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Abstract 

Understanding the relative importance of land use/ cover pattern character-

istics on runoff response is key to interpreting catchment hydrology and 

guiding land use planning. The spatial distribution of land use/cover can 

significantly affect the process of the watershed stormwater. While many 

studies focus on the impacts of land use/ cover pattern connectivity (func-

tional and physical) and composition change on watershed stormwater, 

how the combination of these factors may affect runoff dynamics is poorly 

understood. In this study we related runoff response variability across 

scales and across storm events to the characteristics of land use/ cover pat-

tern composition and connectivity using a land use pattern simulation 

modeling approach and a fully-distributed hydrological modelling ap-

proach in a catchment located near the city of Atlanta, Georgia. A new 

metric was developed to quantify the functional connectivity of land use 

pattern at the catchment scale. Landscape metrics were used to measure the 

characteristics of land use/ cover composition and physical connectivity. 

The results suggest that the peak flow of runoff at the catchment outlet is 

mainly controlled by the functional connectivity of land use pattern under 

all scales, while the total volume has different controlling factors at differ-

ent scales. The relationship between land use pattern and runoff represents 

different characteristics under different storm intensities. This study pro-

vides a simple tool for evaluating the differences in runoff response from 

land use/ cover patterns with different composition and connectivity across 

scales and rainfall conditions. 
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1. Introduction 

Stormwater management is the key to keep natural hydrologic system 

healthy, reduce pollution in the stream and avoid flooding in the process of 

urbanization. Land use pattern optimization is an efficient way to manage 

stormwater in the urban area. Changes in land use composition, physical 

connectivity or functional connectivity can significantly affect the hydro-

logic process (Fiener and Auerswald, 2006; Ogden et al., 2013; Ray et al., 

2010). Land use composition can affect natural hydrologic systems by 

changing the infiltration rate of runoff and the degree of surface roughness 

(Niehoff et al., 2002; Lin et al., 2007; Ali et al., 2011; Valtanen et al., 

2014). Land use physical connectivity is the fragmentation level of land 

use patches and can affect runoff by changing the hardness of land use 

patches’ edges, an important element in the flow rate between spatial ele-

ments (Lee et al., 2009; Zhang et al., 2013, 2014). The functional connec-

tivity of land use pattern is the accessibility of runoff from the source area 

to the stream and can affect runoff by changing the surface roughness of 

runoff pathways (Borselli et al., 2008). The relative effects of these factors 

on runoff is important to land use pattern optimization for stormwater 

management, which can significantly affect the efficiency and cost of the 

policy for stormwater management; however, the relative effects of these 

factors is still unknown. This study demonstrates how the combination of 

these factors affects runoff dynamics. 

Scale and storm intensity may affect the relationship between land use 

pattern and the hydrologic process. Studies have shown land use pattern 

characteristics at different scales explain differences in the ecological pro-

cess (Zhou et al., 2012; Zhang et al., 2013; Lin et al., 2008). The physical 

connectivity of land use pattern has specifically been proven to impact the 

hydrologic process, a fundamental component of the ecological process, in 

different degrees under different scales (Zhang et al., 2013). Hierarchical 

patch dynamics (HPD) paradigm has been proposed and widely applied to 

detect the complex relationship among scales (Wu and Loucks, 1995; Peng 

et al., 2012; Li et al., 2013). In this theory, the complexity of landscapes is 

broken down by providing a hierarchical structure and multi-scale to land-

scapes (Wu and David, 2002). The upper level, or larger scale, exerts con-

straints (e.g. boundary conditions) to the lower level, or small scale, 

whereas the lower level, or smaller scale, provides mechanisms to the up-

per level, or larger scale (Wu and David, 2002). Using this paradigm, in 

this study the catchment’s land use patterns were analyzed for different 
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scales in different spatial resolutions. The relationships between land use 

pattern and hydrologic response were discussed under each scale for de-

tecting the mechanism of hydrologic change in the catchment. Additional-

ly, storm intensity has been proven to affect the relationship between land 

use pattern and hydrologic process (Ogden et al., 2011; Niehoff et al., 

2002; Reaney et al., 2007).  However, the impact of land use composition, 

physical connectivity and functional connectivity on runoff at different 

scales and under different storm intensities is still unknown.  

To advance the understanding of the hydrologic impacts of land use 

pattern, we examine how the hydrologic impacts of land use pattern com-

position, functional connectivity, and physical connectivity changes across 

scales and events. We hypothesize that: (1) the functional connectivity of 

land use pattern will significantly affect runoff at the catchment outlet, and 

(2) the relationship between land use pattern and runoff will vary across 

scales and events.  We use the SIMMAP model to simulate land use pat-

terns with different land use composition, physical connectivity and func-

tional connectivity. Landscape metrics, percentage area of forestland and 

percentage area of impe rvious surface are used to quantify the land use 

pattern composition and physical connectivity. A new index is developed 

to measure functional connectivity at the catchment scale. We use the cali-

brated gridded surface/subsurface hydrologic analysis (GSSHA) model to 

predict impacts of land use pattern change on runoff. Multivariate linear 

stepwise regression analyses is used to describe the relationship between 

land use pattern characteristics and runoff response at the catchment outlet. 

Scale effects and impacts of storm intensity are discussed based on five 

scales and four storm events. We address two questions:  

 How does functional connectivity of land use pattern relate to runoff at 

the catchment outlet? 
 What factors contribute most to difference in runoff across scales and 

events?  

2. Study area and data 

2.1 Study area 

This study was conducted in one of the catchments (S.F. Peachtree Creek 

Johnson Road) in the Peachtree Creek watershed 

(33°49′10″N, 84°24′28″W) located near the city of Atlanta, Georgia (Fig-

ure 1). The research area (71.5 km2) consists of four sub-catchments: 

Burnt Fork Creek, Lullwater Creek, Peavine Creek and South Fork 
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Peachtree Creek.  The study area has a humid, subtropical climate, with an 

average annual precipitation of 1280 mm. The precipitation is generally 

evenly distributed throughout the year with a slightly drier period in spring 

and early fall.  

 

Figure 1. S.F. Peachtree Creek Johnson Road catchment in Peachtree Creek wa-

tershed, Georgia, USA. 

The study catchment area is characterized by low-sloping (average 

slope ~ 4.6 degree) hillsides and high urbanized land uses. The main land 

cover types are: forest, developed land with open space, developed land 

with low intensity, developed land with medium intensity and developed 

land with high intensity. These land cover types occupy about 99.1% of the 

research area. The most common type of land use in the study area is de-

veloped land with open space. This kind of land use typically includes 

large lots, single-family housing units, parks, golf courses and vegetation 

in developed areas for recreation, erosion control or aesthetic purposes. 

The developed land with different levels of intensities is classified based 

on the percentage of impervious surface. Low, medium and high intensity 

developed land have 20-49%, 50-79% and 80-100% of impervious surface 

respectively. The major soil groups in the research area are sandy loam, 

clay loam, clay, sandy clay loam and silt loam. Historic records dating 
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from October 1, 2007 to the present are available for precipitation and dis-

charge variables. Hydrological monitoring of the catchment is conducted at 

15 minute intervals and stored by a gauge. 

The S.F. Peachtree Creek Johnson Road catchment is an ideal study are 

to explore the relationship between urban land use patterns and runoff re-

sponse because it is a typical urban area with a full range of urban land 

cover/use types and relatively gentle slopes. The smooth slopes can reduce 

the impacts of topography on the run-off results. Additionally, the high 

resolution of historical data provide rich information regarding past hydro-

logical response to climate and land use change. 

2.2 Data 

Stream gauge and rain gauge data were obtained from U.S. Geological 

Survey (USGS) water data for one gauging station 02336240 

(http://waterdata.usgs.gov/nwis/). Data from two typical rainstorms were 

used to calibrate and validate the hydrologic model in this study. One oc-

curred on February 17, 2008, and the other occurred on December 8, 2008. 

Both storms were comparatively large and generated a large amount of 

stormwater. Because there was a limited number of rain gauges in the 

study area, the stormwater distribution data were not available. Thus, it is 

assumed in this study that precipitation was evenly distributed throughout 

the study catchment area, as the study area is quite small. Four additional 

storm events on December 22, 2007 (10.668 mm); February 26, 2008 

(20.32mm); March 19, 2008 (16.256mm) and December 8, 2008 

(45.974mm) were used to detect the impacts of storm intensity on the rela-

tionship between land use pattern and runoff. 

Digital elevation model (DEM) with a resolution of ten meters was ob-

tained from USGS for the Peachtree Creek watershed area. Using the hy-

drology toolset in ArcGIS 10.0, the catchment boundary and stream lines 

were generated based on DEM. The USGS gauging station 02336240 at 

Peachtree Creek was designated as the outlet for the catchment.   

Impervious data and land use/cover data were acquired from the Na-

tional Land Cover Database. Soil data was obtained from the Natural Re-

source Conservation Service (NRCS) soil survey geographic database. 

U.S. Department of Agriculture (USDA) soil texture classifications were 

assigned to NRCS soil types with undeveloped land use/ cover types. The 

soil texture for developed land use/ cover types were assigned based on the 

land use/ cover, as the natural infiltration processes are significantly al-

tered by the presence of impervious surface (Sharif et al., 2010). Multiple 

land use/cover designations assigned by the natural land cover data set 
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were combined into nine land use/ cover types: open water, developed land 

with open space, developed land in low intensity, developed land in medi-

um intensity, developed land in high intensity, barren land, forest, grass-

land/herbaceous and wetlands. 

3. Methods 

3.1 Land use patterns simulation  

Hypothetical land use pattern simulation is a critical modeling component 

when exploring the relationship between land use patterns and hydrologic 

responses. Several models, such as the land use change model and the neu-

tral landscape model have been frequently employed in past simulation 

modeling efforts (Ali et al., 2011; Ronfort et al., 2011; Ty et al., 2012). 

However, the land use patterns generated from the above two methods 

have some limitations, rendering them unsuitable for the purpose of this 

study. The land use patterns generated using the land use change model 

suffer from important information loss, and the land use patterns simulated 

using the neutral landscape model are not representative of real-world 

landscapes, indicating that the analysis based on these data may have lim-

ited practical implications (Li et al., 2004; Schroder and Seppelt, 2006; 

Rosindell and Cornell, 2007; Hagen-Zanker and Lajoie, 2008).   Converse-

ly, SIMMAP software generates a wide range of different land use patterns 

that tend to be more representative and realistic than the land use change 

model and neutral landscape model (Saura and Martinez-Millan, 2000). 

Thus, in this study we used the SIMMAP model to generate different and 

realistic land use patterns; these land use patterns are used as inputs in the 

hydrology model to determine the relationship between land use patterns 

and water runoff under various scenarios.  

SIMMAP software is based on the modified random clusters simulation 

method (MRC) (Saura and Martinez-Millan, 2000). Four steps were pro-

cessed during the simulation: generation of a percolation map based on the 

initial probability, identification of the clusters based on neighborhood re-

lation, assignment of cluster type based on number and abundance of the 

classes and map gap fill based on the neighborhood criteria (Saura and 

Martinez-Millan, 2000). The simulated patterns were patchy with irregular 

shapes, and their spatial metrics can be replicated in real land use patterns 

(Saura and Martinez-Millan, 2001; Saura, 2002, 2004). 

Based on previous studies, five parameters were predefined in the pro-

cess of SIMMAP: initial probability, number and abundance of the land 
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use types, grid size, study area size and neighborhood criteria (Saura, 

2003). The initial probability controls the fragmentation level of the simu-

lated patterns. We simulated the land use patterns for seven different val-

ues (0, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.59) of initial probability to obtain a full 

range of land use patterns (Saura, 2003). Five main land cover types were 

considered in the study area: forest, developed land with open space, de-

veloped land with low intensity, developed land with medium intensity and 

developed land with high intensity. Six scenarios were generated for each 

land use type. For each scenario, the specific land use type was listed as a 

percentage of the watershed, starting at 0 percent and increasing in incre-

ments of 20 percent of the total watershed, up to 100 percent. The remain-

ing percentage in each scenario was distributed evenly to the other four 

land cover types (i.e., 40%, 15%, 15%, 15%, 15%; 20%, 20%, 20%, 20%, 

20%). To simulate the land cover patterns under different scales, five spa-

tial resolutions were considered for each of these cases. The grid sizes of 

the land cover maps were systematically changed from 1*1 pixels (30 m) 

to 5*5 pixels (150 m). The extent was kept constant. The S.F. Peachtree 

Creek Johnson Road catchment was set as the study area. Four neighbor-

hood criteria were chosen. Based on the different initial probabilities and 

percentage of each land cover type, a total of 210 land cover patterns were 

simulated for each scale. 

3.2 Land use pattern composition and physical connectivity 
measurements 

Many land use related variables have been utilized as proxies to quantify 

land use pattern composition and physical connectivity (Ogden et al., 

2013; Onderka et al., 2012; Niehoff et al., 2002). As urbanization is most 

often the cause of land use change, impervious surface area has been wide-

ly used to quantify the impacts of land use pattern composition change 

(Pappas et al., 2008; Ogden et al., 2011; White and Greer, 2006; Olivera 

and DeFee, 2007; Zhou et al., 2013). As forest land is the main source of 

infiltration process in natural hydrological system, forest land area has 

been used as the main variable to explain and predict runoff and soil ero-

sion change (Dye and Versfeld, 2007; Humann et al., 2011; Venkatesh et 

al., 2014). Additionally, some landscape metrics of forest land, such as 

patch density and the largest patch index, have been used to measure the 

fragmentation of land use patterns which is related to the hydrologic pro-

cess (Nash et al., 2009; Zhang et al., 2013; Pitkanen et al., 2014). Thus, 

based on the previous research on the hydrologic impacts of land use pat-

tern composition and physical connectivity, we calculated the percentage 
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area of land use, number of patches (NP), patch density (PD), largest patch 

index (LPI), total edge (TE), edge density (ED), mean patch size (MPS) 

and patch size standard deviation (PSSD) for forest land with 

FRAGSTATS software and the percentage of impervious surface area for 

each land use pattern with ArcGIS 10.0 (Table 1). The amount of impervi-

ous surface of each land use type was derived from the percent developed 

imperviousness dataset in the National Land Cover Database. 

Table 1. Metrics used in the Analysis with their Definitions 

Landscape metrics  Definition Abbreviation 

Forest land area (%) Percentage of catchment area covered by 

forest land 

FLP 

Impervious surface 

area (%) 

Percentage of catchment area covered by 

impervious surface 

ISP 

Number of forest 

Patches 

Number of forest patches in the land-

scape 

NP 

Total Edge of forest 

Patches 

Sum of the lengths of all edge segments 

of forest patches in the landscape 

TE 

Edge Density of forest 

Patches 

Sum of the lengths of all edge segments 

of forest patches in the landscape, divid-

ed by the total landscape area 

ED 

Largest forest Patch 

Index (%) 

Percentage of the landscape comprised 

by the largest forest patch 

LPI 

Patch Size Standard 

Deviation of forest 

Patches 

Root means squared error (deviation 

from the mean) in forest patch size 

PSSD 

Mean Patch Size of 

forest Patches 

Total landscape area, divided by the total 

number of forest patches 

MPS 

Patch Density of for-

est Patches 

Number of forest patches in the land-

scape divided by total landscape area 

PD 

 

3.3 Land use pattern functional connectivity measurements 

No index exists to measure the functional connectivity of land use pattern 

at the catchment scale although some metrics have been developed to 

measure hydrologic connectivity change under plot, reach and catchment 

scales (Antoine et al., 2009; Van Nieuwenhuyse et al., 2011; Jencso and 

McGlynn, 2011; Borselli et al., 2008; Bracken et al., 2013). Most of the 

metrics were developed to detect the impacts of topography, vegetation 

type and soil property on hydrologic connectivity (Lane et al., 2009; Lana-

Renault et al., 2011; Mayor et al., 2008; Reaney et al., 2014). Some of 
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them can be used to measure the functional connectivity of land use pattern 

at the plot scale (Borselli et al., 2008). The index created for this study 

builds upon previous indices and measures and quantifies the functional 

connectivity of land use pattern at the catchment scale.The new index was 

developed based on the connectivity algorithm developed by Borselli et al 

(Borselli et al., 2008). The index proposed by Borselli et al., is considered 

suitable to evaluate land use pattern change on functional connectivity 

(Borselli et al., 2008; Lopez-Vicente et al., 2013). It includes most of the 

variables which have been proven to affect functional connectivity and in-

troduces the impacts of land use change on functional connectivity (Jencso 

et al., 2009; Jencso and McGlynn, 2011; Smith et al., 2013; Borselli et al., 

2008). However, this index was designed to be used at the plot scale. It 

cannot evaluate the impacts of land use pattern change on functional con-

nectivity at the catchment scale; therefore it cannot be directly used to 

compare different land use development scenarios (Borselli et al., 2008). 

In this study, the functional connectivity at the catchment scale is comput-

ed as follows: 

 

                                                 (3.1) 

 

where j is the number of cells in the catchment, m is the number of cells 

along the downslope path of the kth cell, Ck is the C-factor of the upslope 

contributing area of the kth cell, Sk is the slope gradient of the upslope 

contributing area of the kth cell, A is the upslope contributing area of the 

kth cell, di is the length of the ith cell along the downslope path, Ci is the 

C-factor of the ith cell and Si is the slope gradient of the ith cell. The C- 

factor was used to determine the relative effectiveness of crop management 

systems in terms of soil loss and can be used to measure the impedance to 

runoff of different land use types (Borselli et al., 2008). The C- factor is 

computed as follows: 

 

                                                                      (3.2) 

 

Where NDVI is the normalized difference vegetation index which is used 

to measure the amount of vegetation (Karaburn, 2010). The average NDVI 

value of each land use type was computed based on Landsat 5 TM images 

CUPUM 2015
Hierarchical controls on watershed stormwater … 

170-9



acquired in June, 2010. All computations were conducted with ArcGIS 

10.0. 

3.4 Hydrologic response evaluations 

Predicting the impacts of land use pattern characteristic change on runoff 

is an important component of this research. Because land use patterns can 

significantly affect infiltration and overland flow routing, the two main 

processes of single-event simulations targeting flood peaks and timing in 

urbanized catchment, we mainly focused on runoff under a single event in 

this study (Niehoff et al., 2002; Ogden et al., 2011). We compared various 

hydrologic models that predict the impacts of land use pattern characteris-

tic change on runoff (Kirby and Durrans, 2007; Yan and Edwards, 2013; 

Chu et al., 2013; Pechlivanidis et al., 2011). The lumped model can be 

used to detect the impacts of land use pattern composition change on run-

off (Paudel et al., 2011; Du et al., 2012). The semi-distributed model can 

detect the land use pattern composition change at the sub-catchment scale 

(Vaze et al., 2004; Franczyk and Chang, 2009). The fully-distributed mod-

el can detect the land use change at the grid scale and then be used to de-

tect the land use composition and configuration change on runoff (Abu El-

Nasr et al., 2005; Zhang et al., 2013). The GSSHA model is a fully-

distributed and physical based model and has been widely used to simulate 

the surface water process under a single event (Downer and Ogden, 2004,; 

Zhang et al., 2013, 2014; Sharif et al., 2010; El Hassan et al., 2013). Sev-

eral modules in this model have proven effective for modeling each step of 

runoff generation (Downer and Ogden, 2004). The GSSHA model was 

chosen to quantify the impacts of land use pattern composition and con-

nectivity on runoff because the GSSHA model has specific hydrologic pa-

rameters  for each spatial grid, and land use change can significantly influ-

ence these parameters (Downer and Ogden, 2004; Ogden et al., 2011; 

Sharif et al., 2010). In this study, we use the GSSHA model to predict the 

hydrologic response of different land use patterns under a single event. 

There are several alternative modules in GSSHA used to simulate each 

component of the hydrologic process. In this study, the Green and Ampt 

model was chosen to simulate infiltration in the catchment. The 1-D diffu-

sive wave method was used to determine channel flow, and the alternating 

direction explicit scheme (ADE) method was used to model overland-flow 

routing.  

Hydrologic modeling involves a four step process to develop parame-

ters for soil infiltration and land use and channel flow parameters. First, the 

DEM was used to delineate the catchment boundary and stream. Second, 
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land use data, soil data and rainfall data were input into the model to estab-

lish catchment characteristics (Downer and Ogden, 2006). Third, several 

parameters, including channel characteristics, hydrologic characteristics of 

land use and soil infiltration characteristics were predefined or calibrated 

before simulation (Downer and Ogden, 2006). Channel cross sections were 

simulated as trapezoidal and estimated by cross section analysis in 

ArcGIS. Trapezoidal cross sections had 1:2 side slopes and 25m bottom 

widths. The initial manning’s roughness coefficient of the channel and the 

land use were determined based on the GSSHA user’s manual. The initial 

saturated hydraulic conductivity, the capillary suction head, effective po-

rosity, the pore distribution index, residual saturation, field capacity and 

wilting point of soil were determined based on the soil texture classifica-

tions of Rawls et al. (1983). Finally, after calibration, these parameter val-

ues were adjusted and verified based on observed data.  

For calibration, the calibrated outflow hydrograph for the storm on Feb-

ruary 17, 2008 was compared to the observed discharge as displayed in 

Figure 2. The model Nash-Sutcliffe efficiency for this simulation was 0.95. 

Assigned parameters were chosen to simulate the hydrologic process in 

study area. Assigned soil infiltration parameter values are presented in Ta-

ble 2. Assigned land use and channel flow parameters are presented in Ta-

ble 3. 

For validation, the storm on December 8, 2008 was simulated with cali-

brated parameters in GSSHA to verify the results. The hydrograph for cal-

ibration verification is shown in Figure 3. The model Nash-Sutcliffe effi-

ciency for this simulation was 0.98. The results indicate that the calibrated 

GSSHA model simulates the runoff with reasonable quality and can be 

used to evaluate the runoff response of land use change. 

Table 2. Applied soil infiltration parameters for soil and land uses 

Soil texture Saturated hydrau-

lic conductivity 

(cm/h) 

Green-Ampt ca-

pillary suction 

head (cm) 

Effective 

porosity 

Initial soil 

moisture 

Clay 0.03 31.63 0.475 0.39 

Clay loam 0.5 20.88 0.464 0.39 

Sandy clay 

loam 

0.12 21.85 0.450 0.39 

Sandy loam 1 11.01 0.453 0.39 

Silt loam 0.3 16.68 0.501 0.39 

Developed, 

Open Space 

0.1 20 0.475 0.39 

Developed, 0.05 31.63 0.475 0.39 

CUPUM 2015
Hierarchical controls on watershed stormwater … 

170-11



Low Intensity 

Developed, 

Medium In-

tensity 

0.03 32.63 0.475 0.39 

Developed, 

High Intensity 

0.01 33.63 0.475 0.39 

Water 0.01 33.63 0.475 0.39 

 

Table 3. Applied flow parameters for land use and channel 

Land use Manning's roughness coefficient 

Open Water 0.01 

Developed, Open Space 0.1 

Developed, Low Intensity 0.05 

Developed, Medium Intensity 0.03 

Developed, High Intensity 0.01 

Barren Land (Rock/Sand/Clay) 0.01 

Mixed Forest 0.35 

Grassland/Herbaceous 0.15 

Woody Wetlands 0.25 

 

 

Figure 2. Observed and simulated hydrograph of the storm on February 17, 2008 
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Figure 3. Observed and simulated hydrograph of the storm on December 8, 2008 

3.5 Regression analysis  

Relationships between land use pattern characteristics and runoff genera-

tion were assessed using multivariate linear stepwise regression analyses 

within SPSS software. Landscape metrics and functional connectivity were 

calculated as independent variables for each land use pattern simulated by 

SIMMAP software. The peak flow and total volume of discharge at the 

outlet of the catchment were simulated as dependent variables by the 

GSSHA model. We used regression analysis to detect the impacts of scale 

on the relationship between land use and runoff; landscape metrics and 

functional connectivity, calculated at 30*30m, 60*60m, 90*90m, 

120*120m and 150*150m scales, were analyzed against the peak flow and 

total volume of runoff during the storm event on December 8, 2008 

(45.974mm). We also used regression analysis to detect the impacts of 

storm intensity on the relationship between land use and runoff; landscape 

metrics and functional connectivity, calculated at the 30*30m scale, were 

analyzed against the peak flow and total volume of runoff during the storm 

events on December 22, 2007 (10.668 mm); February 26, 2008 

(20.32mm); March 19, 2008 (16.256mm) and December 8, 2008 

(45.974mm). The regression equation was selected based on the value of 

Akaike information criterion (AIC), and the variables were tested for mul-

ti-collinearity. The equation with a minimum AIC value and variables’ 

variance inflation factor (VIF) value less than 10 was considered to be the 

best equation. The variables selected for each regression equation were 

CUPUM 2015
Hierarchical controls on watershed stormwater … 

170-13



those that were significant (p < 0.05) in explaining the difference in the 

runoff generation across scales and storm events. 

4. Results 

4.1 Predictors of runoff across different scales 

Table 4 lists the combinations of significant predictors of runoff peak flow 

under 30*30m, 60*60m, 90*90m, 120*120m and 150*150m scales. The 

differences in runoff peak flow were explained by functional connectivity, 

percentage area of forest land and ED of forest land under the 90*90m 

scale, while they were explained by functional connectivity, percentage ar-

ea of forest land and TE of forest land under other scales. Ninety three per-

cent of the variance under the 30*30m scale was explained by land use 

metrics which increased to 97.2 percent with the increase of scale. Func-

tional connectivity explained the most variability under different scales. 

Increasing functional connectivity was correlated to increasing runoff peak 

flow across scales. Runoff peak flow increased 238.2- 239.8 cubic meter 

per second at one increment of functional connectivity. Increasing percent-

age area of forest land, ED of forest and TE of forest land were correlated 

to decreasing runoff peak flow across scales.  

Table 4. The estimated coefficient of the regression analysis between 

landscape metrics of land uses and runoff peak flow, under different scales

 30m*30m 60m*60m 90m*90m 120m*120m 150m*150m 

 β Beta β Beta β Beta β Beta β Beta 

C 155.22  178.59  213.15  243.95  262.94  

CON 238.67 0.70 238.93 0.70 239.83 0.7 238.56 0.7 238.19 0.7 

TE -2.18E-

05 

-

0.26 

-4.67E-

05 

-

0.32 

- - -8.74E-

05 

-

0.35 

-0.11E-

03 

-

0.35 

FLP -0.41 -

0.24 

-0.34 -0.2 -0.32 -

0.18 

-0.31 -

0.18 

-0.30 -

0.18 

ED - - - - -0.47 -

0.34 

- - - - 

R² 0.93 0.958 0.967 0.971 0.972 

P < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 

 C constant, CON functional connectivity, FLP forest land area (%), TE total edge of forest 

patches, ED edge density of forest patches, - not significant and <0.05 significant levels in the 

model
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Significant predictors of total runoff volume vary depending on the 

catchment scale. Table 5 lists the combinations of significant predictors of 

total runoff volume under 30*30m, 60*60m, 90*90m, 120*120m and 

150*150m scales. The differences in total volume runoff were explained 

by functional connectivity and percentage area of forest land across all 

scales. Besides these two variables, significant predictors were: LPI of for-

est land under the 30*30m scale, MPS of forest land under all scales ex-

cept the 150*150m scale, TE of forest land under the 60*60m, 90*90m 

and 150*150m scales and ED of forest land under the 120*120m scale. 

Ninety eight percent of the variance under the 30*30m scale was explained 

by land use metrics and increased to 99.2 percent with the increase of scale 

from 30m*30m to 120m*120m. Percentage area of forest land explained 

the most variability under different scales except the 150*150m scale. 

Functional connectivity explained the most variability under the 150*150m 

scale. Increasing percentage area of forest land, ED of forest and TE of 

forest land was correlated to decreasing total runoff volume across scales. 

Increasing hydrologic connectivity, LPI and MPS of forest land was corre-

lated to increasing total runoff volume across scales. Total runoff volume 

increased from 2,412,718 to 2,434,111 cubic meters at one increment of 

functional connectivity.

 

Table 5. Estimated coefficient of the regression analysis between landscape metrics of land uses 

and total runoff volume, under different scales 

 30m*30m 60m*60m 90m*90m 120m*120m 150m*150m 

 β Beta β Beta β Beta β Beta β Beta 

C 2.31E06  2.5E06  2.85E06  3.16E06  3.35 

E06 

 

CON 2.42E06 0.51 2.42E06 0.51 2.43E06 0.51 2.42E06 0.51 2.41 

E06 

0.51 

TE - - -0.37 -

0.18 

- - -0.77 -

0.22 

-1.14 -0.27 

FLP -

2.45E04 

-

1.03 

-

1.41E04 

-0.6 -

1.32E04 

-

0.56 

-

1.28E04 

-

0.54 

-1.06 

E04 

-0.45 

ED - - - - -

3983.82 

-

0.21 

- - - - 

LPI 9359.03 0.42 - - - - - - - - 

MPS 67.27 0.14 57.84 0.14 41.6 0.11 32.86 0.09 - - 

R² 0.984 0.987 0.99 0.992 0.991 

P < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 
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. C constant, CON functional connectivity, FLP forest land area (%), TE total edge of forest 

patches, ED edge density of forest patches, LPI largest forest patch index, MPS  mean patch size 

of forest patches , - not significant and <0.05 significant levels in the model 

 

4.2 Predictors of runoff across events 

The model showed a combination of significant predictors of peak runoff 

flow under different storm events with different intensities; Table 6 lists 

these combinations of significant predictors. The differences in peak runoff 

flow were explained by functional connectivity, TE and percentage area of 

forest land at the 45.974mm event; functional connectivity, TE and LPI of 

forest land at the 20.32mm event; LPI and ED of forest land and percent-

age area of impervious surface at the 16.256mm event and percentage area 

of impervious surface at the 10mm event. Ninety three percent of the vari-

ance at the 45.974mm event was explained by land use metrics and de-

creased to 61.8 percent with the decrease of storm intensity from 

45.974mm to 10mm. Functional connectivity explained the most variabil-

ity at the storm events of 45.974mm and 20.32mm, and percentage area of 

impervious surface explained the most variability at the storm events of 

16.256mm and 10mm. Increasing functional connectivity, LPI of forest 

land and percentage area of impervious surface were correlated to increas-

ing peak runoff flow across all events. Increasing ED of forest land and TE 

of forest land were correlated to decreasing peak runoff flow across all 

events. Peak runoff flow increased 238.7 cubic meters per second at one 

increment of functional connectivity at the 45.974mm event, but the peak 

runoff flow was only 161.5 cubic meter per second at the 20.32mm event. 

Table 6. Estimated coefficient of the regression analysis between landscape met-

rics of land uses and peak runoff flow, under different storm intensities 

 45.974mm 20.32mm 16.256mm 10mm 

 β Beta β Beta Β Beta β Beta 

C 155.22  74.23  -13.11  -5.01  

CON 238.67 0.7 161.48 0.93 - - - - 

TE -2.2E-05 -0.26 -1.1E-05 -0.26 - - - - 

FLP -0.41 -0.24 - - - - - - 

ED - - - - -0.05 -0.26 - - 

LPI - - 0.11 0.14 0.11 0.20 - - 
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ISP - - - - 0.73 0.94 0.19 0.79 

R² 0.93 0.908 0.88 0.618 

P < 0.01 < 0.01 < 0.01 < 0.01 

. C constant, CON functional connectivity, FLP forest land area (%), TE total edge 

of forest patches, ED edge density of forest patches, LPI largest forest patch index, 

ISP  Impervious surface area (%),- not significant and <0.05 significant levels in 

the model 

The model presented a combination of significant predictors of total 

runoff volume under different storm events with different intensities; table 

7 lists these combinations. The differences in total runoff volume were ex-

plained by LPI, MPS and percentage area of forest land and functional 

connectivity at the 45.974mm event, TE and percentage area of forest land 

and functional connectivity at the 20.32mm event, LPI and TE of forest 

land and functional connectivity at the 16.256mm event and LPI and per-

centage area of forest land and percentage area of impervious surface at the 

10mm event. Ninety eight percent of the variance under the 30*30m scale 

was explained by land use metrics and increased to 82.9 percent with the 

decrease of storm intensity from 45.974mm to 10mm. Percentage area of 

forest land explained the most variability at the 45.974mm event.  Func-

tional connectivity explained the most variability at the 20.32mm and 

16.256mm events. Percentage area of impervious surface explained the 

most variability at the 10mm event. Increasing percentage area of forest 

land and TE of forest land were correlated to decreasing total runoff vol-

ume across all events. Increasing hydrologic connectivity, LPI and MPS of 

forest land and percentage area of impervious surface were correlated to 

increasing total runoff volume across all events. Total runoff volume in-

creased 2,422,915 cubic meters at one increment of hydrologic connectivi-

ty at the 45.974mm event, but the total runoff volume was only 1,499,034 

cubic meters at the 16.256mm event, with the decrease of storm intensity.
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Table 7. Estimated coefficient of the regression analysis between landscape metrics of land uses and to-

tal runoff volume, under different Storm intensities 

 45.974mm 20.32mm 16.256mm 10mm 

 β Beta β Beta β Beta β Beta 

C 2305507 - 986462.5 - 663313 - -81030.1 - 

CON 2422915 0.513033 1516431 0.702505 1499034 0.954691 - - 

TE - - -0.14564 -0.27417 -0.10708 -0.27712 - - 

FLP -24493.3 -1.03354 -2479.96 -0.22895 - - -1434.21 -0.48317 

LPI 9359.03 0.41908 - - 1320.848 0.177895 1960.353 0.700821 

MPS 67.26668 0.139023 - - - - - - 

ISP - - - - - - 3656.935 0.944693 

R² 0.984 0.937 0.927 0.829 

P < 0.01 < 0.01 < 0.01 < 0.01 

. C constant, CON functional connectivity, FLP forest land area (%),TE total edge of forest patches, LPI 

largest forest patch index, ISP  impervious surface area (%), MPS  mean patch size of forest patches,  - 

not significant and <0.05 significant levels in the model

5. Discussions 

5.1 How does functional connectivity of land use pattern 
relate to runoff at the catchment outlet? 

The indexes of hydrologic connectivity have been developed for different 

scales, but the functional connectivity of land use pattern at the catchment 

scale have not been measured yet. In this study, a new evaluation index 

was developed to measure the functional connectivity of land use patterns 

in the hydrologic process. It was based on the algorithm developed by 

Borselli et al. and designed to be used at the catchment scale (2008). Based 

on existing hydrologic connectivity metrics, this index includes all of the 

important factors related to hydrologic connectivity, such as upslope ac-

cumulated area, land use and slope (Jencso et al., 2007; Bracken et al., 

2013). Therefore we used this index to measure functional connectivity of 

different land use patterns in the hydrologic process. The results indicate 

that the measured index represents different values under different land use 

development scenarios. Land use pattern change was found to significantly 

affect the surface roughness of the runoff pathway which is related to hy-

drologic connectivity (Fiener et al., 2011; Bracken and Croke 2007). Thus, 
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it is reasonable that new index can capture the functional connectivity of 

land use pattern at the catchment scale. The results suggest that this new 

index can be used to measure functional connectivity of different land use 

development scenarios in different patterns. It can be used as an evaluation 

index in land use planning practice. 

The relationships between hydrologic connectivity and runoff have 

been examined for several areas and scales, but the impacts of functional 

connectivity of land use pattern on runoff at the catchment scale have not 

been studied yet. In this study, the results of our regression analysis indi-

cate that the functional connectivity of land use pattern can significantly 

affect the peak flow and total volume of runoff across scales and under 

large and medium storm events. These results are supported by previous 

research in related fields. Landscape ecologists have found land use pattern 

change can influence the ecological process by modifying flow connectivi-

ty (Schwarz et al., 1996; Eikaas et al., 2005; Martin and Soranno, 2006). 

As a fundamental process in an ecosystem, the hydrologic process can be 

affected by land use pattern change based on the reduction or enhancement 

of functional connectivity (Bracken and Croke, 2007).  Additionally, the 

peak runoff flow at the catchment outlet can be reduced by 1520 percent 

based on land use patterns optimization (Yeo et al., 2004). The runoff flow 

rate and the total runoff volume are important to various fundamental hy-

drologic processes, including infiltration, interception, deposition, absorp-

tion, uptake and evaporation (Xiang, 1996).  Thus, it is conceivable that 

functional connectivity of land use pattern can significantly affect the peak 

runoff flow and total runoff volume at the catchment outlet. Additionally, 

the results indicate that land use patterns with high functional connectivity 

presents positive impacts on peak runoff flow and total runoff volume 

across scales and storm intensities. Topographically driven hydrologic 

connectivity has been proven to significantly influence the catchment flow 

duration curve and exert positive effects on runoff magnitude at the catch-

ment scale (Jencso et al., 2007; Jencso and McGlynn, 2011). Thus, it may 

reasonable that higher functional connectivity of land use pattern causes 

higher total runoff volume and peak runoff flow at the catchment outlet. 

However, the results also indicate that the relationship between functional 

connectivity and runoff is insignificantly correlated under the small storm 

event. This is possibly because the main hydrologic process at the small 

event is infiltration. At the small event, rainfall intensity is much less than 

the soil infiltration capacity in most areas of the catchment, and the outlet 

runoff mainly comes from the area near the outlet where rainfall intensity 

is more than the soil infiltration capacity. These results suggest that the 

functional connectivity of land use pattern should be considered to reduce 
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the negative impacts of urbanization when developing land use planning 

policy. 

5.2 What factors contribute most to difference in runoff across 
scales and events? 

The relative importance of land use pattern composition, physical connec-

tivity and functional connectivity on runoff from an urbanized catchment 

was examined under different scales and storm intensities. The results re-

vealed that the functional connectivity of land use pattern was a first-order 

control on runoff peak flow under all scales and at large and medium storm 

intensities. Research on the relationship between functional connectivity of 

spatial elements and the ecological process support these results. For ex-

ample, a significant correlation between the functional connectivity of hab-

itat and animal migration has been reported (Collinge, 2000; Rosch et al., 

2013). Similarly, the functional connectivity of landscape has been used to 

predict the speed of fire spreading on a regional scale (Gonzalez et al., 

2008).  Thus, the functional connectivity of spatial elements may be the 

primary reason flow rates increase and decrease. Therefore, it is conceiva-

ble that the functional connectivity of land use pattern was a first-order 

control on runoff peak flow under all scales and at large and medium storm 

intensities. However, the functional connectivity of land use pattern was 

also the most important factor in generating total runoff volume at the 

large scale and medium storm intensities. This is possibly because func-

tional connectivity determines the efficiency of the runoff delivery from 

source area to catchment outlet which is the main hydrologic process at the 

large scale (Niu and Chen, 2009; Maxwell et al., 2014). The speed of run-

off can affect multiple basic hydrologic processes which are related to the 

runoff generation (Xiang, 1996). Additionally, at the medium storm inten-

sity, the runoff at the outlet comes from source areas far away from the 

outlet rather than the source areas near the outlet. The runoff which cannot 

be infiltrated locally is delivered to the outlet or infiltrated in other areas 

based on the overland delivery pathways. Thus, it is reasonable that the 

functional connectivity of land use pattern may be the most important con-

trolling factor of total runoff volume at the large scale and medium storm 

intensities. The results suggest that the functional connectivity of land use 

pattern should be considered first to control flow rate which would affect 

soil erosion and water quality in the area where large storms occur fre-

quently. The results also suggest that functional connectivity optimization 

can be used to minimize the total volume of runoff which can maximize 
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underground water supply at the area where medium storms occur fre-

quently. 

The results also indicate that the percentage area of impervious surface 

was a first-order control on peak runoff flow and total runoff volume at the 

small storm intensity. This is possibly because rainfall intensity is much 

less than the soil infiltration rate of most areas in the catchment at the 

small storm intensity so the runoff at the outlet comes from some areas 

with very low infiltration rates. Previous studies have proven that an in-

creased proportion of impervious surface results in higher peak runoff and 

total runoff volume (Ogden et al., 2013; Pappas et al., 2008; Shuster et al., 

2005). Thus, it is conceivable that the percentage area of impervious sur-

face determines the peak runoff flow and total runoff volume at the catch-

ment outlet at the small storm intensity. The results suggest that impervi-

ous surface area should be considered first in areas where small storms 

occur frequently. 

The results also indicate that the percentage area of forestland was the 

most important controlling factor on total volume at the small scale and 

large storm intensity. The percentage of forest land has been widely con-

sidered to be the largest controlling factor on total runoff volume (Iroume 

and Palacios, 2013). However, in this study, it only happens at the small 

scale and large storm intensity. That may be because the infiltration pro-

cess is the main hydrologic process at the small scale and rainfall intensity 

greatly exceeds the soil infiltration capacity at the large storm intensity 

(Bracken et al., 2013). The runoff volume at the outlet is determined by the 

area of spatial elements which can keep water. Thus, it is conceivable that 

the percentage area of forestland was the most important controlling factor 

on total volume at the small scale and large storm intensity. The results 

suggest that forestland area should be considered first when developing 

land use planning policy to reduce negative impacts of urbanization on to-

tal volume in areas where large storms occur frequently. 

6. Conclusions 

The relative importance of land use pattern characteristics on runoff varies 

across scales and storm events, as shown by analysis of land use scenarios 

under different scales and storm events. We developed a connectivity met-

ric as a measure of the functional connectivity of land use pattern at the 

catchment scale. A strong relationship between runoff and functional con-

nectivity indicates that the runoff at the catchment outlet is significantly af-

fected by functional connectivity change. Additional explanatory variables 
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were introduced to explain the variability in runoff across scales and 

events. We used these variables to measure land use pattern composition 

and physical connectivity. Our results provide insight into the effects of the 

combination of land use pattern composition and connectivity on the hy-

drologic process. Based on our analysis, we conclude: 

 The functional connectivity of land use pattern significantly af-

fected the peak flow and total volume of runoff across scales and 

under large and medium storm events. 

 High functional connectivity presented positive impacts on runoff 

peak flow and total volume. 

 The relative importance of land use pattern composition and con-

nectivity changed according to scale and storm intensity. 

 The functional connectivity of land use pattern was a first-order 

control on runoff peak flow under all scales and at large and medi-

um storm intensities. 

 The functional connectivity of land use pattern was a first-order 

control on total runoff volume at the large scale and medium storm 

intensities. 

 The percentage area of impervious surface was a first-order con-

trol on runoff peak flow and total volume at the small storm inten-

sity. 

 The percentage area of forestland was the most important control-

ling factor on total volume at the small scale and large storm inten-

sity. 

Our results suggest that the functional connectivity of land use pattern, 

percentage area of impervious surface and percentage area of forestland 

should be considered to reduce the negative impacts of urbanization when 

developing land use planning policy under different situations. This study 

extends the understanding of land use pattern impacts on runoff at the 

catchment scale, provides useful information to guide land use planning, 

develops a new metric to measure the functional connectivity of land use 

pattern at the catchment scale and uses that metric as an evaluation index 

to monitor runoff dynamics under specific conditions. 
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