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Influence of landscape patterns on nitrate and particulate organic nitrogen inputs
to urban stormwater runoff

Abstract: This study investigated the effect of the landscape pattern of
permeable/impermeable patches on NO3™-N and particulate organic nitrogen (PON)
concentrations during stormwater runoff transport and their source contributions. Six
landscape pattern indices, namely, the mean proximity index (MPI), largest patch index
(LPI), mean shape index (MSI), landscape shape index (LSI), connect index
(CONNECT), and splitting index (SPLIT), were selected to reflect the fragmentation,
complexity, and connectivity of permeable patches in urban catchments. The results
show that lower fragmentation, higher complexity, and greater connectivity can reduce
NO;3™-N concentrations in road runoff and drainage flow (i.e., the flow in the stormwater
drainage network), as well as PON concentrations in road runoff. Low impact
development (LID) can be incorporated with the landscape pattern of
permeable/impermeable patches to mitigate nitrogen pollution in urban stormwater at
the catchment scale by optimizing the spatial arrangement.

Keywords: permeable/impermeable patches; landscape pattern; low impact
development; nitrate; particulate organic nitrogen; stormwater quality

1 Introduction

Stormwater runoff from urban areas is a major source of receiving water quality
degradation. This is further exacerbated by the escalating urbanization witnessed in
many parts of the world (Chen and Guo, 2022; Pamuru et al., 2022; Peter et al., 2022).
Sources such as plant debris, animal litter, lawn fertilizer and vehicle exhaust emissions
can result in significant amounts of nitrogen inputs to urban receiving waters which is
a primary stormwater pollutant (Christensen et al., 2021; Huang et al., 2021; Xie et al.,
2021). Excessive nitrogen inputs can lead to the deterioration of aquatic ecosystems
(Ding et al., 2023; Meng et al., 2022). The two forms of nitrogen commonly found in
urban stormwater are dissolved nitrogen such as nitrate (i.e., NO3-N) and particulate
nitrogen such as particulate organic nitrogen (PON) (Jani et al., 2020). The excessive
input of NO3™-N and PON to water can lead to eutrophication, hypoxia, and loss of
biodiversity (Balasuriya et al., 2022; McAleer et al., 2022; Priestley et al., 2022).
Therefore, the protection of water ecosystem values requires the mitigation of NO3™-N
and PON pollution through the implementation of effective stormwater management
strategies (Lucke et al., 2018; Pilon et al., 2019).

Urban catchments with a high proportion of permeable surfaces have been found to
have relatively lower concentrations of nitrogen pollutants in stormwater runoff (Brown
and Borst, 2015; Simpson et al., 2022; Wu et al., 1998). This is because permeable
surfaces such as lawns and vegetated areas have a relatively higher ability to retain
nitrogen pollution contained in urban stormwater runoff compared to impermeable
surfaces (Ferreira et al., 2016; Teixeira and Marques, 2016a; Zhang et al., 2019a). It is
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in this context that Low Impact Development (LID) can play a role in stormwater
pollution mitigation. LID is an urban stormwater management concept that emphasizes
source-dispersed and small-scale control facilities to effectively mitigate increased
flood flows, runoff coefficients and surface source pollution loads caused by the
increase in impermeable area (Eckart et al., 2017; Pour et al., 2020; Xu et al., 2019).
Urban areas provided with LID measures can essentially be considered as permeable
surfaces which can effectively reduce nitrogen pollution in stormwater runoff (Duan et
al., 2013; Kamali et al., 2017). Therefore, optimizing the spatial arrangement of LID
within an urban catchment is important to mitigate the nitrogen load in stormwater
runoff. This requires an in-depth understanding of the influence of LID layout on
nitrogen transport at the catchment scale. Nitrogen contained in urban stormwater is
mainly derived via three transport stages, namely, roof runoff, road runoff and
stormwater drainage flow (i.e., the flow in the stormwater drainage network) (Ma et al.,
2021; Wang et al., 2022). The transport of nitrogen is significantly influenced by the
landscape pattern of permeable/impermeable patches, as permeable surfaces can
intercept the runoff from impermeable surfaces. Furthermore, the variation in runoff
transport can influence the input of nitrogen from each transport stage to urban
stormwater discharged at the catchment outfall. In other words, the primary nitrogen
inputs can be manipulated by changing the landscape patterns (Christensen et al., 2019;
Hu et al., 2023; Wu et al., 2022). Therefore, understanding the influence of
permeable/impermeable landscape patterns on nitrogen transport is important for
mitigating nitrogen pollution by changing stormwater transport patterns and sources.
The current paucity of knowledge in the context of landscape indices constitutes a
significant knowledge gap in relation to the design and siting of LID to achieve effective
stormwater treatment. Landscape indices are simple quantitative indicators that highly
condense information about a landscape pattern to characterize some aspect of its
structural composition and spatial configuration (Thangarajan et al., 2018; Valenca et
al., 2021; Xia et al., 2020). Most previous studies have focused on the effects of LID
technologies on stormwater quality and quantity at the end discharge point from a
catchment (Ferreira et al., 2019; Jiang et al., 2020; Yao et al., 2021). However, there is
a lack of knowledge about the influence of LID spatial configuration on pollution
transport within a catchment. Optimizing the spatial configuration of LIDs in urban
catchments to improve their ability to reduce runoff and pollutant concentrations has
been a focus of interest of researchers (Sui and van de Ven, 2023; Tirpak et al., 2021).
It can provide recommendations for the spatial arrangement of LIDs for runoff
regulation and pollution mitigation. Therefore, it is important to further explore how
the deployment of LIDs can be optimized to reduce stormwater pollution in urban
catchments (Zhang et al., 2023).

The main objectives of this study were: (1) to analyze the effect of the landscape pattern
of permeable/impermeable patches in the form of landscape indices on the transport
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and sources of NO3;-N and PON in urban stormwater runoff; and (2) to provide
recommendations for the spatial arrangement of stormwater management measures
such as LID for nitrogen pollution mitigation. In this study, the correlation between the
landscape pattern indices and pollutant concentrations and source contributions was
evaluated to determine the influence of the landscape pattern on the transport and source
of NOs-N and PON. Based on the above findings, recommendations are provided for
the spatial arrangement of LIDs in urban catchments. The results of this study are
expected to enhance the understanding of the role of landscape pattern of
permeable/impermeable patches on nitrogen pollutants in urban stormwater at the
catchment scale, as well as contribute new knowledge for the optimization of LID siting
and design for the mitigation of stormwater nitrogen pollution.

2 Materials and methods

2.1 Sampling sites

Beijing City which is situated in the northern North China Plain has a warm-temperate
semi-humid monsoon climate. It encompasses an area measuring 16,410 km?. Two
study areas were selected for this research project, namely, Beijing Normal University
(BNU) in Haidian District, Beijing, and Future Science City (FSC) in Changping
District, Beijing. These two study areas were selected due to the same geographic
location and similar climate, drainage network and permeability. BNU (latitude 39°57
N and longitude 116°21 E) is located close to FSC (latitude 30°27 N and longitude
119°98 E). The two study areas have separate stormwater and wastewater drainage
networks. Therefore, it was acceptable to compare the characteristics of the pollutants
in the two stormwater conveyance systems. The permeability of the two study areas
was derived using ArcGIS to assess the proportion of the permeable patch area to the
total area. Their permeability rates are similar, i.e., 37% and 35% for BNU and FSC,
respectively. BNU has 36% of grass and woodland, 1% of bare land, 28% of roads and
35% of roofs, while FSC has 12% of grass and woodland, 19% of bare land, 36% of
roads, 25% of roofs and 7% of construction land. The most obvious difference between
the two study areas is the landscape pattern of the permeable areas. BNU has a large
area of grassland and woodland with good connectivity and a complex green landscape
profile, whereas FSC has more dispersed grassland and woods, which are interspersed
with large areas comprising roofs and roads. Figure 1 shows the characteristics of the
two study areas. Although the hydrological, climatic and landscape characteristics of
the two study areas selected were similar, it is important to note that the focus of the
research study was to investigate the role of the landscape pattern of
permeable/impermeable patches in influencing stormwater pollution. Therefore, the
key novelty of this study was the explicit accounting of the role of the landscape pattern
in terms of permeable/impermeable patches in dictating nitrogen pollution, which in
turn would enable the adoption of effective spatial arrangement strategies of LIDs.
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Accordingly, the key study outcomes are generic and would be equally applicable to
other urban areas with different climate and hydrological conditions.
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Figure 1. Study area and sampling sites.

BNU consists of five catchments, and the largest catchment was selected for this study.
Sampling sites 1 (St.1) and 2 (St.2) were selected for collecting roof and road runoff,
respectively. The drainage outlet in the study catchment was located at St.3, where the
drainage flow delivered via subsurface stormwater pipes was collected (see Fig. 1).
Since PON in stormwater discharged from the catchment was from build-up
particulates washed-off by roof runoff, road runoff and drainage flow, roof and road
deposited samples and drainage sediments during the dry periods were also collected.
It was assumed that PON attached to build-up solids was consistent with PON attached
to suspended solids in the runoff. Roof deposited sediments were collected from St.1,
which was the same roof where roof runoff was collected. Road deposited sediments
were collected from St.2. Drainage sediments were obtained from a drainage pipeline
near St.3.

There are three catchments in FSC and the largest catchment was selected for this study.
Four sampling sites (S1-S4) were selected to collect runoff samples and four sampling
sites (P1-P4) were selected to collect particulate samples during the dry period. Roof
runoff was collected at S1; road runoff was collected at S2, which was located on a road
near S1; and rainwater was collected at S3, which was located on a vacant plot close to
S1 and S2 (see Fig. 1). The drainage flow samples were collected from the end of the
stormwater outflow (S4), which discharged directly to a waterway. Roof deposited
sediments were collected at P1, which was located on the same roof where roof runoff

5



was collected. Particulate samples on commercial and residential area road surfaces
were collected at P2 and P3, respectively and drainage sediments were collected at P4,
which was located in the stormwater drainage pit.

2.2 Sample collection

The roof, road, and drainage flow samples were collected using plastic beakers.
Rainwater was collected using a polyethylene bottle during each rainfall event. To
adequately reflect the first flush phenomenon (Deletic, 1998), the sampling intervals
were set as 5 min for the first 15 min, 15 min for the next 15-60 min, and 30 min after
60 min. At BNU and FSC, 123 (45 road runoff samples, 39 roof runoff samples, and 39
drainage runoff samples) and 434 (149 road runoff samples, 144 roof runoff samples,
141 drainage runoff samples) runoff samples were collected during five and thirteen
rainfall events, respectively. Each runoff sample was transferred to a labelled 500 mL
glass bottle and stored at 4 °C until laboratory analysis. A vacuum cleaner (Philips
FC9735) was used to collect particulate samples on roofs and roads froma 1 m x 2 m
area. Particles build-up on roofs and roads during dry days can be washed-off with
stormwater runoff. Since the physical and chemical properties of particles can change
during the wash-off process, the dry particles were collected for more accurate source
apportionment. Drainage sediments were obtained at 10 cm from the rainwater grate
using a shovel. A total of 123 and 122 particulate samples from BNU and FSC,
respectively, were fully ground, sieved through a 200-mesh sieve, and then stored in
sealed plastic bags at 4 °C until analysis. Rainfall data were recorded using a rain gauge
(TD-F3L), and the rainfall characteristics are listed in Table 1. Although samples were
collected from different years in the two catchments, the rainfall characteristics such as
rainfall types, rainfall amount and rainfall intensities were similar. All rainfall events
monitored were during summer and autumn where the rainfall amount accounts for 85%
of the annual rainfall in Beijing (Zhang et al., 2014). Therefore, it was hypothesized
that it was acceptable to compare the data collected from the two catchments.



Tablel. Characteristics of the monitored rainfall events.

Rainfall Event Rainfall Date Rainfall Depth Rainfall Duration Average Rainfall Intensity Antecedent Dry Period  Catchment
(mm) (h) (mm/h) (days)
Event 1f 2021/5/31 2.5 1.4 1.8 0.3 FSC
Event 2f 2021/6/9 8.8 43 2 0.8 FSC
Event 3f 2021/6/16 34 3.7 0.9 5.5 FSC
Event 4f 2021/6/25 17 5 34 1.6 FSC
Event 5f 2021/711 19.1 24 8 5.7 FSC
Event 6f 2021/7/3 50.1 5 10 1.3 FSC
Event 7f 2021/7/5 7.8 23 34 2.2 FSC
Event 8f 2021/7/11 324 1 324 3.2 FSC
Event 9f 2021/7/18 21.3 4.5 4.7 1.1 FSC
Event 10f 2021/7/29 4.8 53 0.9 1.7 FSC
Event 11f 2021/8/9 3.6 2.2 1.6 4.9 FSC
Event 12f 2021/8/15 30.5 24 12.7 0.6 FSC
Event 13f 2021/8/19 21.3 11.5 1.9 24 FSC
Event 1b 2019/7/5 5.8 13 0.8 2.7 BNU
Event 2b 2019/7/22 20.2 7 2.2 2.5 BNU
Event 3b 2019/8/4 36.4 56.5 2.8 2.4 BNU
Event 4b 2019/8/20 8.6 7.7 0.4 7.3 BNU
Event 5b 2019/10/4 24 8.5 2.6 20.9 BNU




2.3 Laboratory analysis

The concentrations of NO3™-N and PON were determined for the roof and road runoff
and drainage flow. The nitrate isotopes (§'°N-NOj3 and §'*0-NOj3") were measured for
the rainwater, roof runoff, road runoff and drainage samples, while the PON isotopes
(8!3C-PON and §'°N-PON) in the collected particulate samples were also measured.
Each sample was separated into three subsamples and measured separately and the
mean values were used as the final values. Nitrogen concentrations were determined
according to national standard protocols (PRCMEP, 2002). The runoff samples were
categorized into two groups. One group was used to determine the total nitrogen (TN)
and PON. The other group was filtered using a 0.45 pm microporous membrane. The
filtrate was acidified with sulfuric acid to pH < 2, and the concentrations of total
dissolved nitrogen (TDN) and NO3-N were determined within 24 h. A curve was
constructed using the standard NOs;™-N solution as the horizontal axis and the
absorbance in ultraviolet spectrophotometry (UV-6100) as the vertical axis. The
concentration of NO3™-N was determined using UV spectrophotometry (HJ 636-2012).
The NOs-N concentration was quantified by measuring the absorbance of nitrate ions
at 220 nm. Two sets of runoff samples were aliquoted and the concentrations of TN and
TDN were determined separately. The TN and TDN in the two runoft samples were
oxidized to NO3™-N using K»S>0s. The oxidized mixture was placed in a high-pressure
steam tank and maintained at a temperature between 120 °C and 124 °C for 30 min.
Before measuring the absorbance at 220 and 275 nm, 1 mL of hydrochloric acid was
added to the mixture. The NOs-N concentration was determined based on the curve of
the NO3™-N concentration corresponding to the measured absorbance and the TN and
TDN concentrations. The PON concentration can be expressed as [PON] = [TN] -
[TDN]. The concentration of NO3-N was determined directly via UV
spectrophotometry without digestion and heating. NO3™-N and PON concentrations are
the concentrations of nitrogen in stormwater runoff in nitrate and particulate forms,
respectively. The mean concentration of NO3-N and PON for each rainfall event was
expressed as event mean concentration (EMC). EMC is usually defined as the mass of
the pollutant contained per unit of runoff volume during a unit rainfall event (Peng et
al., 2016). It can be defined as a mathematical formula as follows (Perera et al., 2021):

_Jy et

EMC .
Jy @®at

where C(t) and Q(t) are time variable concentration and the flow rate,
respectively. T is the event duration.

The isotopes of the nitrates (5'°N-NOs™ and §'®0-NOs") were analyzed using the
bacterial denitrification method (Mcllvin and Casciotti, 2011), and an isotope mass
spectrometry (Isoprimel00, Cheadle, UK) was undertaken to determine the isotopes.
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The particulate samples were acidified with hydrochloric acid to remove inorganic
compounds present, and an isotope mass spectrometer (Isoprime100, Cheadle, UK) was
connected to an elemental analyzer to determine the PON isotopes (8'*C-PON and
5'>N-PON). The ratio of stable isotopes can be expressed using the delta (5) sign and
per mil (%o) as follows:

Rsample

Ssample = ( - 1) x 1000

Rstandard

where Rsample and Rsandard represent the °N/MN-NOs-, 180/!°0-NOs", 1*C/>C-PON, and
ISN/MN-PON ratios of the samples and standards, respectively. The values of §'°N, §'%0,
and 8'3C correlate with the values of atmospheric Na, §'%0, and §'3C, respectively,
based on the Vienna Standard Mean Ocean Water and Vienna Pee Dee Belemnite
standards. Each sample was analyzed five times in isotopic analysis.

2.4 Statistical analysis
2.4.1 Landscape pattern analysis

Remote sensing data from the catchment area were visually interpreted using ArcGIS
10.7 to classify the land use of the catchment area based on permeable/impermeable
patches. Bare land, woodland, and grass were classified as permeable patches, whereas
roofs, roads, and construction land were classified as impermeable patches. The
landscape pattern index is a simple quantitative index that can highly condense
information about the landscape pattern and reflects certain aspects of the composition
and spatial configuration of its structure (Wu et al., 2021). To calculate the patch class
level landscape pattern indices, a map of classified permeable/impermeable patches can
be input into the FRAGSTAT 4.2.1 software. The landscape pattern indices used are
discussed in Section 3.1. The landscape pattern indices of permeable patches were used
to describe the landscape patterns of permeable/impermeable surfaces in the catchments
of interest.

2.4.2 Source apportionment calculation

The MixSIAR model was used to determine the primary NO3™ contributing sources in
drainage flow, roof runoff, road runoft, and rainwater, as well as the primary PON
contributing sources in suspended solids in roof runoff (i.e., roof deposited sediments),
suspended solids in road runoff (i.e., road deposited sediments) and suspended solids
in drainage flow (i.e., drainage sediments). The model is expressed as follows (Parnell
etal., 2013):

k
Xij = Zkzlpk(sjk + Cjie) + &
Sik~N (Uj, 0% jx)

Ci~N (Ajke, T%j1)

Ejk"‘N(O, O'ij),
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where Xj; is the isotopic value j of sample i (1 = 1,2,3,....N; j = 1,2,3,....j); Pk is the
proportion of source k (k= 1,2,3,....k) estimated using the STAR model; Sk is the source
value k of isotope j, which is normally distributed with A, as the mean and 72 jk as
the standard deviation; and & is the residual that represents the additional
unquantified variation between samples.

2.4.3 Analysis of variance (ANOVA)

Statistical comparisons of spatial and temporal differences in NO3-N and PON
concentrations and contributions of different transport stages were performed via
ANOVA. Post-hoc comparisons of the mean NO3™-N concentrations and contributions
between the two catchments were conducted to determine the magnitude of the
association. Values of p > 0.05 indicate no significant differences, whereas values of
0.01 < p < 0.05 indicate significant differences. Values of p < 0.01 indicate highly
significant differences.

2.4.4 Pearson correlation analysis

Pearson correlation analysis was performed to determine the relationship between
landscape pattern indices and concentrations and source contributions. Pearson
correlation analysis has been used extensively to analyze the correlation between
landscape patterns and the water quality in catchments (Li et al., 2015a). Correlation
coefficients are used to determine the degree of correlation: a correlation coefficient of
0.8 to 1.0 indicates a high correlation; 0.5 to 0.8, a moderate correlation; and 0.3 to 0.5,
a low correlation. Pearson correlation analysis was performed using SPSS version 26.0.
Each landscape pattern index was tested individually for all nitrogen indicators. The
correlation coefficients ranged from -1 to 1 based on ‘analytically correlated bivariate-
correlation’ analysis, with p values of 0.01 and 0.05 for permutation testing. The
parameters were selected based on the number of correlated parameters.

3 Results
3.1 Comparison of landscape patterns at BNU and FSC

The differences in landscape characteristics between BNU and FSC are presented in
Section 2.1. Previous studies found that the area ratio, circumference, shape and patch
connectivity of permeable surfaces have the most significant influence on stormwater
runoff pollution in urban catchments (Ma and Zhao, 2022a; Shen et al., 2014). In other
words, landscape patterns that could characterize the permeability fragmentation, shape
complexity and permeability convergence were considered in this study. Accordingly,
six landscape pattern indices were selected to quantitatively describe the differences in
landscape pattern between BNU and FSC: the mean proximity index (MPI), largest
patch index (LPI), mean shape index (MSI), landscape shape index (LSI), connect index
(CONNECT) and splitting index (SPLIT). MPI and LPI represent the extent of
permeability fragmentation. MPI is the number of permeable patches per unit area. LPI
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refers to the percentage of the largest area of permeable parcels in the catchment relative
to the total area. MSI and LSI represent permeability complexity. MSI represents the
level of complexity of an individual permeable patch. LSI refers to the complexity of
the permeable patch shapes. CONNECT and SPLIT represent the permeability
convergence. CONNECT is the functional connectivity between permeable patches.
SPLIT is the degree of separation of permeable patches in the catchment. Table 2 shows
a comparison of the landscape pattern indices for BNU and FSC. The LPI and MPI of
BNU were significantly higher than those of FSC, suggesting that permeable patches
at BNU are less fragmented than at FSC. The LSI and MSI of BNU were higher than
those of FSC, suggesting that permeable patches in BNU are more complex in shape
compared to FSC. The CONNECT of BNU is higher than that of FSC, whereas the
SPLIT is lower than that of FSC, suggesting that BNU has better permeable surface
connectivity than FSC.

Table 2. Comparison of landscape pattern indices for BNU and FSC.

Landscape Fragmentation Complexity Convergence

patterns MPI LPI LSI MSI CONNECT SPLIT

BNU 76.4736 13.0792 14.8072 1.6104 5.8252 52.9074
FSC 329254  4.6566 8.9681 1.2522 1.9987 100.4824

3.2 Comparison of NO3™-N and PON concentrations during stormwater transport

Figure 2 shows the mean concentrations of NO3;-N and PON during stormwater
transport from different rainfall events in the two catchments. As shown in Figure 2,
the PON concentration in roof runoff from BNU (mean, 0.74 mg/L) was slightly less
than that from FSC (mean, 0.87 mg/L). The PON concentration in road runoff from
BNU (mean, 2.15 mg/L) was significantly lower than that from FSC (mean, 3.44 mg/L;
ANOVA, p <0.05). This is attributed to the fact that the roads at BNU are connected to
relatively larger lawns and woods with the larger permeable surfaces acting as large
PON retention areas. Besides, owing to the complex shapes of the permeable surfaces
in BNU, PON transport originating from the surrounding road surfaces is impeded and
suspended solids are retained by the permeable surfaces to a greater extent. Additionally,
the more explicit aggregation pattern between the permeable patches in BNU enhances
the exchange of material and energy, as well as retaining more PON. The PON
concentration in the drainage flow from BNU (mean, 5.49 mg/L) was significantly
higher than that from FSC (mean, 3.01 mg/L; ANOVA, p <0.05). This is attributed to
the fact that the permeable surface at BNU is dominated by woodland, whereas at FSC
is dominated by grassland. Previous studies have shown that vegetation debris and grass
clippings from lawns constitute 76% and 24% of the PON in stormwater runoff,
respectively (Lusk et al., 2020). The concentration of PON in the drainage flow from
11



BNU was higher than that from FSC, which is consistent with previous findings. The

trend in PON concentrations in the two catchments at each transport stage was analyzed.

PON concentrations in BNU increased in the order of roof runoff (mean, 0.74 mg/L) <
road runoff (mean, 2.15 mg/L) < drainage runoff (mean, 5.49 mg/L), and the highest
PON concentration was found in the drainage runoff. Different from BNU, PON
concentration in FSC showed an increasing trend from roof runoff (mean, 0.87 mg/L)
to road runoff (mean, 3.44 mg/L) and then it showed a decreasing trend from road
runoff to drainage runoff (mean, 3.01 mg/L), with the highest PON concentration in
road runoff. The reason for this difference is primarily attributed to the large vegetated
area consisting of trees and grasses at BNU which can trap a relatively larger amount
of particulate matter present in road runoff.

The NOs3™-N concentration in the roof runoff from BNU (mean, 2.21 mg/L) was slightly
less than that from FSC (mean, 2.65 mg/L). The NO3™-N concentration in road runoff
from BNU (mean: 0.90 mg/L) was significantly lower than that from FSC (mean, 1.90
mg/L; ANOVA, p < 0.05). The NO3™-N concentration in drainage flow from BNU
(mean, 0.40 mg/L) was significantly lower than at FSC (mean, 2.24 mg/L; ANOVA, p
< 0.05). This indicates that the NO3-N concentration in stormwater from BNU was
significantly lower than in FSC during stormwater transport, which is attributed to the
fact that BNU features relatively larger aggregated permeable surfaces, which can
enhance the prevention of NO3-N production (Shen et al., 2015). In addition, the
complex boundary of permeable surfaces at BNU promotes interaction with runoff from
impermeable surfaces. Therefore, it contributes positively to the storage and retention
of NO3™-N.

Consequently, the landscape pattern is crucial for regulating NO3™-N concentration in
urban stormwater runoff and an optimal spatial arrangement of permeable/impermeable
patches can play a key role in reducing NO3™-N concentration. In conclusion, a large
aggregated permeable area with a complex shape can contribute to lowering NO3™-N
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(b) shows the concentrations of NO3™-N at different transport stages. Significant
differences (ANOVA, p < 0.05) are denoted by *.)

3.3 Differences in source contributions of NO3-N and PON to urban stormwater
runoff

Figure 3 illustrates the difference in the contribution from each transport stage to NO3"
-N and PON in stormwater runoff from BNU and FSC. The contribution of each
transport stage reflects the proportional relationship between the fluxes of the transport
stages, where the flux is the product of the pollutant concentration and runoff volume.
As shown in Figure 3, no significant difference is evident in the PON contributions
from roof runoff and drainage sediments between BNU and FSC, while the contribution
from road runoff to PON shows significant differences between the two catchments. In
addition, road runoff generally yields more PON compared to the other transportation
stages. The PON contribution from road runoff at BNU (mean, 49%) is significantly
lower than at FSC (mean, 67%; ANOVA, p < 0.05). Further, no significant difference
was noted in the NO3™-N contribution from roof runoff and rainwater between BNU and
FSC. However, the NO3™-N contribution from road runoff from BNU (mean, 28%) was
significantly lower than that from FSC (mean, 34%; ANOVA, p <0.05). The difference
between the contribution from road runoff to NO3™-N and PON is attributed to the fact
that the road network at BNU is connected to an aggregated permeable surface area,
which has a greater retention effect on runoff. Furthermore, the complex and long
pathways along the permeable patches at BNU decrease the propagation rate of runoff.
Additionally, the higher connectivity of the permeable surfaces at BNU increases the
continuity of the runoff retention effect of the green spaces near the roads. Therefore,
the road runoff from BNU is retained more effectually than at FSC. Runoff volume is
considered a key factor that affects pollutant fluxes in urban stormwater runoff. When
the runoff volume decreases, the residence time of the runoff on the catchment surface
increases, and the ability of microorganisms to transform nitrogen is strengthened. This
may result in a lower contribution to NO3™-N and PON by road runoff (Huan et al., 2011;
Jun et al., 2023; Peng et al., 2019a). In addition, the lower concentration of NO3™-N and
PON in the road runoff from BNU (Figure 2) may also result in its lower contribution
to NO3™-N and PON pollution in stormwater.
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Figure 3. Contributions of different nitrate sources to drainage flow. (Note:
Figure (a) shows the contribution of PON at different transport stages. Figure (b)
shows the contribution of NO3™-N at different transport stages. Significant differences
(ANOVA, p <0.05) are denoted by *.

4. DISCUSSION

4.1 Effect of landscape pattern on transport and sources of NO3-N and PON in
stormwater runoff

An appropriate landscape pattern of permeable/impermeable patches significantly
affects the transport and sources of NO3-N and PON because of the strong ability to
retain pollutants on permeable surfaces (Jiang et al., 2020; Ma and Zhao, 2022b).
Landscape pattern indices of permeable patches such as woodland and grasslands have
been widely used to quantify the effect of landscape patterns on nitrogen pollution
generated by urban catchments (Billmire and Koziol, 2018; Li et al., 2015b; Teixeira
and Marques, 2016b). However, the effect of permeable/impermeable surface patterns
on NO3-N and PON concentration during stormwater transport and the source
contribution of each transport stage to NO3-N and PON has not been adequately
investigated to-date. This study contributed to meeting this knowledge gap.

Figure 4 shows the correlation between NO3-N and PON concentration at different
stormwater transport stages, source contribution, and landscape pattern indices. MPI,
LPI, LSI, MSI and CONNECT are negatively correlated with NO3™-N concentrations
in road runoff and drainage flow, as well as with PON concentrations in road runoff,
whereas SPLIT shows the opposite with the concentrations of NO3-N and PON during
the corresponding transport stages. This indicates that less fragmentation (higher MPI
and LPI), more complex shapes and profiles (higher LSI and MSI), and higher
aggregation (higher CONNECT and lower SPLIT) of permeable patches significantly
reduces the NO3™-N concentrations in road runoff and drainage flow, as well as the PON
concentration in road runoff. In addition, MPI, LPI, LSI, MSI, and CONNECT are
negatively correlated with the contributions to NO3;-N and PON by road runoff,
whereas SPLIT shows an inverse correlation with the contributions of NO3™-N and PON
by road runoff. This indicates that less fragmentation, more complex shapes and profiles,
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and higher aggregation of permeable patches significantly reduce the contributions to
NO;3™-N and PON by road runoff. The significant reduction of nitrogen pollution in road
runoff is attributed to the higher nitrogen retention by larger permeable patches (i.e. less
fragmentation), which imposes a greater effect on reducing road runoff volume,
reducing NO3™-N concentrations, and adsorbing and converting PON (Lewis and
Grimm, 2007; Zhang et al., 2019b). Consequently, the adjacent permeable patches
enhance the exchange of materials and energy, thus facilitating the reduction of NO3-
N and PON in road runoff. In terms of complexity, the contours and shapes of
permeable patches drive pollution sinks. Complex shapes elongate the pollutant
transport paths and increase road runoff losses due to permeable surfaces (Yang et al.,
2004). In terms of aggregation, higher connectivity between permeable patches
enhances their ability to intercept runoff from road surfaces (Meng et al., 2021; Peng et
al., 2019b), as well as increases the exchange of materials and energy for promoting the
uptake of NO3™-N and PON, thus enhancing their ecological functions in regulating
NO3™-N and PON concentrations. Therefore, reduced fragmentation, more complex
shapes and profiles, and higher aggregation of permeable patches in urban catchments
should be considered for mitigating NO3-N and PON pollution in stormwater,
especially road runoff.

Other than for the reduction of nitrogen pollution in road runoff, the landscape pattern
indices were also found to influence the pollution in roof and drainage flow. Figure 4(a)
shows that PON concentration in drainage flow has a strong positive correlation with
MPI, LPI, LSI, MSI and CONNECT, and a negative correlation with SPLIT. This is
because larger and more aggregated patches of lawn and woodland will contain
relatively larger amounts of vegetation. Consequently, increased amounts of vegetation
debris are generated. These plant residues will enter the drainage system via a rainwater
grate and build-up in the drainage pipes. During rainfall, these built-up pollutants can
contribute a significant amount of PON to drainage flows. Meanwhile, MPI, LPI, LSI,
MSI, and CONNECT show a strong positive correlation to the contribution to PON by
roof runoff and drainage sediments (Figure 4(b)). The high contribution to PON by roof
runoff is attributed to the lack of stormwater management measures for roofs.
Considering the weak correlation between landscape pattern indices and PON
concentrations in roof runoff, the volume of roof runoff is the main reason for the high
contribution to PON. The large contribution of drainage sediments to PON is due to its
increased concentration in drainage flow. Thus, appropriate strategies including LID
should be applied to both roofs and drainage networks.
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the correlation between the contribution of primary sources and the landscape pattern
index; A represents landscape pattern indices MPI, LPI, LSI, MSI, and CONNECT; and
B represents landscape pattern index SPLIT.)

4.2 Practical application of the research findings

Landscape patterns of permeable/impermeable patches in urban catchments should be
considered for the effective application of LID to mitigate stormwater pollution (Jiang
etal., 2020; Ma and Zhao, 2022b). LID is becoming increasingly popular for alleviating
urban stormwater pollution by inserting permeable surfaces within impermeable
surfaces (Jiang et al., 2020; Liu et al., 2021). Examples of LID include green roofs,
bioretention ponds and artificial wetlands, which can play an important role in
mitigating the increase in runoff volume and stormwater pollutants resulting from
impermeable surfaces (Kong et al., 2021; Liu et al., 2021). The combination of local
LID master plans and regional landscape planning is ideal for controlling urban
stormwater pollution (Li et al., 2018; Zhang et al., 2017). Based on the relationship
between transport and sources of NO3™-N and PON in urban catchments and landscape
patterns, recommendations are provided to mitigate urban stormwater nitrogen
pollution by the appropriate spatial arrangement of LID in urban catchments.

This study found that lower fragmentation, higher complexity and greater aggregation

of permeable patches are effective in reducing NO3™-N and PON pollution. Accordingly,

a few larger areas of permeable patches are preferable over multiple small areas of

permeable patches. The former type of landscape pattern is essential for reducing NO3"
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-N and PON contributions by road runoff. The use of permeable areas such as lawns to
connect LIDs can also be considered to reduce their dispersion and increase the
connectivity between LIDs and the individual permeable areas to facilitate retention of
NOs™-N, PON and runoff volume. In addition, LID designed with complex boundaries
and connected LID groups are favored to reduce NO3-N and PON in stormwater runoff.
For example, rain gardens and grass swales on roads are effective natural purification
and bioretention techniques for stormwater management. Connecting them in series to
increase runoff pathways and complexity can simultaneously decrease cumulative
runoff and pollutant loads (Davis et al., 2012; Sharma and Malaviya, 2021; Wang et al.,
2014). It is also recommended that LID technologies such as green roofs (Alim et al.,
2023) should be adopted to minimize the roof runoff volume. It is noted that LID
technologies for roof runoff can be applied to newly developing areas, and in the case
of developed urban areas, other measures should be considered. Further, the appropriate
selection of plants for green roofs can also be incorporated into the green infrastructure
to improve its effectiveness in stormwater runoff treatment (Farrell et al., 2022). Further,
drainage desilting before the rainy season is also recommended to minimize the
nitrogen load in drainage flow during rainfall events. It is important to note that this
study primarily investigated the influence of landscape patterns of permeable surfaces
on roof and road runoff. Therefore, landscape patterns of permeable patches with lower
fragmentation, more complex contours, and higher aggregation could more effectively
reduce nitrogen pollution from roof runoff and road runoff. However, there are still
limitations in the reduction of runoff pollution in drainage systems. For example, it was
found that PON concentration in drainage runoff was higher with these landscape
patterns, and thus further measures should be conducted to remove drainage sediments.

5. Conclusions

In this study, the influence of the landscape pattern of permeable/impermeable patches
in urban catchments on the transport and sources of NO3-N and PON in stormwater
runoff were investigated. Six landscape pattern indices (MPI, LPI, MSI, LSI,
CONNECT, and SPLIT) were selected to describe the effects of fragmentation,
complexity and connectivity on the concentrations and source contributions of NO3™-N
and PON in urban stormwater runoff. The study outcomes confirmed that relatively
large permeable patches, complex shape, and good connectivity can significantly
reduce the NO3-N concentrations in road runoff and drainage flow and PON
concentrations in road runoff. Further, the above landscape pattern is effective for
mitigating the contributions of NO3;™-N and PON from road runoff. Therefore, LID
measures can be installed in urban catchments linking with permeable patches such as
lawns to reduce fragmentation and to increase the connectivity of permeable areas.
Furthermore, LIDs designed with complex boundaries are favored to increase the
effectiveness of permeable patches.
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