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Abstract 1 

Valley-bottom wetlands are valuable assets as they provide many ecosystem services to 2 

mankind. Despite their value, valley-bottom wetlands are often exploited and land-use/land-3 

cover (LULC) change results in trade-offs in ecosystem services. We coupled physically-4 

based hydrological modeling and spatial analysis to examine the effects of LULC change on 5 

water-related ecosystem services in the Kromme Catchment: an important water providing 6 

catchment for the city of Port Elizabeth. Land-use/land-cover scenarios were constructed to 7 

match five different decades in the last fifty years to explore the potential effects of restoring 8 

the catchment to different historic benchmarks. In the Kromme catchment, valley-bottom 9 

wetlands have declined by 84%, driven by key LULC changes: an increase in irrigated land 10 

(307 ha) and invasion by alien trees (336 ha). If the wetlands were restored to the relatively 11 

pristine extent and condition of the 1950s, riverflow could increase by approximately 1.13 12 

million m
3
/a, about 6% of the current supply to Port Elizabeth. Wetland restoration would 13 

also significantly improve the catchment’s ability to absorb extreme rainfall events, 14 

decreasing flood damage. We conclude that in the face of the water scarcity in this region, all 15 

ecosystem services, particularly those related to water flow regulation, should be taken into 16 

account by decision makers in charge of land zonation. Zonation decisions should not 17 

continue to be made on the basis of provisioning ecosystem services alone (i.e. food provision 18 

or dam yield). We recommend prioritization of the preservation and restoration of valley-19 

bottom wetlands providing water-related ecosystem services to settlements downstream. 20 

 21 

Key words: baseflow, ecological infrastructure, ecosystem services, flood attenuation, 22 

invasive species, valley-bottom wetland 23 

 24 

 25 
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Highlights: Implications for Practice 1 

 2 

 Clearing alien invasive trees from naturally shrub-dominated valley-bottom wetlands 3 

decreases evapotranspiration, suggesting that this could be a viable management 4 

strategy to increase/restore riverflow.  5 

 Agriculture in wetlands may cause destabilization and loss of the alluvium, resulting 6 

in permanent loss of water-related ecosystem services. 7 

 Decision makers and managers faced with land zonation decisions have important 8 

trade-offs to consider between the suite of ecosystem services provided by wetlands 9 

(water provision and flood attenuation) and those provided by the agriculture that 10 

replace them (food provision).  11 

 In cases where settlements downstream rely on the water-related ecosystem services of 12 

a catchment and where valley-bottom wetlands are intact, it may be beneficial for 13 

decision makers to consider zoning these catchments primarily for water provision.  14 

 15 

Introduction 16 

 17 

Wetlands across the globe are regarded as valuable because they provide society with 18 

many ecosystem services through the ability to slow down or temporarily retain water and 19 

sediments (Simonit & Perrings 2011; Russi et al. 2013). Key water-related ecosystem 20 

services provided by wetlands include water flow regulation (sustaining baseflow or dry 21 

season flow, recharging of groundwater aquifers, flood attenuation) as well as nutrient and 22 

waste assimilation, which improves water quality (MEA 2005; Russi et al. 2013). There are 23 

many human and environmental driving forces that damage or change wetlands, and this 24 

affects their ability to effectively perform these functions (Nelson 2005). This study 25 
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examines the impacts of land-use/land-cover (LULC) on water flow regulation (water 1 

provision and flood regulation) of the Kromme Catchment.  2 

Land-use/land-cover change has been identified as among the most important drivers of 3 

ecosystem transformation (Nelson 2005; Reyers et al. 2009). A change from one LULC type 4 

to another (e.g. wetland to agriculture) may result in trade-offs between ecosystem services 5 

where one service increases at the expense of another, or synergies where services increase 6 

or decrease simultaneously (Smith et al. 2013). As land globally becomes limited there is 7 

greater emphasis on the optimal management of ecosystem service provision (Van der Biest 8 

et al. 2014). In terms of optimizing water-related ecosystem services, there are two key 9 

factors when considering LULC change: the change in structure of vegetation, and the 10 

location of change. Changes in LULC from woody vegetation (e.g. a forest or riparian 11 

woodland) to pasture or crops, are known to increase riverflow and therefore yield (Bosch & 12 

Hewlett 1982; Scott et al. 2004; Scanlon et al. 2007). This results from changes in rainfall 13 

partitioning between evaporation and runoff at both habitat and landscape scales arising 14 

from differences in vegetation structure (Scott et al. 2004). The location of specific LULC 15 

changes within a catchment also plays an important role in the riverflow response, with 16 

riparian areas being particularly sensitive to change (Scott 1999; Everson et al. 2007). 17 

In South Africa, LULC change due to the spread of invasive alien plants (IAP) threatens 18 

many riparian and wetland ecosystems, affecting water-related ecosystem service delivery. 19 

Models and measurements of the hydrological impacts of IAPs, especially woody trees in 20 

riparian zones, predict a decrease in riverflow (Le Maitre et al. 1996; Le Maitre & Görgens 21 

2001; Dye & Jarmain 2004). By analogy with plantations, woody IAPs are also predicted to 22 

decrease groundwater recharge (Le Maitre et al. 1999), decrease total annual flow and 23 

baseflow (Scott & Lesch 1997; Scott & Smith 1997) and have a variable effect on 24 

stormflow, depending on the magnitude of the rainfall event and the degree of soil saturation 25 
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(Vertessy et al. 2003; Scott et al. 2004). South Africa suffers from chronic water scarcity and 1 

water supplies from catchments are already over-committed (Ashton 2002). The ecological 2 

assets (e.g. wetlands or aquifers) of many of the country’s important water-providing 3 

catchments are in a critical state (Nel et al. 2007). Over 65% of these wetlands are described 4 

as threatened and half are estimated to have been destroyed (Nel & Driver 2012). The 5 

Kromme River System in the Eastern Cape of South Africa is an example of a valuable 6 

water-providing catchment that has become degraded. The degradation was considered so 7 

severe that South Africa’s two largest national rehabilitation programs selected this 8 

catchment when launched in 1995: Working for Water which clears IAPs and Working for 9 

Wetlands, which rehabilitates wetlands (van Wilgen et al. 2012). However, the effects of 10 

IAP clearing and wetland rehabilitation on the delivery of water-related ecosystem services 11 

from the Kromme catchment have not been quantified.  12 

We used a hydrological model to improve our understanding of how the LULC changes 13 

altered the hydrological responses of the landscape. The following question was addressed: 14 

what impact have key LULC changes (e.g. wetlands to agriculture) had on the water-related 15 

ecosystem services provided by the Kromme catchment? Two key water-related ecosystem 16 

services were investigated: water delivery (i.e. riverflow, with mean annual runoff (MAR) as 17 

an indicator) and flood attenuation (i.e. with percentage of rainfall yielded as runoff as an 18 

indicator). A change from wetlands to another LULC (e.g. woody IAPs or irrigated 19 

agriculture), was predicted to reduce the riverflow component of the water balance by 20 

increasing evaporation losses. The subsequent loss of the irrigated lands and the alluvial 21 

sediments to erosion was predicted to decrease the water storage and retention capacity of the 22 

catchment. This, in turn would reduce the catchment’s flood attenuation capacity, resulting in 23 

an increase in runoff response and more severe floods (Vörösmarty et al. 2005; Mander et al. 24 

2010). Using historical LULC scenarios allowed us to track key LULC changes over time and 25 
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investigate their associated hydrological impacts. We use this retrospective technique to 1 

predict whether restoration to past, more intact states could be expected to produce a 2 

significant improvement in water-related ecosystem services.  3 

 4 

Methods 5 

Study site 6 

The Kromme River (33˚S, 24˚E) is located in the Eastern Cape Province of South Africa 7 

(Fig. 1). It is 100 km in length from its upper reaches (550 m above sea level) to its estuary. 8 

The catchment is narrow and steep, bordered by the Suuranys Mountains (ca 1050 m) to the 9 

north, and the Tsitsikamma Mountains (ca 1500 m) to the south, both running approximately 10 

east-west. The Kromme River is divided into five quaternary sub-catchments. This study 11 

focuses on the upper Kromme comprising the two uppermost sub-catchments: K90A and 12 

K90B (Fig. 1). The rocks in the area comprise quartzitic sandstones (ridges and slopes) and 13 

softer sandstones and shales (valley bottom) of the Cape Supergroup.  14 

The valley bottom is filled with a deep, alluvial deposit which was covered in wetlands 15 

in the mid-18
th

 Century (Skead 2009). These wetlands were dominated by Prionium 16 

serratum (Palmiet), a sedge-like plant which has a clumped above-ground structure and deep 17 

and extensive root systems (ca. 2.2 m long (Sieben 2012)) that capture and retain sediments 18 

and accumulate organic matter to form sandy peat deposits. It typically forms unchanneled 19 

or weakly-channelled valley-floor wetlands (sensu Ollis et al. 2013). Most of these wetlands 20 

were converted to cultivation (largely post-1950), or P. serratum was shaded-out by IAPs, 21 

leaving few reasonably intact, unchanneled examples in the upper catchment (Supporting 22 

Information, Figure S1). The removal of extensive P. serratum beds to provide arable land 23 

exposed the underlying peats and alluvium to floodwaters eroding these deposits to form 24 
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wide channels. In places the down-cutting exceeds 5 m in depth and the width more than 1 

100 m. 2 

The sandstones of the Cape Supergroup can be an important source of groundwater (Xu 3 

et al. 2009) but the quantity of water they yield is highly variable and depends largely on the 4 

presence of large fracture and fault systems to provide connectivity. Baseflow estimates for 5 

catchments K90A and K90B are relatively high: 7.5 million m
3
/a or 24.9% of the mean 6 

annual runoff (MAR) for K90A and 6.4 million m
3
/a or 25.0% for K90B (Xu et al. 2009). 7 

However, there are no data on the proportion of the baseflow that is groundwater discharge - 8 

though it is likely to be high -and what proportion is from storage in the hard rock aquifers 9 

in the sandstones versus the extensive and deep alluvial deposits. Nevertheless, the high 10 

baseflow proportions provide strong evidence that groundwater fluxes play a substantial role 11 

in the hydrology of this catchment, and that this must be considered in the analysis. 12 

The Nelson Mandela Bay metropolitan hub includes one of South Africa’s larger cities: 13 

Port Elizabeth. The city is experiencing critical water shortages and is seeking to increase its 14 

water supply and security of that supply (DWA 2010). It receives 40% of its water supply 15 

from the Kromme River with 24% drawn from the Churchill Dam which is fed by the upper 16 

Kromme alone. 17 

Rainfall in the region is unpredictable, but generally exhibits a bimodal pattern, with 18 

peaks in spring and autumn (Midgley et al. 1994). Mean annual precipitation (MAP) for the 19 

catchment for the period from 1950 to 2000 is ca 614 mm. Pre-development MAR for the 20 

entire Kromme River catchment was modeled as ca 75 mm, which is ca 11% of the rainfall 21 

(Middleton & Bailey 2008). Reliable rainfall data, obtained from Lynch (2003), were only 22 

available up to 2000 which meant that the ACRU modeling could not continue beyond that 23 

year. 24 

 25 
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Mapping LULC scenarios 1 

The LULC scenarios used in this study are not ‘future possible developments’, but 2 

represent historical ‘time slices’ (periods). Four of the LULC scenarios were constructed for 3 

1954, 1969, 1986, and 2007 using land-cover mapped at high resolution (~5 m) from 4 

1:20,000 aerial photographs with a GIS system (ESRI 2009). The fifth (pre-development) 5 

scenario was added for the flood attenuation analysis and was based on a reconstruction of 6 

the vegetation of the Kromme before European occupation (Skead 2009). Using ‘real’ 7 

scenarios (i.e. a spatio-temporal approach using past land transition information) combined 8 

with data on environmental variables, can lead to improved understanding of landscape 9 

dynamics over time (Iverson et al. 2014). In this case the five scenarios capture the changes 10 

over time allowing for the hydrological effects of restoration to be explored. This approach 11 

avoids the problem of the long time frames needed to measure the effects of restoration, due 12 

to lag-effects (Hamilton 2012). Its weakness is that it assumes that it is possible to restore the 13 

area to its previous states (Moreno-Mateos et al. 2012).  14 

 15 

Using hydrological modeling to investigate impacts of LULC change  16 

There are no accurate records of the riverflow in the Kromme River, the only 17 

measurements having being taken below the Churchill Dam. The inflows are estimated from 18 

changes in the reservoir water levels which is unreliable because small errors in the recording 19 

of the water level can result in large errors in the estimated inflow. Therefore the best method 20 

of estimating the impacts of LULC changes on riverflow is to use a hydrological model. As 21 

we could not follow the normal practices of calibrating and testing the reliability of the model 22 

using observed riverflow (e.g. Jewitt & Schulze 1999) we compared information on the 23 

modeled evaporation from key LULC classes with independent measures.  24 

 25 
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The ACRU agrohydrological model 1 

The Agricultural Catchments Research Unit (ACRU) model was chosen because it has 2 

been extensively tested and validated under South African conditions (Jewitt & Schulze 3 

1999; Schulze 1995; Warburton et al. 2010), has a large database of vegetation and soil 4 

parameters developed for South African conditions, and because it is the appropriate scale for 5 

the catchment. It is a physical-conceptual model with a daily time step, based on multi-layer 6 

soil water budgeting. It is consequently sensitive to LULC changes, irrigation demand and 7 

the onset and degree of water stress. We used default parameter values for most of the LULC 8 

types from a previous hydrological study for the catchments of the Kromme, Kouga and 9 

Baviaanskloof (Mander et al. 2010). However, this particular study used the new wetland and 10 

riparian routines of version four of the ACRU model, an extension which allows excess 11 

riverflow to flood adjacent riparian or wetland hydrological response units (HRU’s (see Gray 12 

2011 for model development).  13 

The importance of groundwater in these catchments does complicate modeling because 14 

surface water models typically do not represent groundwater dynamics well and groundwater 15 

models do not represent LULC changes or the effects of groundwater access on vegetation 16 

water-use well and require detailed data on aquifer characteristics that are not available. The 17 

focus of the LULC change is, however, not on groundwater dynamics but on the key 18 

vegetation changes which occurred almost entirely in the alluvial environments where 19 

groundwater is within the rooting depth. The riparian routines of the ACRU model were 20 

developed specifically for such situations and so should capture the effects of groundwater 21 

availability on the ability of the plants to respond to evaporative demand.  22 

 23 

Model set-up 24 

Sub-catchments 25 
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The study catchment (sub-catchments K90A and K90B) was sub-divided into 11 1 

hydrologically distinct sub-catchments (A1-4 and B1-7) (Fig. 1). The main factor guiding the 2 

delineation was altitude, because rainfall is positively correlated with altitude. Catchment 3 

responses to rainfall are non-linear, so a single mean rainfall value would not be an adequate 4 

driver of hydrological processes over the whole catchment. The sub-catchments were based 5 

on those delineated by Schulze et al. (2008), as rainfall, geology and soils had already been 6 

taken into account during this process. The sub-catchments were further divided based on 7 

geomorphology, with three extra sub-catchments delineated to represent the alluvial deposits 8 

and the associated valley-bottom wetlands.  9 

 10 

Hydrological response units (HRU’s) 11 

The sub-catchments, in turn, were divided into 15 different Hydrological Response Units 12 

(HRU), which are areas of the sub-catchment that are treated as a unit due to similarities in 13 

soil and vegetation, based on the LULC scenarios (Table 1). Fynbos (natural shrublands that 14 

occur mainly in the Cape Floristic Region of South Africa) was divided into two categories 15 

according to whether the vegetation was classified as relatively productive (on relatively 16 

fertile soils), or unproductive (on highly infertile, shallow soils, mainly associated with the 17 

quartzitic sandstones in the upper regions of the catchment), or degraded by over-grazing or 18 

altered fire regimes.  19 

 20 

Configuration 21 

A detailed description of the model configuration as well as input data can be found in 22 

the Supporting Information, Figure S2 and Appendix 1. The HRU’s were captured in a flow 23 

network, linked together in such a way that rainfall, evaporation and riverflow in the Kromme 24 

River were represented as accurately as possible. Irrigated fields were “fed” with irrigation 25 
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water from the nearest dam. Palmiet wetlands were modeled using the new ACRU4 wetland 1 

routine and a crop factor specially measured for this study (more information on the 2 

calculation of the crop factor can be found in the Supporting Information, Appendix S1).  3 

 4 

Calibration and Validation 5 

We evaluated the model behavior using data for the catchment as a whole and for 6 

selected HRUs. At the catchment level we compared the outputs with results from an 7 

independent modeling study, namely the Water Resources 1990 assessment (Midgley et al. 8 

1994) and with the best available observed data: the dam inflow data as downloaded from the 9 

Department of Water Affairs (DWA) database (http://www.dwaf.gov.za/hydrology/).  10 

At the HRU-level we used independent estimates of evaporation for the LULC types that 11 

changed most, namely palmiet wetlands and Acacia mearnsii (Black wattle), which we 12 

compared with the model’s outputs for those HRUs. Evaporation from palmiet wetlands was 13 

measured using infra-red scintillometry and also using the remote-sensing based SEBAL 14 

model of (Bastiaanssen et al. 1998; for results see Rebelo 2012). Measurements of 15 

evaporation from riparian invasions of A. mearnsii are available from a number of studies in 16 

South Africa (Dye et al. 2001; Dye & Jarmain 2004; Clulow et al. 2011). The model initially 17 

did not provide acceptable estimates of the evaporation for these HRUs (according to 18 

available literature, sensu Table 2), but by improving soil depth input and plant 19 

characteristics we were able to improve the model outputs.  20 

 21 

Flood Attenuation 22 

The responses to extreme rainfall events can still be studied using the estimated dam 23 

inflows because the magnitudes of errors in the dam inflow calculations are small relative to 24 

the volumes generated during flood events. For this analysis, we selected the 20 largest 25 

http://www.dwaf.gov.za/hydrology/
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individual rainfall events in each of five decades from 1950 to 2000. The corresponding 1 

riverflow response for each rainfall event was extracted from the flow record. We used the 2 

slope of a regression fitted to the rainfall and runoff response data using STATISTICA 3 

Version 10 to determine whether flood responsiveness has been affected by the LULC 4 

changes (StatSoft Inc. 2011). The significance of the differences between the correlation 5 

coefficients was determined based on the overlap of the 95% confidence intervals in a range 6 

plot.  7 

 8 

Results 9 

The independently modeled flow estimates all exhibit similar trends to the ACRU 10 

modeled flow using four LULC states: 1956, 1969, 1987 and 2007 (Fig. 2). The dam inflows 11 

result in the lowest cumulative riverflow while the independently modeled riverflow (WR90) 12 

fall between them and the ACRU results. The deviations from the overall linear trend are 13 

consistent across the different models showing that there is no systematic bias in the ACRU 14 

generated riverflow. All the trend lines show that the slope from about 1993 to 1997 is steeper 15 

than other periods. The WR90 cumulative riverflow tracks the 1969 ACRU riverflow until 16 

about 1985 and then deviates progressively until 1990, probably because land cover change 17 

was modeled progressively for the WR90 study.  18 

The ACRU modeled estimates of evaporation for key HRU’s: palmiet wetlands, Acacia 19 

mearnsii and fynbos, are lower than those measured in six independent studies (Table 2). 20 

However, the Kromme receives less than half the MAP of the other fynbos sites, and about 21 

200 mm less than the grassland sites. The magnitude and order of the differences in 22 

evaporation that ACRU estimates for these vegetation types also matches expectations given 23 

differences in plant structure and water availability: A. mearnsii uses ca. 200 mm more than 24 

the indigenous wetland vegetation (Prionium serratum) which, in turn, uses ca. 260 mm more 25 
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than the dryland fynbos. The greater modeled evaporation from A. mearnsii versus palmiet 1 

wetlands (difference ca. 200 mm) and palmiet wetlands versus dryland fynbos (difference ca 2 

260 mm) are consistent with the findings of other hydrological studies (Table 2). The 3 

estimated potential (reference) evaporation varies between the sites but is similar to the 4 

estimates for the Jonkershoek sites and somewhat lower than that at the Wellington site, 5 

indicating that evaporative demand, a key driver of water-use for plants with access to 6 

additional water, does not differ significantly between these sites.  7 

The greatest change in terms of magnitude in the LULC of the Kromme catchment over 8 

the past century is a 59% increase (128 km
2
 out of 313 km

2
) in the extent of degraded fynbos, 9 

due to frequent burning and grazing (Fig. 3.). However, the most hydrologically significant 10 

LULC changes have occurred in the wetlands and riparian zones of the Kromme catchment. 11 

Palmiet wetlands have decreased by 84% (1 331 to 209 ha), mainly before 1954 and between 12 

1954 and 1967, and riparian vegetation by 92% (1 649 to 140 ha). The loss of palmiet 13 

wetlands was largely due to the progressive spread of the invasive alien tree A. mearnsii 14 

(from 1 440 to 4 134 ha, 139 to 336 ha within the palmiet wetlands, at a rate of 46 ha/a, 15 

particularly between 1954 and 1969), and conversion of the alluvium to agriculture, both 16 

dryland (136 ha) and irrigated (307 ha) (Fig. 4). The river channel and the eroded area of the 17 

palmiet wetlands increased from 73 ha in 1954 to 152 ha in 2007, almost doubling between 18 

1983 and 2007. The modeled outcome was a decrease of 42 mm in mean annual runoff 19 

(MAR) (Table 3), which corresponds to a decrease in the runoff from 26.2 to 24.6 percent of 20 

the rainfall. The decrease in runoff was expected given the differences in unit evaporation 21 

between P. serratum and A. mearnsii (Table 2) and the relative changes in their extent. 22 

Although the land under irrigation increased, its extent is limited compared with the changes 23 

in the areas of P. serratum and A. mearnsii, supporting the argument that invasions are the 24 

main factor accounting for the reductions.  25 
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The analysis of long-term rainfall shows that the Kromme had extended periods of above 1 

average rainfall (e.g. 1950-1970), punctuated by relatively brief but intense periods of 2 

drought (e.g. 1980-1990) (Fig. 5). The most extreme rainfall event in over 50 years in the 3 

Kromme occurred in 1983 when 332.4 mm fell over a period of eight days; more than half of 4 

the catchment’s mean annual rainfall (614 mm). Four of the ten most extreme rainfall events 5 

occurred in the 1970s, and two in each of the 1950s, 1980s and 1990s and there were 28 6 

rainfall events greater than 101 mm. Overall, rainfall in this South African catchment has 7 

declined over the 50 year period (trendline equation: y = -2.699x + 722.1, r
2
 = 0.067), albeit 8 

not significantly.  9 

The relationship between rainfall and riverflow has changed over time, the catchment 10 

producing more riverflow for a given rainfall event size in each succeeding decade (Fig. 6). 11 

In the 1950s the slope was low (0.05) but increased to 0.89 in the 1980s and then decreased 12 

to 0.66 in the 1990s. The removal of the outlier representing the largest flood-event (point 13 

(a) in Fig. 6), reduced the slope in the 1980s to 0.68, essentially the same as the slope of the 14 

1990s. The weakest correlation coefficient was in the 1950s followed by the 1960s, but all 15 

other decades had significant correlation coefficients. The slope for the 1950s differed 16 

significantly from the rest, and that of the 1960s differed from the 1980s and 1990s.  17 

 18 

Discussion  19 

Our results make a strong case that land-use/land-cover (LULC) change (woody alien 20 

plant invasion and wetland degradation) in this South African catchment has reduced water-21 

related ecosystem services with a marked (modeled) decrease in riverflow and a significant 22 

increase in responsiveness to floods.  23 

 24 

Model Validity 25 
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The similarity between the annual evaporation measured by independent studies and the 1 

findings of this study at both catchment and HRU scale support the argument that the ACRU 2 

modeled riverflow changes in the right direction given the observed changes in the extent of 3 

key LULC classes. Although the modeled evaporation for both the Acacia mearnsii and 4 

Prionium serratum HRUs is lower than measured elsewhere, the difference between them 5 

(205 mm/a) is consistent with those between the measured values (mean 245 mm/a, range 6 

212-460) for the four sites. The results of the flow modeling are consistent with many other 7 

studies which show that increases in woody plant cover result in flow reductions (Zhang et al. 8 

2001). In particular, the results correspond well with the findings of Bosch and Hewlett 9 

(1982) that a 10% change in shrub cover would change riverflow by about 10 mm whereas 10 

the same change in tree cover (e.g. pine, eucalyptus) would change the riverflow by 11 

approximately 40 mm.  12 

The fact that the modeled evaporation values were still lower than the measured ones 13 

does indicate that the ACRU riparian routines, which allow for increased water availability 14 

within the rooting zone, need to be improved. Measured evaporation of A. mearnsii is 265-15 

600 mm higher than that modelled in this study (Clulow et al. 2011; Dye et al. 2001; Dye & 16 

Jarmain 2004). By potentially underestimating groundwater availability and, thus, the water-17 

use of both A. mearnsii and P. serratum in the Kromme River alluvium, the ACRU modeled 18 

riverflow may underestimate the actual flow reductions.   19 

The modeled runoff as a percentage of the rainfall is relatively high in the Kromme 20 

River, approximately 26%, compared to 21% and 19% for two previous water resource 21 

assessments (Middleton & Bailey 2008). The difference is probably largely due to the 22 

previous studies being based on a MAP of 745 mm, 131 mm higher than that used in this 23 

study. The use of different models, the ACRU model (Schulze 1995) in this study and the 24 

Pitman model (Middleton & Bailey 2008) in the water resource assessments, with their 25 
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different time steps and methods of estimating key fluxes such as transpiration may also 1 

account for these differences.  2 

 3 

Drivers of changes in water-related ecosystem services  4 

The two main potential drivers of the apparent changes in water-related ecosystem 5 

services are climate change (i.e. changes in rainfall) and LULC change (i.e. changes in 6 

evaporation and infiltration). Since we are investigating water-related ecosystem service 7 

provision for real periods in the past, we may only infer that changes are due to LULC 8 

change, if rainfall has remained more or less constant over this period. However, while there 9 

has been a trend for rainfall to decrease over time, the trend is not significant. Therefore the 10 

estimated decrease in riverflow is due mainly to LULC changes. This is confirmed by a 11 

sensitivity analysis using a single period of rainfall (1950-2000, mean rainfall 614 mm/a); the 12 

same four LULC scenarios found that just the changes in LULC generated the same 42 mm 13 

decrease in runoff (Supporting Information, Appendix S2, Table S1). In that comparison the 14 

mean annual runoff decreased from 188 mm (36% of the rainfall) for the 1954 LULC 15 

scenario to 146 mm (23.8%) for the 2007 scenario, emphasizing the overriding impacts of the 16 

increase in the extent of A. mearnsii invasions from 4-11% of the catchment. This increase 17 

has more than compensated for the effects of frequent burning and grazing of the fynbos - 18 

which is likely to increase in runoff by eliminating the tall shrub component (Bosch et al. 19 

1986), and the loss of the palmiet wetlands and their replacement by cultivated lands which 20 

would also have increased total runoff. These findings show that LULC has been the most 21 

important driver of change in water-related ecosystem service delivery in this catchment over 22 

the past 50 years.  23 

Acacia mearnsii is an aggressive invader of river channels and floodplains, which gives 24 

it access to water all year round. It can transpire and intercept up to 1500 mm/a in riparian 25 
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zones in fynbos (Dye & Jarmain 2004). This is approximately 600 mm more than adjacent 1 

dryland fynbos and about 170 mm more than a typical fynbos (restioid) wetland (Everson et 2 

al. 1998; Dye & Jarmain 2004). It shades out key riparian and valley-bottom wetland plant 3 

species, such as P. serratum. Once the native wetland plants have been displaced, the 4 

underlying peat beds are exposed, dry out and rapidly erode. Since A. mearnsii is arguably 5 

the main driver in the destruction of the remaining palmiet wetlands, it is likely to be 6 

indirectly causing a decrease in the catchment’s ability to absorb extreme rainfall events and 7 

the degradation of its water filtering service.  8 

In contrast, the loss of the dense P. serratum vegetation and the underlying alluvium, 9 

and the channelization of the wetlands are predicted to have had an impact on the flow 10 

regime (water flow regulation) and, particularly, on the ability of the catchment to absorb, 11 

and respond to extreme events (i.e. its resilience) which may have offset the effects of the 12 

invasions. The region generally experiences long periods of low rainfall punctuated with 13 

periods of heavy rainfall, and often accompanied by flooding. The Kromme River is a high-14 

energy river, so the catchment needs to have high resilience to be able to withstand and 15 

absorb the frequent, large floods. The removal of wetlands has decreased the catchment’s 16 

ability to absorb extreme rainfall events, reducing its resilience and leading to severe river 17 

channel erosion (Mander et al. 2010).  18 

When LULC change and climate change are imposed on stable ecosystems that are 19 

naturally exposed to highly variable disturbance regimes, they can react unpredictably and 20 

become exceptionally difficult to manage. In this case, conversion of the palmiet wetlands to 21 

cultivated lands which extended up to the edge of the river channel exposed the alluvium to 22 

erosion by floodwaters. Large floods scoured, deepened and widened the river channel, 23 

washing much of the destabilized alluvium downstream, and significantly reduced the 24 

catchment’s ability to absorb floodwaters. The findings of this study present a strong 25 
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argument for protecting wetlands as an insurance against future extreme rainfall events– 1 

especially in the face of uncertainties associated with anthropogenic climate change. They 2 

also make a strong case for investing in the restoration of valley-bottom wetlands, even if it is 3 

at the expense of cultivated land. Climate change studies for this particular region of South 4 

Africa project lower rainfall, more rainless days, an increase in rainfall intensity, and greater 5 

inter-annual variability (Lumsden et al. 2009), all of which make a case for rapid action.  6 

 7 

Restoration Scenarios: ecosystem service trade-offs and synergies 8 

If A. mearnsii could be cleared to the extent of its invasions in 1954 (i.e. clearing 7% or 9 

27 km
2
 of the catchment), the model predicts that there would be an increase in riverflow of 10 

more than 42 mm/a, equivalent to an increase in riverflow of 1.13 million m
3
/a. This increase 11 

is 6% of the Churchill Dam’s supply to the Port Elizabeth Metropolitan Hub of 18.19 million 12 

m
3
/a and a substantial volume of water to a city that periodically experiences severe water 13 

shortages. Furthermore if the wetlands could be restored to the state and extent they were in 14 

in the 1960s (restoring 1.7km
2
) or 1950s (restoring 5.2 km

2
), the catchment’s ability to 15 

attenuate floods would be likely to improve significantly as well as decreasing sediment 16 

accumulation in the dam. Our results suggest synergies between the ecosystem services of 17 

flood attenuation and water provision, supporting the findings that water-related ecosystem 18 

services are bundled (Doherty et al. 2014, Trabucchi et al. 2014). Unfortunately, some of the 19 

wetland loss will be permanent because the alluvium has been washed downstream and 20 

moving it back would be prohibitively expensive. This is a key point because, although 21 

restoration is still likely to be beneficial (due to an increase in riverflow translating to 22 

increased water supplies), restoration cannot be used as justification of further wetland 23 

degradation (Moreno-Mateos et al. 2012).  24 
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It is also apparent from our results that there is a lose-lose situation in terms of the loss 1 

of ecosystem services under undesirable LULC change (e.g. woody IAP invasion). In terms 2 

of economically desirable LULC (e.g. agriculture), there is an important trade-off between 3 

food production and water-related ecosystem services to consider. To visually represent the 4 

trade-offs and synergies between ecosystem services under different restoration scenarios in 5 

the Kromme Catchment, we illustrate them in a conceptual framework adapted from Foley et 6 

al. 2005 (Fig. 7). Given that agriculture on the alluvium of the Kromme catchment is 7 

marginal, and that water regulating ecosystem services are crucial for the survival and health 8 

of a major city downstream, we would recommend that all ecosystem services are given full 9 

consideration by managers and decision makers involved, and that LULC decisions are no 10 

longer based primarily on maximization of a single ecosystem service (e.g. food provision).  11 

We further recommend that areas crucial for the provision of water-related ecosystem 12 

services (e.g. the historical alluvium), be zoned for this purpose exclusively, and that 13 

marginal agriculture be relocated to other less sensitive locations. However, we recognize 14 

that this change would be a complex procedure, involving interdisciplinary teams, 15 

stakeholder engagement, incentives for landowners as well as strong governance and 16 

institutional support (Cowling et al. 2008; Polasky et al. 2014). The results of such an 17 

undertaking have been shown to be beneficial, for example the Catskill Catchment, an 18 

important water-providing catchment for New York City, was preserved for its water quality 19 

ecosystem service, negating the need for a water filtration plant, which saved billions of 20 

dollars in the long-term (Foran et al. 2000; Postel & Thompson 2005).  21 

It is important to understand the relationship between spatial LULC patterns and 22 

hydrological ecosystem processes, as this knowledge can shape restoration priorities and 23 

management plans for valuable water-providing catchments worldwide. Key LULC changes 24 

have resulted in the degradation of the ecological infrastructure of a South African catchment, 25 
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resulting in an overall decline in water provision and a reduction in flood attenuation. The 1 

quantified hydrological value of this ecological infrastructure makes a strong case for the 2 

protection and restoration of wetlands, as well as a foundation for economic valuation 3 

whereupon payments for these services can be built. In the face of climate change and 4 

uncertainty around how ecosystems will react, it is essential that valuable water-providing 5 

systems such as the Kromme River are restored and managed so that an acceptable degree of 6 

resilience is preserved.  7 
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Tables 1 

 2 

Table 1: The 15 land-use/land-cover classed used to the hydrological response units (HRU’s) 3 

mapped in each of the sub-catchments of the upper Kromme.  4 

HRU 

LAND-USE/ 

LAND-COVER CLASS DESCRIPTION 

1 Dams Including small farm dams and a large municipal dam 

2 Mountain Seep Wetlands High altitude/gradient wetlands on the mountain slopes 

3 Palmiet Wetlands  Wetlands in the valley, dominated by Prionium serratum 

4 Riparian Vegetation Woody vegetation in ravines, either thicket or afromontane forest 

5 Unproductive Fynbos Seven different unproductive fynbos and renosterveld vegetation types 

6 Productive Fynbos Three different productive fynbos and renosterveld vegetation types 

7 Degraded Fynbos Degraded by heavy grazing or altered fire regimes 

8 Irrigated Fields Cultivated lands with an irrigation system (sprinkler or central pivot) 

9 Dryland Farming Cultivated lands/agriculture that is not irrigated 

10 Orchards Orchards with irrigation systems 

11 Acacia mearnsii The dominant woody invasive alien plant in the catchment 

12 Pinus species The second most common woody invasive alien plant in the catchment 

13 Other Alien Plants  All other woody invasive plants, mainly Eucalyptus species 

14 Disjunct Impervious All unnatural structures not directly connected to a watercourse 

15 Adjunct Impervious All unnatural structures directly connected to a watercourse  

 5 
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Table 2: Comparison of the modeled evaporation for key hydrological response units (vegetation types) from the upper Kromme (Eastern Cape) 1 

with water-use measurements from other studies in South Africa (Dye et al. 2001; Dye & Jarmain 2004; Clulow et al. 2011). Annual evaporation 2 

outputs from the ACRU Model were averaged over 50 years (from 1950-2000). All evaporation and rainfall (mean annual precipitation -MAP) 3 

values are reported in mm/a and means are reported ± standard deviation. PET = estimated annual potential evaporation for the catchments and 4 

sites based on Schulze et al. 2008 (FAO Penman-Monteith method). Each Biome is designated a province. KZN = KwaZulu-Natal, EC = Eastern 5 

Cape and WC =Western Cape of South Africa.  6 

 7 

SOURCE LOCATION BIOME MAP PET P. serratum A. mearnsii FYNBOS 

ACRU Output Kromme River Fynbos (EC) 614 1185 694.6±21.46 899.4±44.66 430.39 

Rebelo 2012 Jonkershoek Fynbos (WC) 1630 1210 1043 - - 

Dye et al. 2001 Wellington Riparian Fynbos (WC) 1050 1304 - 1503 1332 

Dye & Jarmain 2004 Jonkershoek Fynbos (WC) 1324 1175 - 1503 600-850 

Dye et al. 2001 Gilboa Grassland (KZN) 867 1149 - 1260 - 

Dye & Jarmain 2004 Seven-Oaks Grassland (KZN) 842 1218 - 1223 - 

Clulow et al. 2011 Two-Streams Grassland (KZN) 754 1230 - 1164 -  
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Table 3: Mean annual rainfall, resultant modeled riverflow and the runoff as a percentage of the 1 

rainfall in the Kromme River for four different and overlapping time periods (20 years each). 2 

Means are given ± standard deviation.  3 

LAND-

USE/LAND-

COVER 

RAINFALL 

DATES 

MEAN ANNUAL 

PRECIPITATION 

(mm) 

MEAN 

ANNUAL 

RUNOFF 

(mm) 

RAINFALL / 

RUNOFF (%) 

1954 1950-1970 668.7±130.73 175.4±96.93 26.2 

1969 1960-1980 617.6±169.48 160.9±87.47 26.1 

1986 1970-1990 561.0±178.60 138.5±82.10 24.7 

2007 1980-2000 542.6±178.70 133.4±80.05 24.6 

 4 
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Figure Captions 1 

 2 

Figure 1: The location of the Kromme River study catchments (K90A (left) and K90B (right) 3 

and the position of the Churchill Dam in the Eastern Cape Province of South Africa (inset). 4 

The upper Kromme was divided into 11 study sub-catchments (A1-4, B1-7). The position of 5 

the three rainfall stations within the study catchments are marked by black circles. Units A4, 6 

B4 and B7 represent the alluvial environments. Color available online.  7 

 8 

Figure 2: Modeled cumulative riverflow over 20 years in the Kromme catchment for each of 9 

the four different land-use/land-cover scenarios and for two independent modeling studies: 10 

DWA dam inflow estimates and WR90 modeled riverflow.  11 

 12 

Figure 3: Land-use/land-cover (LULC) change in the Kromme over the past century (from 13 

reference conditions through three other time slices to 2007). LULC was categorized using 14 

aerial photography. 15 

 16 

Figure 4: Land-use/land-cover (LULC) at five different times from pre-1954 (reconstructed) 17 

to 2007 showing the replacement of palmiet wetlands in the floodplains by agriculture, and 18 

the invasion of tributaries by Acacia mearnsii trees. The site is at Jagersbos farm in the upper 19 

Kromme Catchment. Important LULC changes include: ■ palmiet wetlands, ■ riparian 20 

vegetation, ■ orchards, ■ dryland agriculture, ■ irrigated agriculture, ■ the invasive tree 21 

Acacia mearnsii, ■ exposed sediment (cream), ■ dams and ■ the natural fynbos shrublands. 22 

Color available online (adapted from Rebelo et al. 2013). 23 
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Figure 5: Mean annual rainfall for the Kromme River between 1950 and 2000 and the 1 

overall trend. The mean rainfall over 50 years is plotted as a horizontal line (614 mm).  2 

 3 

Figure 6: An assessment of the ability of the Kromme catchment to absorb and regulate 4 

water flows based on the relationship of the size of extreme rainfall events and the resulting 5 

riverflow over the past five decades. The actual dam inflow records were used in this 6 

analysis and not model outputs. Letters a-d denote significant differences between slopes.  7 

 8 

Figure 7: A conceptual representation of the trade-offs and synergies of different ecosystem 9 

services relevant to the Kromme River System, South Africa. Ecosystem services in black 10 

font are those quantified in this study, others that are important, but beyond the scope of this 11 

study are in grey. Three LULC scenarios are considered: a relatively intact wetland (e.g. 12 

scenario pre 1954), intensive agriculture replacing the wetland and leading to loss of 13 

alluvium (e.g. scenario 1986), and an intermediate scenario where agriculture on the 14 

alluvium ceases and active restoration has been completed (e.g. scenario 1969). Color 15 

available online (adapted from Foley et al. 2005). Centre photo by P. Joubert, others by 16 

author.  17 
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