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Abstract: There is an emerging challenge within water resources on how, and to what extent, borrowing concepts from
landscape ecology might help re-define traditional concepts in hydrology in a more tangible manner.

A stepwise regression model was adopted in this study to assess whether the time of concentration of catchments
could be explained by five landscape structure-representing metrics for land use/land cover, soil and geological patches,

using spatial data from 39 catchments.

The models suggested that the times of concentration of the catchments could be predicted using the measures of four
landscape structure-representing metrics, which include contiguity index (+* = 0.46, p <0.05), fractal dimension index
(*=0.51, p <0.05), related circumscribing circle (+*= 0.52, p <0.05), and shape index (+*= 0.47, p <0.05).

The models indicated that the regularity or irregularity in land use/land cover patch shape played a key role in affect-

ing catchment hydrological response. Our findings revealed that regularity and irregularity in the shape of a given patch
(e.g., urban and semi-urban, rangeland and agricultural patches) can affect patch functions in retarding and/or increasing
flow accumulation at the catchment scale, which can, in turn, decrease or increase the times of concentration in the

catchments.
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INTRODUCTION

Use of geometrical and mathematical concepts in landscape
ecology (e.g., Baker and Cai, 1992; Gustafson, 1998; He et al.,
2000; Jaeger, 2000; McGarigal and Marks, 1995; McGarigal et
al., 2002; O’Neill et al., 1988; Turner, 1990; Turner and Gard-
ner, 1991) has led to an interesting debate within water re-
sources engineering, planning and management regarding the
possibility of explaining hydrological processes in catchments
using the metrics of landscape structural patterns. Referring to
a well-documented relationship between the pattern and process
of surface hydrology (e.g., Van Nieuwenhuyse et al., 2011), it
has been hypothesized that hydrological event and response
relationships (e.g., Almeida et al., 2014; Fang et al., 2008;
Salimi et al., 2016) can be explained explicitly by the landscape
attributes of a given catchment. Extending this event-response
hypothesis to one of the most significant hydrological response-
indicators, time of concentration, using the landscape patterns
of a catchment, is a critical area of study.

Response of a catchment to a rainfall event is measured by
time of concentration, meaning how quickly or slowly a catch-
ment responds to rainfall input in terms of the time needed for
water to flow from the most hydrologically remote point in the
catchment to the outlet (USDA, 1986).

There have been extensive applications of time of concen-
tration to hydrological modeling and river engineering works
(Fang et al., 2008; Grimaldi et al., 2012; Soulis et al., 2015),
but little work has been done in an environmental management
context. Knowing a given catchment’s behavior in terms of
time of concentration can help to prevent and/or minimize the

impacts of natural disasters and point source pollution of water
resources (Almeida et al., 2014). The suitability of land use
allocation at varying scales (from sub-catchment and catchment
to basin) can be evaluated for likely hydrological impacts such
as the peak discharge, which could be generated due to change
in the curve number, an empirical indicator applied in hydrolo-
gy for estimating direct runoff or infiltration from rainfall ex-
cess (USDA, 1986), and consequently that of the time of con-
centration (Yeo et al., 2007). In this way, catchments of interest
could, for example, be developed to increase their resiliency to
flooding in a more cost effective manner than allocating signif-
icant funds for river engineering projects.

Of the three major landscape features, which are composi-
tion, function and structure (Amiri, 2014; Forman and Godron,
1986), the influence of landscape structure on water quantity
(Amiri et al., 2016; Lin et al., 2007) and water quality (Amiri
and Nakane, 2009; Lee et al., 2009; Paul et al., 2002; Turner
and Rabalais, 2003; Uriarte et al., 2011; Uuemma et al., 2007,
Wickham et al., 2007) have been studied in catchments.

The study of landscape structure is mainly based on how and
to what extent a given function of landscape can be derived from
spatial relationships between different shapes of land use and
land cover patches within a catchment. Accordingly, there is
increasing demand for the development of appropriate indica-
tors, methods and tools to assess how landscape attributes (in-
cluding composition, structure, and configuration) might affect
the functions of a given landscape in hydrological context
(Griffith, 2002; Kearns et al., 2005; Rhode et al., 2004).

Landscape-related metrics can also provide reliable infor-
mation and practical guidelines to develop more environmental-

135



Bahman Jabbarian Amiri, Junfeng Gao, Nicola Fohrer, Jan Adamowski

ly sound approaches to improve the quantity and quality of
water resources (Amiri and Nakane, 2009; del Tanago et al.,
2016; Lin et al., 2007; Uuemma et al., 2007; Zhou et al., 2014).

The application of percentage-based measures of catchment
attributes have dominated regional studies that examined the
relationship between time of concentration and catchment geo-
metric attributes (see: McCuen et al., 1984). To the best of our
knowledge, there has been no research on hydrological re-
sponse in general, and time of concentration in particular, from
the standpoint of how and to what extent this time-related indi-
cator can explicitly be explained by the structural patterns of
catchments.

The objectives of the present study were therefore to: (i) ex-
amine whether total variation in time of concentration can be
explained by changes in the metrics which represent structural
attributes of the landscape; (ii) evaluate to what extent the total
variation in time of concentration can be affected by the hydro-
logic soil groups (HSGs), and geological permeability classes
(GPCs) and (iii) develop models which relate changes in the
times of concentration to changes in the metrics of the land-
scape, pedoscape, and lithoscape structures.

MATERIALS AND METHODS
Study area

The study area in the southern basin of the Caspian Sea in
Iran was selected due to its diversified land use/land cover, soil
types and geological formations (Figure 1; Table 1). The basin
area covers 38,467 km’ (49°48' to 54°41' N lon., 35°36' to
37°19" E. lat.) across a wide range of elevations (—16 m to
4782 m a.s.l.). While 59 rivers drain precipitation from within
the basin to the Caspian Sea, limitations in data access and the
need to achieve a homogeneous data set led to only 39 catch-
ments being investigated in the present study. These catchments
vary in area (32 to 2325 km?) and in 40-year (1971-2010) mean
discharge (0.47 to 21 m’ s’l), and are dominated by forest cover
(57.4%), while rangeland, farmland, urban and semi-urban
areas and bodies of water (e.g., wetlands) account for 25.9%,
11.7%, 1.6%, and less than 1% of the total area, respectively.

The underlying bedrock is predominantly made up of granite
and andesite. On average, the moderate infilterable soil (S3

4401238

Table 1. Distribution statistics of the geometric attributes of the
catchments.

Catchment metrics

Distribution Are? Slope Main Drainfige C.onc.
statistic (km®) (%) stream density time
length (km) (min)
(km)
Maximum 2325.69  15.47 143.75 63.94 21.59
Minimum 32.82 0.29 5.34 0.20 427.58
Mean 554.74 7.74 43.30 8.78 97.09
Std. dev 584.03 448 32.82 14.82 76.18
Median 293.00 7.68 35.16 0.26 82.53
Kurtosis 1.48 -1.05 1.65 5.09 8.44
Skewness 1.47 0.13 1.29 2.27 241

group) and the high infilterable soil (S1) (USDA, 1986) cover
53.9% and 4.1% of the catchments, respectively.

Data sets

Digital elevation models (30 m x 30 m) downloaded from
the United States Geological Survey (USGS) served to
delineate upstream catchment boundaries. A digital land
use/land cover (LULC) map (2002; scale 1:250,000) was
obtained from the Forest, Range, and Watershed Management
Organization of Iran (http:/frw.org.ir). Land suitability and
geological maps (scale 1:250,000) were obtained from the
Iranian Soil and Water Research Institute (http://www.swri.ir)
and the Geological Survey of Iran (http://www.gsi.ir),
respectively.

Methods

The main steps of the present study are depicted in Figure 2.
All the information layers were first transformed into a
common digital format, then co-registered with the WGS84
source (zone 39n). The upper catchment boundaries were then
delineated by applying the digital elevation model for each of
the river gauging stations, applying Digital elevation models
(30-m resolution), which were downloaded from the United
States Geological Survey (USGS) by Arc Hydro tools in the
ArcGIS environment.
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Fig. 1. Geographical location of the catchments in the southern basin of the Caspian Sea.
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Fig. 2. Main steps of the study.

The study was based on finding a sufficient number of ho-
mogeneous catchments in the study area. The main criteria for
finding a homogeneous catchment was to select those catch-
ments whose areas vary within three standard deviations of the
mean catchment area in our study area.

The LULC map (http://frw.org.ir, 2002) was aggregated in-
to eight classes, including:

o forest (high density, intermediate density, low density;
F1, F2, F3, respectively),

o rangeland (high density, intermediate density, low
density; R1, R2, R3, respectively),

. urban and semi-urban (U) and,

. agricultural lands (A).

Reclassification ~ of  the land  suitability = map
(http://www.swri.ir) was conducted to generate a map of hydro-
logic soil groups (HSGs) with four soil groups, where their
infiltration rates decrease, respectively (USDA, 1986). Accord-
ingly, Group S1 includes sand, loamy sand or sandy loam
types of soils, where low runoff potential and high infiltration
are their main characteristics (even when thoroughly wet-
ted). Group S2 is composed of silt loam or loam, where this
HSG has a moderate infiltration rate when thoroughly wetted.
Group S3 is formed by sandy clay loam, which has low infil-
tration rates when thoroughly wetted. Group S4 soils are clay
loam, silty clay loam, sandy clay, silty clay or clay. This HSG
has the highest runoff potential and the lowest infiltration (San-
gani et al., 2015; USDA, 1986) (Figure 3).

Digital  geological maps  (http:/www.gsi.ir, scale
1 : 250,000), documenting 19 geological classes (Sangani et al.,
2015), were reclassified into three geological permeability
classes (GPCs) based on effective porosity, type, size and con-
nectivity of cavities, rock density, pressure gradient and fea-
tures of the fluid such as viscosity (Fatehi et al., 2015). Spatial
variations in geological permeability across the study area was
re-classified based on the standpoint of the measure of the rock

permeability, which was accordingly termed low permeable
rocks G1, medium permeable rocks G2 and high permeable
rocks G3.

The LULC and HSGs maps were then overlaid on a catch-
ment boundary map, in order to calculate the true extent (%) of
each ecological attribute (LULC, HSGs, and GPCs) within the
catchments. Thereafter, the landscape structural metrics of the
shape index (shp), fractal dimension index (fiac), perimeter-
area ratio (para), related circumscribing circle (cir), and conti-
guity index (con) were calculated at the class level for each of
the catchment’s ecological attributes (Tables 2 and 3). These
landscape metrics were calculated using:

P.
shapeindex =— (1)
mink;
o nfoasn)
fractal dimensionindex = ———— 2)
Ing;
: B b
perimeter — area ratio = 3)
4y
a.::
related circumscribing circle =1— —Z 4)
%
Zi:lcijr -1
o _ ;i
contiguity index = 1 ®)
y—
where

P, perimeter (m) of patch 7j,

a; area (m?) of patch i,

a; area (m”) of smallest circumscribing circle around patch ij,
C

ijr

contiguity value for pixel r in patch 7,

v Sum of the values in a 3-by-3 cell template.

This approach in calculating the landscape structure-
representing metrics resulted in 15 potentially relevant land-
scape metrics for a given catchment. For example, in the case
of the shape index (shp), the following landscape metrics were
calculated:

° lehp: szh},, F3shpa Rlshm sthpa R3shp9 Ushw Ashp (from
LULC), namely the shape index for within-catchment patches
of high, medium and low density forest; high, medium and low
density rangeland; urban and semi-urban and agricultural
patches, respectively.

. Slgp, S24p, S3gp, S4g, (from HSGs), namely the
shape index for within-catchment patches of soil, with
infiltration rates varying from very high to low, respectively.

Glyp, G2, G35, (from GPCs), namely the shape index for
within-catchment patches of low, medium and high geological
permeability, respectively.

FRAGSTATS (McGarigal et al., 2012) was used to calculate
landscape metrics of catchment LULCS, HSGs, and GPCs as
ecological attributes of the catchments.

Although there are a number of formulae for estimation of
time of concentration, each of those formulae can be applied
considering their limitations including, but not limited, to catch-
ment area. Accordingly, considering that the catchments’ areas
vary between 33 to 2325 km’, the formula of Johnson-Cross
(1949) was adopted to calculate the time of concentration as an
indicator of hydrological response, using the following formula
(Li and Chibber, 2008; Salimi et al., 2017):
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7, =300 .5703 (6)

where
T, is the time of concentration (min),

L is catchment length (mi),
S is the catchment slope (ft/mi).

To model the relationship between landscape metrics of a
given catchment’s ecological attributes and time of concentra-
tion, a stepwise regression analysis (entry criterion p < 0.05,
exclusion criterion p > 0.100) was applied to develop multiple
linear regression models through which the times of concentra-
tion (dependent variable; min) could be explained by an indi-
vidual pairing of landscape metric (cir, con, frac, para, and
shp) and LULCs, HSGs or GPCs (e.g., T.= f (Fl,,) independ-
ent variables). This yielded the equation:

where
y; 1is the time of concentration (min) of the catchment,
X; ... x,; are the catchment landscape metrics (cir, con, frac,

para, and shp),

P ... B, are the coefficients of the catchment landscape met-
rics retained, with p <0.05,

Po 1is a constant, with p <0.05, and

g 1s the error for the time of concentration.

Inter-variable collinearity of the developed models was as-
sessed using the variation inflation factor (VIF), where a VIF <
10 for all model parameters indicated a lack of collinearity
(Chatterjee et al., 2000; Neter et al., 1996). The models’ good-
ness of fit was evaluated using scatter plots of observed vs.
predicted values (Figure 4) (Ahearn et. al., 2005). The last
critical criteria for choosing the candidate model was to clarify
to what extent a given candidate model was useful from the
perspective of landscape ecology. All statistical analyses were

Yi=PBo+bxi+ Byt P, TE

Fig. 3. Spatial distribution of hydrologic soil groups in the southern basin of the Caspian Sea.
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Table 2. Catchment metric distribution statistics for land use/land cover classes at the patch level.

o © Land use/cover classes

=) 2 Rangeland Forest Urban and

ﬁ ;)3 R1 R2 R3 Farmland F1 F2 F3 semi-urban

) )

Max. 0.85 0.83 0.73 0.93 0.79 0.88 0.91 0.94

X Min. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

© Median 0.65 0.00 0.00 0.69 0.60 0.64 0.51 0.61
Mean 0.57+0.29 0.29+0.35 0.12+0.26 0.60+0.27 0.53+0.23 0.51+0.32 0.43+0.33 0.44+0.32
Max. 0.99 0.98 0.99 0.99 1.00 0.98 0.99 0.97

S Min. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

< Median 0.95 0.00 0.00 0.87 0.66 0.73 0.62 0.81
Mean 0.71+0.38 0.32+0.43 0.15+0.34 0.70+0.32 0.65+0.32 0.62+0.39 0.52+0.40 0.56+0.41
Max. 1.15 1.15 1.09 1.19 1.18 1.27 1.17 1.18

] Min. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

& Median 1.11 0.00 0.00 1.10 1.09 1.10 1.10 1.07
Mean 0.91+0.43 0.45+0.55 0.19+0.42 0.97+0.38 0.96+0.37 0.83+0.50 0.74+0.53 0.73+0.52
Max. 907.81 908.64 528.61 825.15 772.88 832.33 691.27 700.84

N Min. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

3 Median 41.58 0.00 0.00 122.42 337.77 46.77 41.80 90.85
Mean 129.10+230.48  110.88+255.43  32.01+117.86  211.87+£227.59  272.65+£265.01  151.80+£201.09  181.42+230.25 124.49+151.50
Max. 4.04 3.67 2.23 4.63 597 10.83 3.64 3.61

2 Min. 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

“ Median 2.49 0.00 0.00 2.11 2.23 2.15 2.11 1.56
Mean 2.12+1.17 0.88+1.12 0.33+0.72 2.21+1.24 2.26+1.33 2.11+1.97 1.73+1.33 1.28+1.02
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Table 3. Catchment metric distribution statistics by hydrologic soil groups and geological permeability group at the patch level across.

=
é % im) Hydrologic soil group Geological permeability class
S s s
3 n S1 S2 S3 S4 Gl G2 G3
Max. 0.84 0.83 0.84 0.76 0.76 0.81 0.82
X Min. 0.00 0.00 0.00 0.00 0.44 0.00 0.00
© Median 0.28 0.55 0.45 0.47 0.66 0.67 0.66
Mean 0.29+0.31 0.45+0.30 0.38+0.33 0.34+0.31 0.64+0.08 0.60+0.20 0.49+0.34
Max. 1.00 1.00 1.00 1.00 1.00 0.99 1.00
5 Min. 0.00 0.00 0.00 0.00 0.19 0.00 0.00
< Median 0.87 0.97 0.71 0.94 0.93 0.95 0.93
Mean 0.50+0.50 0.67+0.44 0.54+0.47 0.55+0.49 0.88+0.14 0.83+0.27 0.65+0.44
Max. 1.13 1.13 1.12 1.12 1.10 1.12 1.12
8 Min. 0.00 0.00 0.00 0.00 1.04 0.00 0.00
& Median 1.03 1.06 1.05 1.05 1.07 1.07 1.07
Mean 0.54+0.54 0.77+0.49 0.63+0.54 0.60+0.54 1.07+0.02 0.99+0.29 0.75+0.50
Max. 143.59 665.52 466.91 280.31 1046.17 538.06 183.18
N Min. 0.00 0.00 0.00 0.00 5.73 0.00 0.00
3 Median 3.76 5.85 4.16 4.58 80.23 43.56 27.09
Mean 12.08+26.58 60.15+137.37 62.41+128.38 20.11+£49.79 143.76+182.56 115.90+151.00 44.10+£51.20
Max. 3.26 2.65 2.93 3.20 2.75 2.68 2.56
2 Min. 0.00 0.00 0.00 0.00 1.30 0.00 0.00
“ Median 1.36 1.67 1.53 1.46 1.77 1.88 1.66
Mean 0.87+0.90 1.32+0.90 1.10+0.97 1.05+0.99 1.82+0.29 1.824+0.60 1.28+0.90
RESULTS AND DISCUSSION G3 is the highly permeable geological class.

Stepwise regression models were developed for the time of
concentration using the five landscape structure-related metrics
(con, frac, para, cir, shp) for land use land cover, soil and geol-
ogy (Equations (8) to (12)). Table 4 shows other statistics of
these models. The total variation in times of concentration were
explained by the landscape structural metrics of catchments in
the following multiple linear regression models:

logy =1.587+0.555U,,, —0.53084,,,. +0.469G3,,;, (8)

logy=1311+0.243U,,, +0.4444,,, —0.23353,,, 9)

log y =~3.963+0.185U 1., +0.3644,,, + 10
+0.187R1 ,, +4.925G3 4,

logy =1.806 +0.001G2,,,,, (11)

logy =1.633+0.11U,, —0.16554,,, +0.221G3,,, (12)

where

log y is the logarithmic measure of time of concentration of the
catchment in base of 10,

cir 1is the mean related circumscribing circle index for a given
class of the landscape, pedoscape, and lithoscape of the catch-
ment,

con is the mean contiguity index for a given class of the land-
scape, pedoscape, and lithoscape of the catchment,

frac is the mean fractal dimension circle index for a given class
of the landscape, pedoscape, and lithoscape of the catchment,
para is the mean parameter-area ratio index for a given class of
the landscape, pedoscape, and lithoscape of the catchment,

shp is the mean shape index for a given class of the landscape,
pedoscape, and lithoscape of the catchment,

U is the urban and semi-urban class,

A is the agriculture class,

R1 is the high density rangeland class,

S3 is the moderate infilterable soil group,

S$4  is the low infilterable soil group,

G2 is the medium permeable geological class, and

The regression models suggested that times of concentration
of the catchments could be predicted wusing four
landscape structure-representing metrics out of five: contiguity
index (+* = 0.46, p < 0.05), fractal dimension index (+* = 0.51,
p < 0.05), related circumscribing circle (#* = 0.52, p < 0.05),
and shape index (+*= 0.47, p < 0.05) (Table 4).

Egs. (8) to (12) reveal that only seven LULC classes (out of
ten), including urban and semi-urban (U), agriculture (A), high
density rangeland (R1), moderate infilterable soil group (S3),
low infilterable soil group (S4), medium permeable geological
class (G2) and highly permeable geological class (G3), were
relevant based on the stepwise regression modeling.

Moreover, although there is no model in which the explana-
tory variable of low permeable geological class (G1) could
partially explain total variation in the time of concentration, the
presence of the highly permeable geological class (G3) was
observed in all the models except for Egs. (9) and (11).

To be more specific, Eq. (8) suggests that there is a direct as-
sociation between the measures of time of concentration and the
related circumscribing circle indices of urban and semi urban
patches (U,;,), and highly permeable geological patches (G3;,).
Accordingly, if the related circumscribing circle indices, hereaf-
ter called the circularity index, of the urban and semi-urban
patches and that of the highly permeable geological patches
increase, the time of concentration for the catchment will in-
crease. The circularity index is a measure for assessing the
extent to which the shape of a given patch or class deviates
from a convoluted shape and approaches a narrow and elongat-
ed one (Turner et al., 2001). It varies from 0 for the convoluted
patches to 1 for the elongated ones (Rutledge, 2003).

The model revealed that urban and semi-urban patches, with
relatively narrow and elongated shapes, would contribute more
to the runoff generation process than urban and semi-urban
patches with a relatively convoluted shape in the catchments
under study. In contrast, if the circularity index of the low infil-
terable soil patches (S4.;) increases, the time of concentration
will decrease for the catchments. It implies that elongating the
shape of the low infilterable soil patches due to an increase in
the circularity index would contribute to generating an overflow
process in a given catchment, rather than a convolution in the
shape of the low infilterable soil patches.
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Fig. 4. Predicted vs. observed values for the times of concentration in the study catchments.

Table 4 and Eq. (9) show that 46% of the total variation in
times of concentration of the catchments can be explained by the
mean measure of the contiguity index of the urban and semi-urban
and agricultural patches (4., and U,_,,, respectively), and

n con’

highly permeable geological patches (G3,,,) called (termed

lithoscape metric). Moreover, it suggests that the mean measure of
the contiguity indices of the urban and semi-urban and agricultural
patches, and that of the highly permeable geological patches, are
positively related to the times of concentration of the catchments.
This index indicates to what extent a set of patches are spa-
tially connected and how far homogenous and heterogeneous
patches are in relation to each other, respectively. It varies
between 0 < contiguityindex <1 (Rutledge, 2003), and increas-

ing the measure of the index indicates that the patches of inter-
est are larger, more continuous and less dispersed for homoge-
nous patches or less interspersed for heterogeneous patches. A
higher contiguity index signifies that more spatially connected
and extensive patches can be expected in a given landscape and
vice versa (Turner et al., 2001).

As a consequence, Eq. (9) suggests if the contiguity indices
for the urban and semi-urban class, and agricultural and highly
permeable geological patches increase in a given catchment, the
time of concentration of the catchment will increase. If the

distances for those patches are decreased, instead of contrib-
uting to the overflow process, those patches might contribute to
the infiltration process within the catchment.

The mean measure of fractal dimension indices of the urban
and semi-urban class, and agricultural and high density range-
land patches (Ugge, Agae and Rlg,., respectively), and highly
permeable geological patches (G3g,.) as a lithoscape metric,
explains 51% of the total variation in the time of concentration
of the catchments (Table 4; Eq. (10)).

The fractal dimension metric varies (1 < fractal dimension index
<2), and measures the shape complexity of a patch or a set of
patches (of a given class) (Rutledge, 2003; Turner et al., 2001).
If the metric approaches one, the patch is regular (square) in
shape; approaching its upper limit results in a more irregular
(convoluted) patch (Rutledge, 2003).

Eq. (10) indicates that the more irregular the shape of the
urban and semi-urban patches, and the agricultural and inter-
mediate density rangeland patches, the higher the time of con-
centration. This function might be due to a retarding role of the
convoluted patch shapes in draining water from their surfaces
into the drainage networks of the catchments.

Although there is well-documented evidence on the impacts
of urban, semi-urban and agricultural areas in contributing to
runoff processes at different scales (e.g., Deelstra et al., 2014,
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Table 4. Statistics of regression models for the times of concentration in the study catchments based on different landscape structural metrics.

Model Coefficients 2 T (mi Si Collinearity statistics
No. Variable B Std. error Beta " (min) & Tolerance VIF
Cons. 1.587 0.071 22.295 0.000
Eq. (8) G3i; 0.469 0.116 0.509 052 4.038 0.000 0.866 1.155
’ Ui 0.555 0.125 0.629 ’ 4.427 0.000 0.682 1.467
S4cir —-0.530 0.144 —0.547 -3.693 0.001 0.627 1.594
Cons. 1.311 0.116 11.260 0.000
Eq. 9) Ucon 0.243 0.098 0.337 046 2.470 0.019 0.835 1.198
’ Acon 0.444 0.121 0.472 ’ 3.667 0.001 0.938 1.067
S3con 0.233 0.090 0.364 2.589 0.014 0.789 1.268
Cons. -3.963 2.501 —1.584 0.122
Utrac 0.185 0.072 0.323 2.570 0.015 0.915 1.093
Eq. (10) Afac 0.364 0.096 0.460 0.51 3.780 0.001 0.975 1.026
Rl fac 0.178 0.066 0.326 2.680 0.011 0.974 1.027
G3frac 4.925 2.342 0.264 2.103 0.043 0.917 1.090
Cons. 1.806 0.058 31.310 0.000
Eq. (11) G2para 0.001 0.000 0.342 0.12 2.211 0.033 1.000 1.000
Cons. 1.633 0.071 22.868 0.000
G3gnp 0.221 0.053 0.667 4.194 0.000 0.602 1.662
Eq. (12) S4np -0.165 0.048 -0.547 0.47 —3.454 0.001 0.608 1.646
Ughp 0.110 0.039 0.373 2.845 0.007 0.885 1.130

Gallo et al., 2013; Hundecha and Bardossy, 2004; Niehoff et al.,
2002; Olang et al., 2014; Sun et al., 2016; Wijesekara et al., 2012),
the findings of the present study suggest that varying the shape of
those types of patches from a square shape to a convoluted shape
might change their function in the runoff generation process.

Table 4 reveals 47% of the total variation in the time of con-
centration of the catchments can be explained by the mean
measure of the shape index of the urban and semi-urban patches
(Usnp), and those of the highly permeable geological patches
(G3,s,) and the low infilterable soil patches (S44,) (Eq. (12)).

The shape index can be considered one of the simplest and
most understandable measures to assess the overall complexity
of a patch (Turner et al., 2001). It varies from 1 to co (Rutledge,
2003). Approaching the low limit implies that the patches of
interest are square in shape, while approaching the high limit
indicates the patches are of a more irregular shape (Rutledge,
2003). Accordingly, regularity or irregularity in the shape of a
given patch, regardless of its prevalent function in a hydrologi-
cal context, might present a different understanding of patch
function in a new arena (termed landscape hydrology). These
contradictory functions can be inferred from the role of the
shape indices of the urban and semi-urban patches (Uy,) and
highly permeable geological patches (G3,,,) in Eq. (12).

CONCLUSIONS

This study demonstrated that landscape structural metrics
can explain a significant amount of the variation in time of
concentration of catchments. To determine the extent that land-
scape structural metrics could contribute to predicting the time
of concentration, a multiple linear regression approach (due to
its inherent features that help explore the hidden dimensions of
relationships between the components of the system) was ap-
plied to develop the models. Possible relationships were exam-
ined using geospatial data from 39 catchments, which are geo-
graphically distributed in the southern basin of the Caspian Sea.
The coefficients of determination for the multiple regression
models varied from 0.12 to 0.52.

Applying the models is restricted to the specific range of vari-
ables for the areas of the particular catchments under study (32 to
2325 km®). Below and above this size, local or regional varia-
tions might play an important role in explaining the variation in
the times of concentration, which varied from 21 to 427 minutes.

The present study showed that landscape structural metrics
including the contiguity index (con), fractal dimension index
(frac), related circumscribing circle (cir) and the shape index
(shp) for land use/land cover, soil and geology are significant in
explaining hydrological responses in general, and time of con-
centration, in particular.

Moreover, our findings revealed that regularity and irregu-
larity in the shape of a given patch (e.g., urban and semi-urban,
rangeland and agricultural) can affect patch functions (retarding
and/or increasing flow accumulation) at the catchment scale,
which would, in turn, decrease or increase the times of concen-
tration in the catchments.

It should be noted that the highly permeable geological
patches, and the low infilterable soil patches, play a significant
and distinct role in advancing or retarding the times of concen-
tration in models for the catchments, depending on the extent of
their shape irregularity.

The knowledge obtained regarding landscape metrics in ex-
plaining the duration of the time of concentration can help
explain the hydrological process explicitly. It would be very
useful if future research concentrates on the relationship be-
tween the times of concentration of catchments, and landscape
composition-representing metrics, and/or landscape configura-
tion-representing metrics.
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