternative weather data sources were initially explored (The Tropical Rainfall Measuring Mission, The European Centre for Medium-Range Weather Forecasts-ERA5 and The Climate Forecast System Reanalysis (CFSR). Data comparison showed that the CSFR data provided the closest monthly rainfall values with those of the NIMET for the study area. The inbuilt SWAT weather generator was used to generate daily rainfall, minimum and maximum temperature, solar radiation, mean daily wind speed and relative humidity. Daily values for weather in individual subbasins are generated based on average monthly values (from the CFSR global meteorological database for latitudes 5° & 6° N and longitudes 6° and 7° E) and assumes there is no spatial correlation of generated values between different subbasins (Neitsch et al. 2011). 
2.3.2. Runoff generation
Due to the unavailability of sub-daily rainfall data in the study area, the Curve Number (CN) approach was used to model surface runoff. Soils in the study area were reclassified as group-B soils of the CN soil classification, which have moderate infiltration capacities when thoroughly wetted and are moderately drained to well drained (Ponce, 1989).  The soil map of the area was extracted from the Digital Soil Map of the World (DSMW) at a scale of 1:5 000 000 (FAO-UNESCO, 1977). Built-up surfaces were reclassified into three categories, Urban High Density (URHD), Urban Low Density (URLD) and Urban Medium Density (URMD). These reclassifications were made based on visual assessment of structural connectivity of the catchments. Evergreen forest was selected to represent tree/fallow land-use class (Table 1). Since cassava (Manihot esculenta) is the dominant food crop, farmlands were parameterised using the inbuilt SWAT parameter values for cassava. Cassava cultivation involves making mounds and ridges with grooves separating one ridge from another. 
2.3.3. Channel characteristics 
Channel length, slope, width and Manning’s n are inputs required by SWAT. Both the channel length and slope can be estimated using the DEM (Ames et al. 2009; Han et al. 2019). Channel width and Manning’s n were specified for individual reaches of a catchment. It was found that the standard SWAT method for estimating channel width (Eq. 1) significantly underestimated observed values, so the drone imagery was used to develop a revised relation with catchment area.
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where W = bankfull width of main channel (m), A = upstream drainage area (km2).
First, the catchment was delineated, and subbasin areas (km2) calculated using ArcMap. Then using the drone image, the widths of subbasin channels were measured. Ordinary least-squares regression was used to estimate a power law model for channel width as a function of upslope contributing area (Eq. 2) (Figure 2).  
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(r2 = 0.70, adjusted r2 = 0.68, p < 0.001). Manning’s n of 0.03 was used for all channel reaches in this study and this value was selected because of the channel characteristics observed during fieldwork (e.g. clean, straight and no rifts or deep pools) Chow (1959).
2.3.4. Model setup
Multiple HRUs were created in each subbasin using the soil, topography and land-use maps. Planting season starts at the beginning of rainy season, ending of March/beginning of April (Nya et al. 2010; Onwuka et al. 1997), hence, March 28th was set as the planting start date and December 28th was set as the harvest date. The hoe is the traditional tilling tool used in the study area. The depth of tillage with the hoe is up to 100 mm and a mixing efficiency of 0.3 was selected (Neitsch et al. 2011). The Penman-Monteith method of calculating Potential Evapotranspiration (PET) was used as it provides an accurate estimate of PET on daily time scales (Allen et al. 2006). This method of estimating PET requires solar radiation, air temperature, relative humidity and wind speed, and these weather variables were generated using SWAT weather generator.
2.3.5. Model validation
Models can be validated using statistical techniques by testing levels of agreement between observed and estimated results (e.g. Dile & Srinivasan, 2014; Fuka et al. 2014) or by face validity (Rykiel, 1996). Due to the absence of observed data in the study area, the model validation approaches used in this study were use of literature review, observations during field work and data obtained from respondents during focus group meetings.  These validation approaches are akin to the face validity of Rykiel (1996).
3.0	Results
3.1	Land-use changes in gully catchments
A total of 22 gully catchments were identified and mapped, detailed results of land-use changes in these catchments are summarised in Figures 3 and 4 (for further detail, see Table 1, supplementary material in Osumgborogwu et al. 2022). These land-use changes were not continuous between 2009 and 2018 as shown in Figures 3 and 4. For example, farmlands covered 51.2% of Ideato South 4 in 2009 but dropped to 40% in 2014. However, in 2018, farmlands increased to 49% of the catchment area (Figure 4). It was also observed that while a particular land use is reducing across an entire catchment, increase in same land use may occur in specific sections of the catchment (within-catchment land-use variation). For instance, in the Njaba 2 catchment, reductions in fallow cover were observed from 37.7% in 2009 to 3.5% in 2018 across the entire catchment (Figure 3). However, there was increase in fallow cover in subbasin 20 in 2018 (Figure 5). In summary, analysis of land-use changes across the 22 catchments suggests variability in land uses with potential effects on catchment hydrology in the study area.   
3.2	Land-use changes and changes in gully catchment hydrology
There was no significant variation in rainfall between 2009 and 2018 in the study (e.g. Amucha catchment one-way anova, p = 0.96). Modelling results show that generally there is an increase in surface runoff across entire catchments, with one exception to this at the catchment scale as explained in the following subheadings.
1. Increase in surface runoff estimates across entire catchments 
2. Reduction in surface runoff in fallow-covered catchment and subbasins  
Increase in surface runoff estimates across entire catchments: This type of change in catchment hydrology was identified in 21 catchments where increases in bare surfaces and farmlands, and reductions in fallow-cover were identified (Figures 3 and 4). For instance, in the Ideato South 3, bare/built-up surfaces increased from 8.2% in 2009 to 33.4% in 2014 and dropped to 28.9% in 2018. Sustained reduction in tree/fallow was observed from 37.4% in 2009 to 15.8% and 0.3% in 2014 and 2018 accordingly (Figure 4). Finally, there was an 89% increase in volume of surface runoff from 245.9 mm in 2009 to 464 mm in 2018 in the Ideato South 3 catchment as a result of land-use changes. It was observed that the magnitude of increase in surface runoff was not uniform across all catchments. For example, while Amucha and Orlu 1 catchments recorded 198% and 102% increase in volumes of surface runoff respectively, a 20% increase in runoff was observed in Urualla 3 between 2009 and 2018 (Figure 3). 
The Orlu 1 catchment was the most urbanised in the study area and extensive land-use conversions to built-up areas were observed in this catchment from 26.2% in 2009 to 63.7% 2018. Although land conversions to built-up class were observed in the Urualla 3 catchment (from 20% in 2009 to 26% in 2018), this percentage of conversion was lower than Orlu 1 catchment. Also, while Orlu 1 was classified as urban high density, Urualla 3 was a low density-built area (see Table 1 for CN). These reasons led to the lower percentage increase (20%) in volume of surface runoff in Urualla 3 compared to Orlu 1. Focus group attendees in Amucha and Obibi-Ochasi corroborated increased runoff results, having observed that there have been increases in volume of surface runoff over the years in their communities due to increased built-up areas. 
Across the 21 catchments where increased surface runoff was modelled, reductions in groundwater flow were identified (Figure 3) and this observation was expected based on first principles. High lateral flow volumes were modelled in certain catchments (e.g. Isu 1, Isu 2, and Isu 3, Figure 4), it was observed that these catchments have high slope angles (Table 2). Rainfall totals for all gully catchments are presented in Table 2.
Reduction in surface runoff in fallow-covered catchment and subbasins: Sustained increase in fallow and reduction in rainfall (from 2447 mm in 2009 to 2412 mm in 2014) in Ideato South 1 led to a 30% reduction in surface runoff from 295 mm in 2009 to 204 mm in 2014 (Figure 4) while an increase in runoff volume from 204 mm to 267 mm was observed in 2018 compared to 2014. This increase in surface runoff was as a combined effect of 79% increase in farmlands and increase in rainfall from 2412 mm in 2014 to 2443 mm in 2018. A comparison of 2009 and 2018 runoff results show a 9% reduction which is linked to increased fallow cover. The Ideato South 1 catchment was the only catchment where reduction in surface runoff was observed. With regards to changes in subsurface flow, an initial 8% increase in groundwater flow was modelled in Ideato South 1 in 2014 compared to 2009 (from 584 to 633 mm, Figure 4) despite the drier conditions of 2014. In 2018 however, a 2% reduction in groundwater flow was identified (from 633 in 2014 to 619 mm in 2018). These changes in groundwater, just as the changes in surface runoff, are linked to changes in land use, and the slight variations in rainfall. 
Subbasin-level analysis showed that in areas where increased fallow cover was observed, reductions in surface runoff were modelled. For instance, in subbasin 20 of the Njaba 2 catchment, there was a 1033.8% increase in fallow cover from 2.63% to 29.82% between 2009 and 2018. A 22% reduction in surface runoff from 259 mm in 2009 to 203 mm in 2018 was observed in this subbasin. Percentage increases in surface runoff contribution to streamflow were between 99% and 4% in the other subbasins of Njaba 2. As observed earlier, percentage change in surface runoff is dependent on the degree of land-use conversion (e.g. from tree cover to paved surfaces or farmlands), hence the variation between 99% and 4% increase in surface runoff in the remaining 19 subbasins of Njaba 2. 
In summary, higher volumes of surface runoff were modelled in catchments/subbasins where bare surfaces or farmlands increased. On the contrary, where an increase in fallow was identified between 2009 and 2018, reduced surface flow and higher volumes of groundwater were modelled. 
3.3	Changes in gully catchment hydrology and gully erosion
A 70% increase in total gullied area from 0.33 km2 in 2009 to 0.56 km2 in 2018 was identified across the 22 catchments. Formation of new gullies and increase in gullied area were observed in 21 of the 22 catchments between 2009 and 2018 (gully reduction was observed in 2018 in the Ideato South 1 catchment, Figure 4). For example, in Ideato South 3 catchment, no gully was present in 2009 (Figure 4). Gully formation is thought to have occurred post-2009 and the gully was clearly present in the 2014 satellite data.  A sustained increase in surface runoff was modelled in Ideato South 3. Similarly, in the Amucha catchment, gullied area increased by 61.4% from 32,508 to 52,462 m2 (Figure 3) which was also accompanied by an increase in the volume of surface runoff. Gully formation and expansion in these catchments is linked to higher surface flow and reduced sub-surface flow driven by land-use changes between 2009 and 2018 (Figures 3 and 4). There was no significant relation between changes in surface runoff and changes in gullied area (r2 = 0.15, p = 0.08).
Increase in fallow cover and reduction in surface runoff in fallow-covered subbasins appear to influence gully expansion. For instance, Njaba 2 catchment recorded the lowest growth in gullied area (4%) from 18,027 to 18,804 m2 between 2009 and 2018 (Figure 3). Reduced surface runoff due to increased fallow cover was identified in subbasin 20 which covers the gully-surrounding land. While gully expansion was identified in 21 gullies reduction in gullied area was observed in Ideato South 1 between 2014 and 2019 (Figure 4). Continuous increase in fallow cover was observed in the Ideato South 1 catchment, although due to increased farmlands, higher estimate of runoff was modelled between 2014 and 2018. Reduction in gullied area in this catchment from 6935 to 6589 m2 between 2014 and 2018 is linked to increased fallow cover. 
3.4	Field observation
Surface runoff was a dominant gully-driving process (evidenced by runoff incisions), while active landsliding was identified at all visited gullies. In Amucha, gully-induced landslides ranged from complex failures to shallow debris slides with runout distances measuring between 7.7 – 15 m (Figure 6) while in Obibi-Ochasi, block failures were observed (Figure 6). Surrounding lands around all gullies were either vegetated, bare or used for farming (Figure 6). For example, in Amucha, cashew trees and bamboo were the dominant vegetation around the gully. Cassava ridges (up to 0.7 m high) were between 1 – 6 m from gully edges at visited sites. At the Amucha gully site, cassava ridges were contour parallel, however, at the Isu 1 gully site, ridges were slope parallel. Field observation suggested that where slope-parallel ridges were made, the grooves separating one ridge from another can serve as runoff channel and thereby potentially enhancing surface runoff erosion. At Umueshi gully site, farmers were paid to stop cultivating on gully-adjacent lands. Sections of the gully in Obibi-Ochasi had been turned into a waste disposal site while hand-dug runoff channels (0.4 m deep and 1 m wide) directed into the gully were observed. Gully rehabilitation was on-going at the Urualla site, hence adjoining lands were cleared of vegetation to enable free movement of trucks. Gully adjacent land was also bare at Umueshi where gully rehabilitation was abandoned at the time of site visit. At both sites, rills measuring between 0.4 – 0.7 m deep, 0.25 – 2.2 m wide and 10 – 60 m long were identified. These rills emptied into the gullies at both locations (Figure 6). Field observations indicated that gully floors turn into flowing streams after rainfalls. Focus group meeting attendees in Obibi-Ochasi remarked the use of hand-dug retention pits (~3 m deep and 6.7 m wide) to divert surface runoff from flowing into the gully. Field observation showed that mounds designed to hold water were made around these pits while hand-dug drainage channels were directed into the pits. Focus group attendees informed us there were around 25 of such pits in different locations in Obibi-Ochasi. In addition to Obibi-Ochasi, digging pits to retain surface runoff is common in the study area. Although, this practice is used to keep the roads dry during rainy season, as opposed to a gully-management technique. At the Obibi-Ochasi and Amucha gullies, groundwater discharge from the gully floor was observed.
3.5	Result validation 
Studies by Njoku et. al. (2010), Efiong, (2011), Enaruvbe and Ige-Olumide, (2015), AC-Chukwuocha, (2015), Enaruvbe and Atedhor, (2015), Njoku et al. (2017) and Osumgborogwu et al. (2022) from different parts of southeast Nigeria indicated there have been changes in land use from vegetated surfaces to paved surfaces over the years. Their studies implied that increased paved surfaces have led to higher incidences of surface runoff. Results from the two focus group meetings held in Amucha and Obibi-Ochasi confirmed an increase in paved surfaces in both catchments in the last 10 years (2009 - 2018). One respondent in Obibi-Ochasi stated, “more houses have been built while the grasses and forests have been cleared, these changes have increased surface runoff”. In Amucha, participants indicated that use of iron roofing sheet has led to higher surface runoff in contrast to thatch roofs. Modelled surface runoff was greater in 2018 than 2009 for both catchments (Amucha and Obibi-Ochasi). In terms of sub-surface flow, during fieldwork, presence of springs and groundwater flowing from gully floors (suggestive of substantial groundwater flow) was observed at two visited gully sites Amucha and Obibi-Ochasi. Although there are no measured daily values for surface runoff or baseflow in the study area, face validation adopted in this study support the idea that modelling results presented in this study are reasonable.  
4.0. Discussion 
4.1. Land-use changes and changes in gully catchment hydrology
Land-use changes, especially, land conversion from vegetated to paved surfaces have been reported in different parts of southeast Nigeria (section 3.5). The modelling approach adopted in this study suggests that these land-use changes have led to significant changes in the hydrology of gully catchments in southeast Nigeria (section 3.2). There was no significant change in rainfall between 2009 and 2018, yet, more than 100% increase in volume of runoff was modelled in catchments (e.g. Orlu 1 and Amucha). Our results are similar to those of Birhanu et al. (2019) who found no significant change in precipitation yet, significant variations in modelled hydrological responses were observed due to extensive land-use changes in the Gumara catchment in Ethiopia between 1985 and 2015. Results presented in this study have highlighted the importance of within-catchment variation in land use which potentially affects catchment hydrology. For instance, while reduced forest cover was observed in other subbasins in the Njaba 2 catchment, increased forest cover was identified in subbasin 20 which led to reduction in surface runoff in 2018. These subbasin-level information are not often reported in the literature.
4.2. Changes in catchment hydrology in response to land-use changes: implications for surface runoff-driven erosion
Surface runoff-driven erosion occurs from surficial removal of soil particles along rills and gullies (Attah et al. 2013; Okagbue & Uma, 1987) as well as through incision from flowing water (observed in the field). This second process of surface erosion was most pronounced at the locations where hand-dug runoff channels or natural rills convey surface runoff into gullies (e.g. Obibi-Ochasi) as well as where vegetation had been removed (e.g. Urualla and Umueshi). Reduction in surface runoff was observed in Ideato South 1 as a result of increased fallow cover. Similarly, Ideato South 1 was the only catchment where gully reduction was observed. Increased fallow cover can enhance infiltration, reduce surface runoff volume while vegetation growing inside a gully can trap and retain transported sediments (Dong et al. 2013; Rey et al. 2019) and gradually lead to gully infilling. Overtime, gully-infilling translates into reduction in gully size. Combinations of the above mechanisms are the likely reasons for reduced gullied area in the Ideato South 1 between 2009 and 2018. This study identified within-catchment variations in land-use configuration which can affect the role of surface runoff as a gully driver in three ways.
1. Surface runoff from upstream subbasins may enhance gully expansion. A higher volume of surface runoff flowing into a gully from upstream subbasins will lead to gully expansion especially when the gully-adjoining land is sparsely vegetated, or when hand-dug channels empty into the gully. Examples of this process were found in the Amucha and Urualla 1 catchments where upstream subbasins produced higher volumes of surface runoff than the gully-adjoining subbasins in 2018 (Figure 7). In Obibi-Ochasi, hand-dug channels conveying surface flow into the gully were observed in the field. At the point where channels emptied into gullies, incisions were observed. Gully-adjacent land at Urualla 1 was cleared of vegetation and thus susceptible to gullying (Zhou et al, 2008). A new gully was found in the Ideato South 3 in 2014. This gully formation and subsequent expansion in 2018 corresponded with increased volume of surface runoff not just from gully-adjoining subbasins, but also from upstream subbasins in 2014 and 2018.
2. Reduced gully expansion due to vegetal cover in downstream subbasins and channel floor. Where higher volumes of surface runoff are produced from upstream subbasins, but gully-adjacent subbasins and channel floors are vegetated, gully expansion can be slowed. As observed, the Njaba 2 catchment had the lowest gully expansion during the study period. It follows that despite higher estimates of surface runoff from upstream subbasins in this catchment, vegetal cover in subbasin 20 potentially slowed the rate of gully expansion. This reduction is brought about through different processes. For example, vegetation increases infiltration (Zhou et al, 2008). Therefore, where there is vegetal cover in the channel floor, surface runoff from upstream channels may infiltrate thus, reducing volume of water flowing into the gully. Secondly, vegetation can increase flow resistance (where the channel floor is vegetated), intercept runoff, and thus reduce gully incision (Dong et al, 2018). Thus, vegetation-covered channel can increase roughness and reduce erosive runoff flowing into gullies and therefore reduce gully expansion.
3. Change in surface flow pathway and volume. Hand-dug surface runoff channels (observed at the Obibi-Ochasi catchment for example) can change the natural direction of surface runoff by diverting flow into human-made grooves or pits. This diversion increases volume and concentration of surface runoff and potentially enhances susceptibility to geomorphic processes e.g. gully erosion and landsliding (Mauri et al. 2021). In the study area, gullies are perceived as local base levels where hand-dug channels are directed. Hence, concentrated runoff flowing in these channels lead to gully incision, especially at the contact point where surface flow empties into the gully thereby increasing gully erosion. It follows therefore that the rate of surface runoff incision will be greater at a gully site with hand-dug runoff channels than a site where such channels do not exist. Diversion of surface runoff from gullies can also reduce the rate of surface runoff erosion (a local technique adopted in Obibi-Ochasi). Thus, despite the increase in surface runoff from upstream channels, surface runoff-induced gullying will likely be reduced due to diversion of surface flow into hand-dug pits.
These effects of within-catchment variations in land-use configuration on gullying are the likely reasons for the insignificant regression result reported earlier (section 3.3) and therefore emphasizes the need to understand specific catchment conditions as opposed to producing a statistical summary of behaviour over a study area. This observation is in line with the suggestions of Beven (2000) on the uniqueness of catchment characteristics in hydrology. Finally, despite the insignificant regression result, two key hydrological behaviour patterns which influence gullying were identified in the study area: First, reduction in fallow cover, and increases in both farmland and paved surfaces leads to increases surface runoff and reduction in groundwater flow. Secondly, increased fallow cover leads to reduction in surface runoff. Our field observation concerning control of surface runoff on gullying supports our modelling results and analysis of satellite data.
4.3	Groundwater-driven gullying: landsliding
Field observations suggest that landsliding is a prevalent process of gully evolution in the study area (Figure 6). Landsliding can be driven by groundwater fluxes (Okagbue & Uma, 1987; Betts et al. 2003). Focus group discussions indicated that landslides occur about two days after heavy rainfall. According to a respondent, “despite the intensity of rainfall, you will not find sliding occurring, but after a day or two, you see the soil falling”. This observation regarding the lag between rainfall and landsliding points to the possible control of groundwater flow as a gully-induced landslide driver in the visited communities. Groundwater estimates for a 9-day rainfall event in 2009 in the Amucha catchment between the 126th to 134th days of the year show the effect of cumulative rainfall on groundwater flow. For example, 57.2 mm of rain fell on the 126th day, whereas same day had the lowest estimate of groundwater flow (0.3 mm). Highest groundwater flow was estimated on the 134th day of the year, yet no rainfall occurred on that day or the previous day (Figure 7). Landslide-driven erosion lags in its response to rainfall because of the time it takes for rainwater to enter the groundwater system and raise groundwater pressure sufficient for sliding to occur (Betts et al. 2003). Figure 7 supports the observations of the locals regarding a lag between rainfall event and landsliding. Similar reports of landsliding occurring days after rainfall events have been documented in other parts of southeast Nigeria (e.g. Eze, 2007; Igwe, et al. 2014; Emeh and Igwe 2017). 
5.0	Conclusions
This study adopted a modelling-based approach to assess the influence of land-use changes on changes in the hydrology of 22 gully catchments in the Orlu region of southeast Nigeria between 2009 and 2018. In the absence of observed hydrological data, a mixed-method approach was used to validate modelling results suggesting that we can have confidence in them. We found extensive reductions in fallow cover in 21 of the 22 gully catchments. Generally, there is an increase in surface runoff across entire catchments, with one exception to this at the catchment scale. Increased gullying was identified in the 21 catchments where higher surface runoff was modelled whereas, reduction in gullied area was identified in one catchment where fallow cover increased. Despite this result, we found an insignificant statistical relation between surface runoff and changes in gullied area which was attributed to within-catchment variations in land-use configuration. Within-catchment variations in land-use configuration influence gullying such that gullies whose adjacent lands were vegetated exhibited slow rate of expansion/gully reduction in contrast to those whose adjacent lands were bare. Combinations of factors such as sediment trapping by vegetation, increased resistance and reduction of surface runoff volume due to vegetal cover potentially leads to gully infilling or slow gully expansion rates. In addition to surface runoff, field observation showed that landsliding is a predominant driver of gully erosion in the study area. Responses from focus group discussions suggested a lag between rainfall events and occurrence of gully-induced landslides, and this observation points to potential controls of groundwater fluxes. Our modelling results showed a lag between rainfall occurrence and rise in groundwater and thus supports the notion of a lag between rainfall and landsliding as identified by group meeting attendees. Using the SWAT model in this study has enabled us to identify and demonstrate the importance of land-use changes on the hydrology of gully catchments. Combining SWAT modelling and field observations in this study have also helped us demonstrate the significance of within-catchment variation in land use configuration, an often-neglected point in gully management, and also often unreported in literature. Due to the uniqueness of individual catchments, a successful gully-management procedure in a particular catchment may not be successful in another. In addition to the use of vegetation which is often suggested, identifying and incorporating the uniqueness of gully catchments is advocated for gully management. 
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Figures
Figure 1: A, Twenty-two studied gully catchments draped on shaded relief map. B, 2016 Rainfall distribution in Nigeria showing reduction in rainfall from south to North, C, Average rainfall and rain days between 2009 and 2018 for Ideato North Local Government Area, Imo State. Source (Nigeria Meteorological Agency, NIMET, rainfall data for Ideato North, 2009 to 2018). 
Figure 2: Channel width/area relationships. The old SWAT equation underestimated channels in the area hence the revised equation. Channel widths measured from drone imagery are also shown. 
Figure 3: Land use, catchment hydrology and gullied area for 2008 and 2009. GW = Groundwater, LF = Lateral Flow, SR = Surface Runoff. 
Figure 4: Land use, catchment hydrology and gullied area for 2009, 2014 and 2018. GW = Groundwater, LF = Lateral Flow, SR = Surface Runoff. 
Figure 5.  A, Njaba 2 2009 land-use map. B, 2018 land-use map. There is sustained reduction in tree/fallow from 2009 to 2018 across the entire catchment, although in subbasin 20, an increase in fallow is observed. C, Gully catchment. Subbasins are labelled. D, Surface runoff contribution to streamflow increased in all subbasins in 2018 except subbasin 20. Increased fallow-cover was identified in subbasin 20. 
Figure 6: A, Gully-induced slide showing multiple failures within the Amucha gully. B, Block failure at the Obibi-Ochasi gully site. C, Vegetated gully-adjacent land at a section of the Obibi-Ochasi gully, D, Bare gully-adjacent land at the Umueshi gully site. Rill delivering surface flow into the gully (mentioned in text) is visible. 
Figure 7: A, Amucha 2018 Surface runoff estimate. Higher volumes are modelled for upstream subbasins in comparison to gully-adjacent subbasin. B, Effect of cumulative rainfall on groundwater.

Tables
Table 1. Inbuilt parameterisation in SWAT for land uses identified in the study area. CN runoff numbers are for Group-B soils. URLD = Urban Low Density, URMD = Urban Medium Density, URHD =Urban High Density
	Crop name
	Land cover/plant classification
	Optimal temperature for growth (°)
	Runoff number

	Forest-evergreen
	Trees 
	30
	55 

	Cassava 
	Warm seasonal annual
	22
	77 

	URLD
	
	
	63.3

	URMD
	
	
	73.8

	URHD
	
	
	82.4


	
	

2

Table 2. Gully catchment characteristics. Eight catchments were identified in the 2014 satellite data, for these, hydrological changes were presented in 2014. Slope angles are measured in percent (%)
	Catchment no.
	Catchment name
	Size (km2)
	Soil texture 
	2009 rainfall (mm)
	2014 rainfall (mm)
	2018 rainfall (mm)
	% catchment area covered by slope


	
	
	
	
	
	
	
	0 - 10%
	10-20%
	20-30%
	>30%

	1
	Ideato North 1
	0.53
	Sandy loam
	2447
	2412
	2443
	83.69
	13.65
	1.95
	0.71

	2
	Ideato South 1 
	0.08
	Sandy loam
	2447
	2412
	2443
	31.3
	52.94
	8.33
	7.35

	3
	Njaba 1 
	0.13
	Sandy loam
	2362
	-
	2351
	35.34
	61.65
	3.01
	

	4
	Amucha
	10.23
	Sandy loam
	2447
	-
	2443
	96.03
	3.80
	0.17
	0.01

	5
	Ideato North 2 
	5.01
	Sandy loam
	2450
	-
	2446
	89.49
	10.43
	0.08
	

	6
	Ideato North 3
	0.35
	Sandy loam
	2447
	-
	2443
	25.54
	58.15
	13.32
	2.99

	7
	Ideato South 2
	0.26
	Sandy loam
	2447
	2412
	2443
	80.07
	19.93
	
	

	8
	Ideato South 3
	0.31
	Sandy loam
	2447
	2412
	2443
	88.45
	11.55
	
	

	9
	Ideato South 4 
	2.33

	Sandy loam

	2447
	2412
	2443
	95.57
	4.27
	0.16
	

	10
	Isu 1
	0.14
	Sandy loam
	2447
	2412
	2443
	48.63
	30.14
	16.44
	4.79

	11
	Isu 2
	0.07
	Sandy loam
	2447
	2412
	2443
	10.96
	31.51
	35.62
	21.92

	12
	Isu 3
	0.06
	Sandy loam
	2447
	2412
	2443
	21.67
	45.00
	23.33
	10

	13
	Njaba 2 
	1.28
	Sandy loam
	2362
	-
	2351
	77.99
	21.42
	0.59
	

	14
	Njaba 3
	2.78
	Sandy loam
	2362
	-
	2351
	87.73
	12.27
	
	

	15
	Njaba 4
	29.31
	Sandy loam
	2362
	-
	2351
	97.15
	2.83
	0.02
	

	16
	Orlu 1 
	8.34
	Sandy loam
	2362
	-
	2351
	89.57
	10.4
	0.02
	

	17
	Orlu 2
	1.71
	Sandy loam
	2362
	-
	2351
	89.49
	10.29
	0.22
	

	18
	Urualla 1
	0.85
	Sandy loam
	2447
	-
	2443
	87.28
	11.61
	1.12
	

	19
	Urualla 2
	5.38
	Sandy loam
	2447
	-
	2443
	91.92
	7.62
	0.46
	

	20
	Urualla 3
	0.79
	Sandy loam
	2447
	-
	2443
	89.18
	8.56
	2.26
	

	21
	Obibi-Ochasi
	0.85
	Sandy loam
	2447
	-
	2443
	85.22
	14.56
	0.22
	

	22
	Umueshi
	0.31
	Sandy loam
	2364
	-
	2353
	66.15
	24.92
	8.92
	



