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Abstract. Representation of land-use and hydrologic inteyastin respective models has traditionally
been problematic. The use of static land-use intrhgdrologic models or that of the use of simple
hydrologic proxies in land-use change models aallnore integrated approaches. The objective of thi
study is to assess whether dynamic feedback betleeelhuse change and hydrology can (1) improve
model performances, and/or (2) produce a morestgafjuantification of ecosystem services. To teist,

we coupled a land-use change model and a hydrohogde. First, the land-use change and the hydmwlogi
models were separately developed and calibratedn,Tthe two models were dynamically coupled to
exchange data at yearly time-steps. The approaappked to a catchment in South Africa. Perforneanc
of coupled models when compared to the uncoupledeilsowere marginal, but the coupled models
excelled at the quantification of catchment ecasystervices more robustly.

Keywords: model coupling, ecosystem services, integrated thingeland and water



1 Introduction

Land-use and hydrology are strongly interlinked mehg changes in land use affects hydrologic prasesscluding
interception, evapotranspiration, infiltration,estm flow and runoff (Costa et al., 2003; Niehofékf 2002; Tong and Chen,
2002; Warburton et al., 2012). Similarly, change$ydrologic processes can influence the distridyutind availability of
water resources, which in turn can influence prsegdriving land-use and land cover changes. Claimgbydrologic
components, for example, impact parameters assdowth land-use suitability for agriculture inclag soil water balance,
leaf area index, vegetation/crop growing seasoegetation root depth and root mass distributiorsdd€r, 1998; DeFries et
al., 2004). Modelling the dynamic interactions bedw these sub-disciplines is an important endetihairdeserves more
attention in the environmental modelling commur{ibeFries and Eshleman, 2004; Wagner et al., 208@%st modelling
practices on interactions of land-use and hydrolaging respective models display notable limitagiofi) a static land-use
map is used for an entire simulation period in nigstrologic models and modelling practices. Sughesentation of land-
use is problematic because rates and magnitudésndfuse changes are dynamic in practice and theges can be
significant over a modelling period. Apart from physical factors such as weather and climate viitigbland-use
dynamics can also be driven by various social, eacon and spatial factors including population, ealof commodities,
distances from various resources, infrastructuaes, services (Lambin et al., 2003; Lambin et @012 Verburg et al.,
2004). (2) Hydrologic models are often developedvark only with biophysical inputs such as slopei),dand use, and
weather datasets. This leaves out aspects of sgoimemics that contribute to changes in hydrolpgaresses and water
resources directly or indirectly through, for imsta, growing population and associated pressurdamhcover and land-
use demands. If no socio-economic aspects aredmyesi in hydrologic models, it would necessarilyplynthat any two
catchments whose biophysical input components qoévalent will be assumed to have the same rateshahges and
projections irrespective of specific environmendald socio-economic dynamics (e.g. population, derdi settlement,
infout-migration, lifestyle, and demands for spétiaelevant commodities such as land). (3) Likesyisnost land-use
change models ignore hydrologic components alt@gdththeir simulations, and those that considetake limited proxies
of hydrology/water resources using variables, sashaverage precipitation or distance from watercgsy as primary
inputs. This results in an oversimplification thghores all other factors including rainfall intéres, infiltration rates,
runoff components, and evapotranspiration, which gdluence soil water balance, land suitabilitydaproductivity.
Ignoring such hydrologic components and discountimgter availability in land-use modelling can résih an
unconstrained model with regards to potential dualcwater resources availability and, thus, caadIéo misleading
conclusions. (4) On the other hand, even thougheteosl are aware of the limitations mentioned, ipoaating all the depth

and breadth of specialized disciplines of hydrolagy land-use change into one model can be overhplex.

Integrated modelling methods have been advocateddeess, at least partly, the problems mentiobede Their holistic

approach to socio-environmental problem solvingeéneral and in land and water resources managemeatticular has



been an important attribute of a comprehensiveosenvironmental framework (Hamilton et al., 2018kdman et al., 2013;
Laniak et al., 2013). In line with this philosoplan overarching discipline in the water domain,Wnas socio-hydrology
(Sivapalan et al., 2012; Wheater and Gober, 2(1d9,emerged recently that emphasizes explorationtedrated socio-

economic and anthropogenic feedbacks between lsadhange and hydrology (Di Baldassarre et al5201

Integrated modelling comes with its own challeng@se of the main challenges is associated withbation and
evaluation mechanisms in integrated subsystemsndgéisain variables that used to impact only reltig®me part of a
subsystem can propagate throughout the whole eegrsystem (Voinov and Shugart, 2013). A more Seovative’
approach of integrated modelling is often adoptedhany interdisciplinary modelling practices whepecialized models
from various disciplines are calibrated and evadahdependently and exchange data with other matebugh coupled
systems. Model coupling combines specialized modtelsheir entirety instead of relying on simplifieans of the
specialized models within an integrated framew@®taponents of this approach argue that the couplpmyoach enables a
greater degree of transparency and accuracy igrated models landscape and watershed models (fwbet al., 2017;
Verburg et al., 2016).

Landscapes provide a number of provisioning aneda@ated ecosystem services (Millennium Ecosystersessment,
2005). Agricultural intensification and extensifiican has enabled substantial increases in provigipservices (e.g. food
production) by exploiting available land and watesources, but it has also transformed and degraadlal watersheds
and landscapes. To counterbalance the negativetefi€intensive agriculture, there is increasimgiiest in multifunctional
landscapes and watersheds for sustainable usahasources and associated supporting, regulatidgcultural ecosystem
services (Scherr and McNeely, 2008). Ecosystemicsare often evaluated and quantified in assooiatith land and

water resources. Grasslands provide ecosystemcesrnin the form of animal feeds/grazing, erosiomtid, water

regulation, soil carbon retention, and biodiversibnservation (Lemaire et al., 2011; White et2000). It is expected that,
in the face of climate change and growing demawdsafricultural land and productivity, future pness on grassland

ecosystems will intensify (Watkinson and Ormerad@D D).

The main objective of this study is to evaluate tlibe dynamic feedback between land-use change yhlbgic models
can improve performances of the respective modetioa whether it can produce a more realistic gfieation of
catchment ecosystem services. We coupled and tdstezffect of dynamic feedback between two respechodels: SITE
(Simulation of Terrestrial Environments) and, SW{Boil and Water Integrated Model). The approachgplied to the
Thukela catchment (11,326 kmin South Africa as a continuation of our priciperiment on the identification, valuation
and mapping of various ecosystem services in #gtehment (Yalew et al., 2014). Specifically, thisdy investigates the
effect of model coupling on the sustainability afeoof the common ecosystem services of grasslandsei catchment,

namely grazing. Quantifying interactions of grasdlacosystem services and water resources in tbhhngant allows an



evaluation of sustainable grazing levels. The eat&dn is based on performance criteria for the tmi@and uncoupled

model results and on the importance of the coughinghe assessment of ecosystem services.

2 Background and study area

This study is conducted with an aim of supporting angoing investigation for better quantificationdamapping of
grassland ecosystem services in the Thukela catthi®euth Africa (AFROMAISON, 2016; Johnston et aD14). Besides
the identification, valuation and mapping of therieas ecosystem services in the case study, a ddcasalysis and
modelling of the interactions of grasslands andewegsources with respect to grassland ecosystemisas management is
a valuable input to decision makers on the ongeifigrt to integrated management of natural resaumehe catchment
(Johnston et al., 2014).

The Thukela catchment is the largest river systéthe Thukela district in KwaZulu-Natal province 8outh Africa (Fig.
1). It is characterized by marked biophysical geatliand diversity of habitat types determined hijuale, slope, climate,
topography, and geology. The catchment represkatsritire district that is predominantly ruralislcharacterized by socio-
economic indicators such as low revenue base, ipfrasstructure, limited access to services, and éoanomic base. It had
a population of about 670,000 inhabitants in 20Ekulting in a population density of 60 people/’kmith a slightly

increasing trend.

Among the most substantial pressures to ecosysientBe study area are intensive livestock grazing poor land
management practices, leading to soil loss and d@grladation. On the one hand, the grassland biatnieh forms a large
and important component of South African vegetafi®oott-Shaw and Schulze, 2013), is fragmentingaicting the most
common grassland ecosystem service, namely gra@nghe other hand, livestock has major economit sotial values
for the communal farmers in the region and thusglemd ecosystem services will continue to be ¢isseBeyond its
economic benefit, livestock is also used as a sfgrestige in the community (Salomon et al., 20High livestock density
and poor soil and land management practices, amtmgys, are attributes causing degradation of tAsstands in the
Thukela catchment (Scott-Shaw and Schulze, 20h3xddition, increasing competition for demand oabéy and urban
land use decreases the extent of the grazing laadable for livestock. The combined effects lead unsustainable

environmental outcomes with substantial pressuriaiet and water resources.
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Figure 1. Location and topographic map of the Thuked catchment.Black lines in the top right map indicate admirasitre
borders of the provinces of South Africa, as welLasotho and Swaziland; different colors distisgyprimary catchments,
i.e. the primary drainage regions. The lower mafinds the study area, layers comprising Thukelpldis altitudes,
including major rivers, dams, and cities, wherdasktlines represent borders of the district mypatities. The blue arrow
indicates the catchment outlet at the town of Tadgelrry.

3 Materials and methods

First, a hydrologic model is developed for a Sottican catchment and simulated for 30 years (12000) using the Soil
and Water Integrated Model (SWIM) (Krysanova ef 8898). A separate land-use change model usinlimelation of
Terrestrial Environments (SITE) (Schweitzer et 2011) framework is likewise developed, calibraded evaluated for the
same catchment. Then, the two models are funchoimakgrated through coupling in a way that thépoti from the land-
use change model is used to update inputs of tbeolngic model and vice-versa at a yearly time-stagividual model
inputs, model setup and structure as well as thiadeused for coupling the two models are discussatie following

subsections.



3.1 The hydrologic model

We used the SWIM model (Krysanova et al., 1998)Hyurologic modelling of the catchment. SWIM is @pen-source
model used to simulate eco-hydrologic processel ascrunoff generation, nutrient and carbon cycliger discharge,
plant growth, crop/biomass yields and erosion (Engva and Wechsung, 2000). It can simulate agui@llimanagement,
feedbacks of climate and land-use changes as wely@amic vegetation growth processes (Krysanowe ,e1998). SWIM
takes meteorological, topographic, soil and lang-destasets as inputs. It operates at a daily tiepand uses a three-level
spatial discretization scheme: watershed, sub-kasihhydrotopes. Sub-basins are delineated froftabgevation model
(DEM) and represent small individual watersheds neag hydrotopes are small hydrologic units withilsimland use,
vegetation and soil types (Fig. 2).

Land use

Vegetation types

v |
NP L
Hydrotopes

Hydrotope units: SWIM

Figure 2. Setup of hydrotope units in SWIM

3.1.1 Inputs and setup

Inputs for the SWIM model include soil, land usedameteorological data including precipitation, pemature, solar
radiation, and relative humidity. Soil informatiaras derived from the Harmonized World Soil Datab@3€O et al., 2012).
Meteorological information was taken from the Waterd Global Change (WATCH) project (Weedon et 2010).

Streamflow data was derived from the Global Rulb#fa Centre (GRDC, 2013), and from the South Afribepartment of



Water Affairs (DWA, 2013). Hydrology in SWIM is gewmed by the water balance equation that is cakudilat the
hydrotope level, Eq. (2).
AS, =S, —S;_4 (1)
whereAS; is given by the difference in the amount of watered in the soil between timegand time t — 1.
The biomass produced after each hydrologic yeaBWAM is used as input by SITE. For that, a speaificnber of
potentialheatunits required fomaturity has to be defined for each vegeiafcrop type in SWIM. The computation
of biomass accuaiation follows the approach of Monteith et al. (197 Bhotosyntheticactive radiation (k)
estimatedrom input solar radiation and leaf area index (L&l used to calculate potential biomass aagiation, Eq.
(2).
ABp = Bg * Pyg 2)
where Bg is a crop specific factor converting energy to bées1ABp is then reducedto get the daily actual
biomass increase, Eq. (3).
AB = ABp * Rggr 3)
Recr is @ growth regulating factor constraining biomassumulation due t@larnt stress. These stresses include water,
temperature, Nitrogen (N) and Phosphorus (P), tatled separately. The leaf area index (LAI), whishdefined as the
one-sided green leaf area per unit ground surfees, & then estimated by an empirical functiomafumulated heat units
and above-ground biomass. SWIM, therefore, prodyeasly cumulative vegetation biomass (including doasslands) as

a function of these stressors.

3.1.2 Model calibration: SWIM

The hydrologic model was calibrated for 1990-198d =alidated for 1995-2000 using flow data at tai&ckment outlet. A
static land-use map of 1990 reclassified from tlaidthal Land Cover Data of South Africa (South &ém Environmental
Affairs, 1990) was used as a base and calibratiap for the SWIM model. The five year calibratiorripd was defined in
such a way that it contains wet, average, and daysy Parameters including base flow factor, afpb#or for ground water,
ground water delay, evaporating fraction of groumdter, percolating fraction of shallow ground watewaporation
threshold of ground water, potential evapotransipinacorrection factor, routing coefficient bothr feurface and subsurface
flows, correction factor for saturated conductiyignd leaf area index were calibrated manually isyal inspection of
discharge plots. Parameter sensitivity analysisaily tested on the model was unable to clearbniify the most notable
parameters that earlier researches in the catchrdentified to be influential. The most importanarpmeters in the
catchment based on previous studies were includdtis manual calibration. Performance indicatdrshe percent bias
(PBIAS) (Moriasi et al., 2007) and the Nash-Sufeliefficiency (NSE) (Nash and Sutcliffe, 1970) warged for this
purpose. PBIAS is an error index describing theraye tendency of simulated values to be largenailer than observed
data (Moriasi et al., 2007) as shown by Eq.(4).
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whereSm is the simulated an@bs is the observed value at time-sjepespectively.

In this case it is given in percent, and the optinadue is PBIAS = 0%, whereas model accuracy getse the greater the
deviation from zero. Positive values indicate manladrestimation bias and negative values indicaadghunderestimation
bias. Nash-Sutcliffe efficiency (NSE) is a dimemdess model performance measure commonly used dmologic
modelling. It is the ratio of residual varianceveriance in observations, Eq. (5).

¥j(Sim;—0bs;)?

NSE=1 - 2j(Obsj—0Obsyean)?

®)
whereObs,,.., is the mean of observations over the analysiss fieriod.
Model performances are generally considered satifiaif NSE>0.5 and PBIAS< £25% (Moriasi et al0®).

3.2 The land-use model

Although still in development addressing methodaaband paradigmatic challenges compared to thate established
models in hydrology in general, a growing numbelaofd-use change models with varying degree of ¢exity and design
objectives have been made available in the lagblecaf decades. Questions of interest in this gngwiield of modelling
include whether a particular land-use change misddéterministic or probabilistic (Koomen and Si#ll, 2007), whether
it is spatially aggregated or spatially explicitcf®veitzer et al., 2011; Verburg et al., 2004), Weetit is agent-based or
pixel-based (Agarwal et al., 2002), and whethés istatic or dynamic (Veldkamp and Verburg, 200@yerall, land-use

change models vary in degrees of complexity, objeand applicability.

In this study, we used the SITE land-use modefiiaghework (Schweitzer et al., 2011) to developradtuse change model
for the Thukela catchment. SITE was selected duéstsuitability for representing socio-economicveall as biophysical
inputs and due to its capability for spatially @gilland-use change simulation. It is a cellldatomata based multi-criteria
decision analysis framework for simulating land-usenversion based on socio-economic and envirorahdattors
(Schweitzer et al., 2011). It also provides a numidfealgorithms and tools such as for model evadmatcalibration and
visualization. In addition, the model can be easgilydified as it allows access to its underlying eitidg sequence. SITE
comprises of two model domains: the system domdierer methods, procedures and essential algoritomsnbdel

initialization simulation are programmed, and tipplacation domain where case specific decisionsee implemented.



The system domain contains suitability analysis)(8Ad land-use allocation (LA) modules for analysissuitability and
allocation of land-uses for various uses, respebtiv

3.2.1 Inputs and setup

The land-use model was developed to simulate fro002010. Input data for SITE included the initahd-use map of
2000 derived from GLC30- a 30m resolution globaldaover product (GLC30, 2014; Jun et al., 2014)nd-use maps of
2000 and 2010 derived from this product are usedé&se and reference maps, respectively, for thé-lse simulation
model. The maps are reclassified and include |ls®laategories of water bodies, forest, shrub laadanna, grassland,
wetland, cultivated/cropland, vegetation mosaidsb(aviated as ‘veg_mosaic’ hereafter), urban setld and bare land
using two other high resolution (15m) local lan&ysoducts for the years 2005 and 2008 (Ezemvé@id1R Other inputs
for the land-use model include data on populatirgstock, biomass (average biomass dynamicallysgasrom the
hydrologic model at a yearly time-step), proteatesirved areas, computed distances from water, evatlurban centers
and slopes derived from digital elevation model&3). The model dynamically allocates land-usestam projected

demands derived by population and livestock foioter uses (see section 3.4).
3.2.2 Model calibration: SITE

Land-use models are often calibrated based on @@uwf parameters. SITE comes with the GALib genatgorithm
library (Wall, 1996), which is used for the purpasieauto-calibration. In this study, the GALib atgbm was used for
calibration land-use change related parametersidimad land-use suitability factor, coefficient ofopection of protected
area, cover factor, and management/conservatigarfacStarting simulation with the base map of 20488 simulated map
for the year 2010 is compared with the reference foa the same year using the Quantity and Allacaisagreement
measures (Pontius and Millones, 2011). Quantitgglisement (QD) is the difference between two majestd an imperfect
match in overall proportions of all mapped land-esg¢egories whereas allocation disagreement (ACthésdifference
between two maps due to an imperfect match betweespatial allocation of all mapped land-use aatieg (Pontius and
Millones, 2011). This measure summarizes confugiorerror matrix derived from the spatial comparidmetween the
simulated and the reference maps using a pixelsgmtal assessment unit. The measure, thus, tedithe percentage of
correctly classified pixels using equations (6) énd

7 (zemin T T MM
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where QD=quantity disagreement; AD=allocation disagnent;n; = diagonal matrix elements = total number of
considered pixels; ana,; andn;, = marginal sum of the columns and marginal sunthef rows in the error matrix,

respectively.

Unfortunately, no unique threshold exists in therture that defines the acceptable values ofracgdor map comparisons
in general. Although not particularly for QD and ADandis and Koch (1977) suggested agreement raofjesap

comparison results into three groups: agreemenevgteater than 0.8 (80%) represents strong agréeagreement value
between 0.4 (40%) and 0.8 (80%) represent modagreement; and agreement value less than 0.4 (4&¥rgsents poor
agreement between two maps. We used this rougte goidvaluate the performance comparison betweenithulated and

the reference land-use maps.

3.3 Demands for land use

In relation to land-use demand projection for taed-use model, past trends of population, livestseittlement, and
land-use change are used. The population growéhinathe Thukela district is 0.17%/year (Lehohl@12). Increased
livestock population in the rural community in thisstrict, besides its commercial value, is a sifmimore wealth and
respect (Johnston et al., 2014; Salomon, 2006).ahneal livestock growth rate for South Africa beem 1990 and 2000
was reported to be 0.2%/year (FAO, 2004, 2005) tir@tand-use change model simulation, we assuheedame annual
livestock growth rate to continue to 2010. Therefannual population growth rate of 0.17% and tivels growth rate
0.2% together with their associated demands foiouarland uses and land-use related services ack fos the model

simulation.

3.4 Ecosystem services assessment

Grasslands provide ecosystem services in the fdrrfooinstance, grazing, erosion control, wategulation, soil carbon

retention, and biodiversity conservation (Lemairale 2011; White et al., 2000). In this study, wsad a single ecosystem
service associated with the grassland land-use, typmely, grazing, to test the effects of dynangedback between
hydrology and land-use for ecosystem services assa¥. Thus, we did not try to analyze comprehensoosystem service
provisions by all land-use types, and neither daltwy to analyze all ecosystem services providedhieygrassland in the

catchment.

We used the concept of carrying capacity (CowlishB®69) to characterize the sustainability of gngziCarrying capacity,
with respect to livestock grazing, refers to thenber of grazing animals a landscape is able to auippithout depleting
rangeland vegetation or soil resources. It is @efias the area of land at a given time that is &bfgrovide for a certain
number of animals, expressed as animal-units @ear @e Leeuw and Tothill, 1990; Tainton, 1999 nian et al., 1980). An

animal unit (AU) is defined to be equivalent to%0kg cow (Leistritz et al., 1992). One AU is assdn@ consume 12kg of
10



forage dry matter (biomass) per day, or 4.38 metrits per year (Scarnecchia, 1985). Under sust@in@anagement
objectives, the actual amount of forage availablelifestock grazing must be less than total bisna®duced from the
grassland (Fernandez-Giménez and Swift, 2003).djnsément for allowable use must be incorporated the calculation
to ensure that some un-grazed residual biomassiistaimed to protect soil and vegetation resoufs&snp et al., 2000).
With sustainable grassland ecosystems managemeninih the recommended minimum grazing capacitytlier Thukela
district is 0.5 AU/ha (Spehn et al., 2006). Thiswebimply that at least a minimum of 6kg of dry meatper hectare per day
(0.5*12kg/day), equivalent to 2.19 metric tons pectare per year, should be available as residoaidss to maintain the
sustainability of grazing ecosystem service of gnassland. Lower amounts imply overgrazing, sailsem and/or land
degradation on the catchment landscape that ameetkensuitable for grazing. On studying factorsueficing grassland
grazing capacity, Holechek et al. (1995) suggest tlistance from water and slope are also impoxansiderations (see
Tables 1 and 2).

Table 1. Reductions in grazing capacity with distace from water. Source: Holechek et al. (1995)

Distance from Water (km) Reduction in Grazing Caiyaéno)
0-1.6 0

1.6-3.2 50

>3.2 100

Table 2. Reductions in grazing capacity for differat slopes.Source: Holechek et al. (1995)

Slope (%) Reduction in Grazing Capacity (%)
0-10 0

11-30 30

31-60 60

>60 100

These distance and slope factors state that anyrnod grassland biome outside or beyond the sugdaspper limits of
the ranges in these tables would imply that theuess are simply unreachable for livestock grazingggrating the above,
the grazing capacity of a grassland ecosystem eargresented by Eq. (6):

ScG,
5 2cbc
100

DcGe
G = B, — (B, + By 25) — B, 6)

100

11



whereG.=grazing capacity (in metric tons) per hectare ywar; B,=yearly grassland biomass (metric tons) per hegiare
year;S.G.=percentage reduction in grazing capacity for thepective slope clasB,G.=percentage reduction in grazing
capacity for the respective distance from watesglandB,,;,=minimum biomass to be maintained per hectare par for

a sustainable grassland ecosystem, i.e., 0.5Au/high is equivalent to 2.19 metric tons/ha per year

This equation (Eq. 6) is implemented on the lanel-osodel for assessing the grazing capacity of tlassiand using
biomass produced and forwarded from SWIM at eade-$tep. Note that the grazing capaétycalculation produces only
available biomass for livestock in terms of metoas. This value can be divided by 2.19 to getpgh&ential number of
livestock the biomass can support. On the othed htnis potential livestock support can be compaxéti the density of

livestock on the ground, whereby dynamic reductiblivestock may be implemented when enough foliaget available.

However, given the high level (low resolution) sphtata about livestock density, we rather regsbttedemonstrating the
potential biomass capacity that can serve incrgdsiastock numbers (with annual rate of growth)esiisting spatial units.
So the assumption is that livestock is a dynamimmanent in the model (as it grows in number, itafde requirement

increases too), but it is not dynamic in termsf@f,example, response to shortage in forage supply.
3.5 Model coupling

While a universal definition for integrated modegjiin environmental sciences is still evolvingisigenerally accepted that
it brings knowledge from two or more (sub-) domaiosa common framework for interdisciplinary anaydntegrated
modelling involves linking of disciplines, processeand/or scales depending on objective of thegiat®n and data
availability (Kelly et al., 2013). Model integratids often carried out through coupling of two oomm specialized models
from different (sub-) disciplines. Recently, a desto integrate land-use change and hydrologic tsotlas evolved
(Karlsson et al., 2016; McColl and Aggett, 2007; o et al., 2016; Narasimhan et al., 2017). Theekitof such coupling
is that watershed planners can examine the prasenfuture characteristic of a specific waterstedugh analysing effects

of land-use change on water resources and vicewei@n integrated and holistic manner.
3.5.1 Conceptual framework for the coupling

The conceptual framework of the coupling startshwievelopment, calibration and evaluation of twpasate land-use
change (SITE) and hydrologic (SWIM) models indepantty. The two independent models are then coutdegikchange
data between them dynamically. As shown in Fig.tl® SWIM model, which quantifies water availabilifpr
crop/vegetation growth, produces biomass for thd-ase model (SITE). The land-use model determibased on land-use
suitability for various purposes and land-use dedeprthe land-use pattern that, together with thmmbiss output from
SWIM, is used to estimate ecosystem services. Rakdbfrom these services inform adaptation poli@esfurther

scenarios. Socio-economic, climatic and manageswattarios are used as inputs on both models (Fig. 3
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For the hydrologic model, land-use map is providgdamically from the SITE land-use change model.ll@W&stimates
surface runoff as a non-linear function of preepdn and a retention coefficient, which dependssoit water balance,
land-use and soil type - a modification of the S@dnservation Service Curve Number (SCS-CV) meffikagisanova and
Wechsung, 2000; Mishra and Singh, 2013). Land-sigskynamically imported to SWIM from the land-usedwebat the end
of each year. Thus, changes in land-use (vegetatoars) produced using SITE affect curve numbar)(@nd leaf area

index (LAI) parameters in the SWIM model, thereb§liencing water balance components including etrapspiration,
infiltration, and surface runoff.

Inputs and Scenarios

Socio-economic scenario . .
anagement

— \’ Management

strategy
/'/,_—V Scenarios
/\"’" \

Biophysical data

Climate change
scenario

———p SITE Model __p Landuse ——p SdW.I|M

(annually) (daily)

Other spatial data A
latens / Water resources

land use

Ecosystem Services

-grazing potential
- suitability maps
-potential hotspots

Figure 3. The model coupling schema.

availability

Biomass
production

In the land-use model, changes in land-use arerdigted following two procedures. First, land-uséahility template/map
is produced based on soil type, soil texture, ¢iema slope, and proximity from various resourcesl anfrastructures,

including water bodies, roads, and markets/urbantecs. These factors are computed using multi+@it@nalysis methods
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implemented in the suitability module in SITE. Thdrased on the projected demand (associated wiplulgiion and
livestock growth rates) for the various land-udasd-use is allocated on the template/suitabiligpmBoth the uncoupled
and the coupled models include these factors i siraulation of the land-use changes. The couptedel incorporates an
additional factor, soil water balance, for compgtiand-use suitability. Soil water balance is dyieatly imported from the
hydrologic model. Thus, although some of these Jasel suitability factors remain constant during &mire simulation
period (such as elevation, slope, soil type, antl teature, for example) others, including soil ematbalance, change
dynamically. This dynamic continues until the erfdtlie simulation period. In the meantime, the gesfs biomass
(evaluated using the hydrologic model) and its ptigé for sustainable grazing ecosystem servicecaraputed from the
results of the coupling. Thus, soil water balance aboveground biomass imported from the hydrologidlel are used for

computation of land-use suitability and for quanéfion of the grazing ecosystem service, respelstiv
3.5.2 Technical details of the coupling

Like model integration, model coupling may mearfadént things for different people. Depending oe el and or type
of interaction between participating models, selvByans/definitions of coupling are commonly repedtin the literature.
Among this, loose, tight, and embedded couplingatBht al., 2014; Brandmeyer and Karimi, 2000)rie.cLoose coupling
involves exchange of results between two or mordetsowith no need for modification within the paipiating models. No
shared interface exists for the data exchangetarglgarticipating models do not need to run in [peréBhatt et al., 2014).
Tight coupling involves common interface or contra unit and shared database for data exchangd®eHded coupling
involves the merging (full integration) of processand modules between participating models in a tlay intra-model
modification is possible in addition to shared thate and a common user interface (Bhatt et al4;2Bdandmeyer and
Karimi, 2000). Other forms/definitions of model gbimg include simultaneous, alternating iteratige externally coupling
(Becker and Burzel, 2016), and code level or iateflevel coupling (Butts et al., 2014). In thisdst, we followed the first
form of coupling (loose, tight, and, embedded), drueloped a tight coupling between SWIM and SIEig the general
framework presented earlier. This form of couplergbles each of the two models to execute at a cotyndefined time-

step, which is one hydrologic year (October-Sep&nhusing a common control script (interface) ansghared database
(Fig. 4).

The execution of the coupled models begins byatiitg SWIM, using the control script, to run withetbase land-use map
input of year 2000. [Note that land-use map froM®& used as input to the hydrologic model for2a8us, the land-use
from the end of the previous year is actually uasednput to the hydrologic model in the beginnifighe current year.] At

the end of every yearly simulation, it modifiesog file to signal SITE to continue running using tiesults of SWIM.
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Figure 4. The Model coupling execution flowchar Note that N is used for ‘no’ and Y is used foryes’.
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SITE executes its routine using these results fer ttme-step (1 yearly simulation) and signals SWévtontinue with its
simulation. This way, thé&xecute-Sgnal-Wait-Execute cycle continues until both models come to the ehthe defined
simulation period for both. Output of every timestfrom one model is used as an input to the atedel for the next

time-step (Fig. 4).

Internal time-steps setup for each of the modedsdifferent: for the land-use model, one time-stefone year). Since the
land-use model operates on a yearly time-step lamcadupling data exchange is set to be at yearlg-8tep, the land-use
model’s ‘internal’ and ‘external’ simulation timéeps are both set at 1. Thus, output from the lsselmodel is passed to
the hydrologic model at the end of each land-uswikition time-step. On the other hand, the hydriclogodel operates on
a daily basis, and thus has to use a single laadnap for 365 ‘internal’ simulations. Land-use nudghe year 2000, for
instance, is used as input for the next 365 sinmratime-steps (2001) in the hydrologic model. Ttight coupling is
handled with an external control script, ‘couplgt.that triggers and control the execution prodassoth models. Thus,
after each ‘external’ simulation time-step, the twwdels read the execution status parameter inraner file ,
‘param.ini’, from a shared database on whetherrazged with simulating or to wait for the other rabtb complete its
time-step. This continues until both the land-usd the hydrologic models finish the simulation stlegt is defined in the

same parameter file, 'param.ini'.
Software and scripts

In total, two existing and three newly developeétvgare programs/scripts are used. The existing risode modified to

facilitate the coupling and data exchange.

* SWIM: the source code of the FORTRAN based SWIM model slightly modified for this coupling. Control
routines to read/write model execution status, r@edrsively check for end of simulation step of thedel so as to
either proceed or wait, by reading from and writtoga commonly accessible file, are implementethi main
('mainpro.f90") module of the SWIM model. Furthemmoafter the first year of simulation, the grazmgdule in
SWIM was modified to compute at the beginning oftemew simulation time-step (after the whole grass|
biomass has been forwarded to SITE) instead dieaend of each simulation time-step. This is dantatilitate
full accounting of the grassland’s carrying capaait the land-use model before any reduction/gi@régrowth
module is applied in SWIM. Since the objective bé tecosystem services quantification is to asdesdatal
sustainably graze-able grassland potential foistivek, the total grassland biomass is passed ttatiteuse model

before reductions due to grazing.
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SITE: SITE was used for simulating land-use change andniplementing computation logics that quantifg th
grassland’s potential for sustainable livestockzigig. The main application script in SITE has twmdtions: the
Initialize() and SimulationStep() required by thgstem domain. The earlier initializes global valéh spatial
references and initial grid-cell values. The 'Siatia@nStep()' function entails tasks to perform athestep of the
land-use simulation. The functions to check modelcation status, to import biomass and export laselto/from

the shared 'Exchange’ data folder(Fig. 4) are implged in the 'SimulationStep()' function.

Ascii2Swim.py: This python script was written to convert ASCII edgyrid cell land-use values from SITE and to
recreate SWIM hydrotopes at each time-step basetiem® land-use values. It is discussed earlierydrotopes
are dependent, among others, on land-use valuesn®V/hr a new land-use map is imported to SWIM el ¢iane-
step, the hydrotopes inherently change with it.sTduript uses the GRASS GIS APIs (Application Paogming
Interfaces), which are functions for GIS processmgGRASS, for reclassification of hydrotopes andtching

SWIM's sub-basins arrangement at each time-step.

Swim2Ascii.py: This script was written to convert SWIM model outpto an ASCII grid format for use by SITE.
It uses GRASS API functions for the conversionsaith time-step. Yearly average biomass values peatwith
SWIM are exported to the exchange folder in thisriat whereby SITE loads them for its own computsiat

each time-step.

Coupler.py: This was written to initiate parallel executiorfsSdTE and SWIM, and manage execution processes,
irregularities (such as missing input files, delhyesponse) or errors during execution of the cxliptodels. It lets
the two models run in parallel and proceed withrtben input, processing and output unless irregtigs/errors in

execution are reported.

It is to be noted that only newly developed scriptsnodified models that are related to the coupéire listed here. Other

dependency tools (such as pyWin, wxWidgets) aneppoeessing tools such as GRASS and ArcGlIS are asedkll.

Operating environment

Although the individual models can run on Linux ogeng systems, the coupled models are developéddtested in a

Windows environment only. Specifically, windows 64 bit machines are used. The Photran integrateglalgment

environment (IDE), based on Eclipse and CDT (C/@evelopment tooling), is used for compiling the FIBFAN based
modified SWIM code on Eclipse Luna (2016).
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4 Results

Results corresponding to land-use change and lygimtomponents are analyzed both with and wittleeiicoupling of the
two respective models. Furthermore, the grasslamafential for sustainable grazing ecosystem seraitd future scenarios

are assessed. The results of this assessmenteamnfad in the following subsections.
4.1 Hydrologic changes

The uncoupled SWIM model was calibrated for 19904.%nd evaluated for 1995-2000 (see Table 3 foibredion
parameters). Performance measures show NSE vafu@$® and 0.53, and PBIAS values of -0.17 and :-(f& the

calibration and evaluation periods of the modedpestively (see Fig. 5 and Table 4).

Table 3. Calibrated model parameters and theit fiames

Parameters* ecal thc roc2 roc4 Dbff sccor abf delay revapc rchrgc revapmn

Initial values 0.21 0.8 0.5 0.67 O 1.21 70.250 0.36 0.1 0.5
Final values 053 10 O 051 1 13310100 0.21 0.04 0

*ecal->correction factor for potential evapotranspirafithc ->correction factor for sky emissivity-affects potial evapo-
transpirationyoc2 ->routing coefficient -storage time constant offace flow;roc4 ->routing coefficient -storage time
constant of subsurface flowsgcor ->correction factor for saturated conductivitff ->baseflow factorabf ->alpha factor
for groundwaterdelay->groundwater delay (dayskvapc ->fraction of groundwater recharge that evaporatdsgc -
>fraction of shallow groundwater that percolatedéep;revapmn->threshold of groundwater storage before evapumati

can start (mm).
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Figure 5. Calibration and validation of the uncoypled hydrologic model
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Table 4. Coupled vs. uncoupled SWIM model perforoeamgainst observed streamflow

Then, SWIM was run from 2001 to 2010 both in codp@d uncoupled mode. Both the coupled and theupted models
are re-evaluated against the observed data froh-2000 (Fig. 6 and 7). The uncoupled SWIM modelgtb performance
values of 0.52 and -0.22 for NSE and PBIAS measaras) respectively. The coupled hydrologic modeivedd values of
0.54 and -0.19 for NSE and PBIAS, respectively.eNbiat SWIM was not re-calibrated for 2001-201@; shmulated dataset

Model Setup Calibration Validation Validation (2001-2010)
(1990-1994) (1995-2000)
NSE PBIAS NSE PBIAS | NSE PBIAS
SWIM Uncoupled 0.58 -0.17 0.53 -0.21 0.52 -0.22

is simply re-evaluated against the observed datasetms of NSE and PBIAS measures.
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Figure 6. Comparison of coupled, uncoupleaind observed flow 2001-2010
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Figure 7. A closer look of the coupled and uncouet flow simulations (2001-2002)

Table 5. Overall average comparison with obserl@a (% difference) from 2001-2010.

Flow components* Model

Coupled model Uncoupled model
High-flow -18.7 -26.5
Average-flow -5.2 -7.0
Low-flow -6.3 -4.5

*N.B. High-flow is represented by flows of 200’k and above, average-flow is represented by fibars 30 ni/s to 200

m’/s, and low-flow is represented by flows below 3Usyall assumed from observation of the streamfigdrograph.

Overall average flow comparison in terms of peragatdifference with the observation is shown ineah For this
analysis, the stream-flow components where seghiatéerms of high-flow, average-flow and low-flowgimes/seasons
via visual examination of the streamflow hydrographFig. 7. Accordingly, flows above 200°%s are assumed as high-
flows, and those in between 3G/mand 200 riis are assumed to be average-flows. Flows less3Bar/s are assumed to
be low-flows for this analysis. From Table 5, wa e that the result of the simulated flow from timcoupled model has
a larger percentage difference against the obsdtwadon high-flow seasons compared with the refwtn the coupled
model. Results of the average-flow and the low-fleeasons from both the uncoupled and the coupledeisicare

comparable, with a slight advantage of the uncalplethe low-flows and the coupled on the averdped.
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4.2 Land-use change

The land-use model was simulated from 2001 to 288@h coupled and uncoupled simulated maps forytbee 2010 are
evaluated against the reference land-use map torséime year. Evaluation of the coupled simulaticap ragainst the
reference land-use map for 2010 showed a QD of @Ga#ban AD of 8.1%, adding up to a total disagregnoé 14.5%
(total agreement of 85.5%) between the two landfuaps (Table 6). Evaluation of the uncoupled situtaagainst the
reference land-use map for the same year showeld af@.5% and an AD of 8.7%, adding up to a totahdreement of
16.2% (total agreement of 83.8%), see Table 6.

Table 6. Comparison of simulated vs reference ni@h€£30) of 2010

Model Quantity and allocation idagreement
Components Measure (%)
Change simulated aspersistence simulated as Change simulated as ‘change tdrotal disagreement
‘persistence’ (QD) | ‘change' (QD) wrong category' (AD)
Coupled 2.9 3.5 8.1 14.5
Uncoupled 3.2 4.3 8.7 16.2

Results from two levels of dynamics are analyzethiwithe land-use model using the methodologiesrieesd thus far. In

the first level, the changes in land-use, simulaigidg the SITE land-use change model, are obs€Rigd8 and Fig. 9).
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Figure 8. Reference map of 2010 (a), and simulatedaps of 2010 from the uncoupled (b) and the couplgd) models.

The second level of dynamics is the changes inimgazapacity of the grassland cover of the catchini€ig. 9 and 10).
Simulated land-use maps for the year 2010 are slowfig. 9 together with reference land-use mapk980D and 2000. As
it can be seen from the figure, major land-use gharends are increases in 'Cropland' and 'Veg_igiasad decreases in

'Grassland’, 'Forest', 'Shrubland’ and 'Savana'.
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Figure 9. Comparison of land uses from 1990, 200and 2010

Quantification of trends of the grassland biomass ecosystem services in the Thukela catchmeng usith the coupled
and the uncoupled models is shown in Fig. 10. Tigaré shows that grassland biomass and the assdc@gbzing
ecosystem service in the catchment show a decretisind in general. The coupled model shows highesunt of biomass

but lower value of grazing ecosystem service, wheitbe uncoupled model shows lower amount of bisraad yet higher

amount of grazing ecosystem services.
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Coupled vs. uncoupled model simulations
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Figure 10. Trends in grassland biomass and grazingcosystem services using the coupled and the unctegpmodels

5 Discussion

From the perspective of hydrologic modelling, ttadiiration and evaluation values for the uncoupteadel show NSE
measures of 0.58, 0.53, and 0.52 for the calibmat{p990-1994) and validation (1995-2000, 2001-20p@)iods,
respectively. A model performance with NSE value5>8 often taken as satisfactory in hydrologic elbdg (Moriasi et
al., 2007). Accordingly, the performance of the mlogimulation was deemed acceptable. Likewise, PBideasures show
values -0.17, -0.21, and -0.22 for the calibratod validation (1995-2000, 2001-2010) periods auhcoupled hydrologic
model, respectively (Table 4). Negative PBIAS valshow that the simulated model generally undenesés the observed
flow. However, the values are within the acceptaialege (within £+25%) for advisable PBIAS measureofidsi et al.,
2007). Evaluation of the coupled models (2001-20di®)wed NSE and PBIAS performance values of 0.5 -9,
respectively (Table 4). Both the NSE and the PBim&flies for the coupled and the uncoupled modelsedagively close,

with slight improvement in favor of the coupled nebéh both measures.

A closer look between results of the coupled amduhcoupled hydrologic models for the period betw2@01-2010 (Fig.

6) shows that the coupled model captures the obddtow, especially during high-flow seasons, keti@n the uncoupled
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model. This is shown to be the case using ressiftsvin in Table 5) derived from the flow hydrograjphe analysis shows
that, when compared with the observed flow, thepteai model has an overall smaller percentage diffez on average
during high-flow seasons whereas it is relativaynparable with the uncoupled model during averagklaw-flow seasons
(see Table 5). Better performance of the coupledehis because the dynamic changes in land-userbeftect the actual
situation, as can be seen on figure 9, leadinglietier simulation of the runoff generation proc@dse overall difference
between the coupled and the uncoupled hydrologidetso as can also be seen from the performanceungsaim Table 4,

seems marginal, however.

With regards to changes in land-use, a trend afedee in grassland and increase in cropland cabderved from base and
reference maps of 1990, 2000 and 2010 (Figs. 89anBoth the coupled and the uncoupled land-useailstion results of
2010 are compared with the reference map of 2016C@B). The overall performance difference, as mesbswsing the
guantity and allocation disagreements, betweercthgpled and the uncoupled models, 14.5% and 16r@8bectively, is
modest, and not as significant as we would exg&esults from both the coupled and uncoupled lardetisinge models for
2010 (Fig. 9) show notable differences in the satioh of the land-use change trend. In the uncaupt®del, lower
‘grassland’ and higher ‘cropland’ allocation is sltocompared to the ones in the coupled model fersime year. This is
due to the fact that, in the uncoupled model, rairiction or factor is set with regards to availipiof water for crop
suitability. Thus, more land-use pixels (includiggassland pixels) that may normally be less sutablterms of water
availability will get converted and allocated toopland due to lack of information on water dynami€his results in
allocation of more grassland pixels to croplandeisponse to higher demands for the later. In thgpled version, the land-
use change model gets more accurate water relatesiraints to compute land-use suitability for lars# allocation. Thus
the coupled land-use change model constrains tkesbdity of pixels for cropland, for instance, evhich water availability
is limited. In regards to the grassland allocatitthve coupled model is more optimistic on the catehtis suitability for
grassland (based also on water availability inpuiien compared to the uncoupled model (that doesomgider such an
input). On the other hand, the uncoupled modelcatless more land uses in response to cropland demeamrdpective of
water availability, i.e., due to lack of water dadility information. Comparison of the coupled athe uncoupled land-use
models show that hydrologic components/water abdifp can constrain suitability of a catchment fearious land-use
purposes (Fig. 9 & 10). Furthermore, the couplesieas of both the hydrologic as well as the lasd-ghange models
show modest improvement in performance when condpaoetheir uncoupled counterparts. However, thdetéhce
between the performances could well be argued todrginal, and thus difficult to unequivocally segta signal from noise

from these results.

Unlike the marginal improvement on performancesneen the coupled and the uncoupled versions inrélspective
models, the difference in quantification of ecoepstservices assessment (of grazing in this cadejeba results of the

coupled and the uncoupled models is significantyéh@r. The difference between the coupled and tieoupled model
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results shown, on Fig. 10, is attributed to lacknafter availability information in the uncoupled deb. Without feedback
from the hydrologic model on the dynamics of wateailability, the grassland vegetation growth condd be constrained
for water demands and climatic variables. Arealerage of a grassland from the land-use model alangd not have been
enough to explicitly estimate the sustainabilitytoé grazing ecosystem service as presented héaig.isT important for
informed decision making on integrated manageméntatural resources in general and for spatiallylieit quantification

of catchment ecosystem services in particular.

In summary, the study shows that dynamic feedbativden land-use and hydrology improves model perdoces only
marginally. The trends both models follow were adfightly different, where the coupled model wapessally better at
capturing high-flows in the hydrologic model. Theupled land-use model showed slightly better pertorce than the
uncoupled land-use model. The result of the hydjiolsimulation is however not unexpected from this-year simulation,
given that hydrologic changes are often more nabteat large timescales of years and decadessigh#icant result, and
the significance of the model coupling, was observetter in the simulation of dynamic feedback lestwthe two models
for assessment of the sustainability of the graeicgsystem service potential of the grasslanderTtiukela catchment. As
shown earlier, availability of water together wilimate variables (for suitability assessment ia ldnd-use model) as well
as yearly average biomass (for computation of tlagigg ecosystem services) could not have beeryzetafrom either of
the uncoupled models alone. Thus, besides fillimgy ¢conceptual gaps in land-use and hydrologic mogf@lesentations
argued from the outset in this paper, model cogpfirovides additional potential for exploration aattts a new dimension
for assessment of environmental problems (suchhasetosystem service assessment in this study)nthgt not be
addressed from individual models alone. To the bésur knowledge, this practice is nearly non-&is, or non-reported,
and only static land-use maps, from a single egiswda couple of periodical episodes, are ofterginsed to analyze land-
use impacts on hydrology. Furthermore, althoughrtiagnitude of the overall land-use change impacthenhydrology
seems less pronounced, a closer look at the subpaents of the flow hydrograph has shown that sathponents of the
streamflow responded differently to the dynamicshef land-use (see Table 5). Likewise, hydrologgrik/ barely, if ever,
represented in land-use change models, often thrthay use of either precipitation or through analyg proxies such as
distance to water sources. Such practices in nmindeih general, we argue, have downplayed the tedoeffect of the
dynamics of land-use change in hydrology and vieesa, and even more so for the assessment of ¢emsgervices

dependent on these interacting domains.

Furthermore, to our awareness, this study is trst &xperiment thus far at dynamically couplingdarse change and
hydrologic models. The closest modelling experiraem¢é come across are the ones carried out by Wagra¢r(2017) and
Wagner et al. (2016). These studies, carried auam Indian urban catchment, applied multiple lasd-scenario maps
every five or ten years for their hydrologic simtibn. Although still different on conceptualizatjoboth of this papers

concluded, similar to our conclusion here, improeeis in model results and model performance assaltref using
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multiple (dynamic) land-uses in their hydrologiansilation. In this regard, we believe that our stugbtablishes an
opportunity for further research in the area ofsystem services, a relatively young domain, witthia framework of

coupled models particularly from established domahhydrology and land-use change.

All being said, there is ample scope for improvihig study. First, besides model uncertaintiesk tafchigh resolution and
reliable data especially on socio-economic inpuits ave influenced model results. Second, as isallg the case with
integrated models, coupling of the two models inesl several parameters, tools and techniques. Theer of tools
involved, the need for modifying both models atedelvel and a number of spatial and temporal patesi@n both (such
as simulation time-steps and spatial resolutiorss) make model coupling technically demanding. Alidive coupling
methods, for instance for pre-defined input angotg such as OpenMI (Gregersen et al., 2007), magohsulted in cases
where less technical endeavors in data exchangepredefined or relatively rigid, interaction beegvetwo models is
desired. In spite of these limitations, however,haee noted that regardless of magnitudes, dyn&eiback of land-use
change affects hydrologic response, and that dyndeddback of hydrology affects land-use responEeen more so,
results of dynamic feedback between hydrology aamtduse change affect quantification of ecosystemvices in a
catchment. Hence, a deserving attention shouldivengo the dynamic interaction of land-use andrbialyy during the
development of modelling concepts or modelling \aiiéis in respective models for a more accurate amglicit

guantification of catchment ecosystem services.

6 Conclusion

The study presents an analysis of the effects nadhc feedbacks between land-use and hydrologthéoguantification of
ecosystem services using an integrated modellipgoagh. The model integration/coupling exchangesiahaboveground
biomass from the hydrologic model to the land-ussleh and land-use maps from the land-use to theolggic model.
Dynamic feedback between the hydrologic and thd-lase change models show marginal improvementsiifopnance in
both models (for SWIM, NSE and PBIAS values baietyreased and for SITE the map-comparison stadigtiproved only
slightly). Thus, it can be argued that couplingdarse change and hydrologic models may not be alweagessary for
general modelling purposes. However, the effedysfamic feedback between hydrology and land-usaegiavas shown
more clearly to affect quantification of ecosystsenvices in this study. A serious modelling effiort specific needs (such
as to analyze effects of land-use change on rugmiferation for purposes of flooding/ peak-flow,.etr for quantifying
catchment ecosystem services associated with laddwater resources would be advised to accountherdynamic
feedback between these domains. Accounting fordymamic feedback can also serve to fill the coneapgaps in
representation of the interactions between theeese models observed in the literature. For agarpractice, however, it
can be argued that model integration, and thus modepling, increases technical complexity. Thusydelers and

environmental decision makers should weigh betwhemeed for a better performance and complexitgniih comes to
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practical applications of coupling. As a follow-uge envision to add other ecosystem services reatiuation and explore
potential synergy and trade-off between multiplosystem services from the coupled models using fithmework
presented in this study.

Code availability

All Python and R scripts developed for this studg &eely available to anyone upon request throtinghcorresponding
author.
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Highlights

e Calibrated and dynamically coupled a land-use change model and a hydrologic model
» Analyzed effects of the dynamic feedback between the two on quantification of ecosystem services
e Coupled models performed only slightly better at capturing observation on both models

e Coupled models produced a more robust quantification of catchment ecosystem services



