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Abstract: Land Use and Land Cover (LULC) properties give vital information about pollution signa-
tures in rivers, and they help develop best management practices (BMPs) for effective water resource
management. This work employs multivariate statistical methods, receptor modeling, connectivity
analysis, and univariate trend analysis to investigate pollution sources across spatiotemporal scales
in the Manawatu River, New Zealand. A positive matrix factorization (PMF) method was applied
to interpret possible contamination sources. A 25-year dataset (1989–2014) comprising 12 water
quality variables from three sites was used. Runoff connectivity analyses identified high-producing
grassland (HG) as the most dominant pollution class in all sub-catchments. Univariate analyses
revealed that nutrients and sediments were higher than in the initial monitoring years. The PMF
analysis found possible pollutants causing impairment, which required attention from waste man-
agers. PMF also showed that point, natural, and agricultural sources significantly contributed to
pollution downstream of the river. In the midstream, the erosion, point, and agricultural sources were
significant contributing factors. Agricultural pollution and soil erosion were the main contributors to
the upstream sub-catchment area. This study suggests that BMPs with a high retention capacity are
needed in specific locations in the catchment area to filter high concentrations of pollutants generated.

Keywords: pollution status; river water quality; source apportionment; agricultural pollution; LULC

1. Introduction

Clean water is vital for many daily activities and good health [1,2]. However, with
advances in agricultural, industrial, and urban development, maintaining water quality at
preferred standards has been difficult in recent times [3–6]. The quality of water sources,
particularly surface water, is the sum of the components of the surrounding watershed, with
land-use activities identified as being responsible for the impairment of water quality [7,8].
One of the main reasons is that land use decisions are made without considering the
watershed’s assimilatory capacity [9,10]. The authors in a recent publication [11] found
that an excess influx of nutrients beyond the river’s assimilation capacity results in poor
water quality.

When water quality is adversely affected, ecosystem function is disrupted. The
consequences are eutrophication or sedimentation [12]. For example, phosphorus and
nitrogen from fertilizer in agricultural areas have been major causes of pollution, leading to
algal blooms in rivers and lakes. These impairments can reduce the aesthetic quality of the
river due to a reduction in clarity [13], and they can reduce oxygen levels when dead zones
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are created. Changes in the levels of other variables, such as dissolved oxygen, temperature,
pH, and total suspended solids, can affect ecosystem performance, especially when they
fall out of the recommended ranges. Thus, it is crucial to monitor water quality, reduce
soil erosion, and prevent runoff entering water bodies to ensure they are maintained at an
acceptable standard. The implementation of a wide range of watershed best management
practices (BMPs) has been suggested in the literature. These include waste stabilization
ponds, wetlands, animal fencing, and riparian restoration [14]. Riparian restoration has
proven to be the preferred method of policy makers, as it can be a cost-effective option
when installed in an appropriate location within a river catchment.

In the absence of riparian restoration, a consistent water quality assessment is required
to determine the state of the water bodies. This assessment will assist watershed managers
in developing optimal policies, decisions, and management practices. Water quality assess-
ments can be performed using routinely monitored stations. These stations enable relevant
authorities to gather data that can be analyzed using univariate and multivariate statistical
methods. These methods have been applied collectively to detect potential sources of
pollution and the relationships between variables in clusters. However, performing these
analyses in isolation may lead to incorrect conclusions. Several studies in the literature have
utilized these techniques to propose cause-and-effect relationships between environmental
pollution associated with groundwater [15–18] and surface water [19].

New Zealand (NZ) has been identified as a nation that experiences surface water
quality problems that are associated with intensive land use [20–22]. Certainly, New
Zealand stands as a significant global exporter of sheep products, powdered milk, and
butter. This surface water quality issue can be linked to the nation’s heightened level
of agricultural productivity [23]. This dominance in agriculture is likely to stress river
water quality, as more fertilizers are required to increase agricultural production. NZ began
consistently collecting and monitoring water quality data on a national scale in 1989 [24]. As
reported in Davies-Colley et al. [25], their National River Water Quality Network (NRWQN)
has been in operation for three decades, and it has consistently monitored water quality
variables. This robust dataset encompasses the spatial and temporal variability of water
quality. Seventy-seven sites were monitored throughout thirty-five rivers across NZ, with
each site close to a hydrometric station. Although several studies have used this dataset to
reveal water quality issues on a national scale [21,26–30], very few have used it to identify
sources of pollution on regional and catchment scales.

As water quality issues are location-dependent, they are influenced by natural pro-
cesses and anthropogenic activities in the watershed. This study applied multivariate statis-
tical analyses to determine the seasonal and spatial patterns of water quality impairments in
the Manawatu River. Additionally, this study assessed the overall state of the watershed in
terms of pollutant concentrations by apportioning sources using a receptor modeling tech-
nique. Finally, we compared our water quality findings with runoff connectivity and land
use/land cover (LULC) data to identify specific landscape connections and contributions.
This multi-dimensional analysis can be used to inform water-management strategies.

2. Materials and Methods
2.1. Study Area Physical Geography

The 5879 km2 Manawatu catchment is situated on the southern tip of the North Island
of NZ (Figure 1). Within this watershed, three NRWQN monitoring stations have been used
to collect water quality variables since 1989. The first station in the upstream section was
mainly surrounded by grassland and pasture, whereas the midstream station was adjacent
to large built-up areas. The last station was situated near the catchment outlet. Larned
et al. [27] and Abott et al. [31] reported that the Manawatu River is affected by sediment
primarily because of intensive land use on moderate to steep slopes comprising erodible
soils. The southern and eastern regions of the Manawatu catchment are mountainous
and hilly, respectively, and they are covered by natural forests and shrublands, some of
which have been converted to pastures for beef cattle, dairy, and sheep farming [14]. It is
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situated on soft sedimentary rocks that are characterized by mudstone and sandstones. The
mountains contain hard, dark grey-brown soils that produce fine deposits when eroded,
whereas the hills are characterized by tertiary-aged mudstone or sandstone [14]. Substantial
amounts of sediment from this catchment (proliferated by land clearing) are generated in
the ocean at a rate of Ca 3.74 Mt yr−1 [32].
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Figure 1. Manawatu River catchment showing major river networks and sampling sites.

In accordance with Land Air Water Aotearoa [33], the Manawatu River is 235 km long.
It has several large tributaries, such as the Mangahoo, Mangatain oka, Oroua, Pohangina,
and Tiraumea rivers, which are 86, 71, 131, 71, and 69 km, respectively. The river starts in
the eastern part of NZ and gradually moves into the Tasman Sea. Land use in the Manawatu
catchment predominantly consists of agricultural activities (70%). Half of the agricultural
land is used for sheep and beef farming [33]. Within the catchment, Palmerston North,
where the WA8 sampling site is situated, had the largest urban settlement. In addition,
there are numerous other small communities within the catchment. The settlers in these
communities practice intensive agriculture and have done so for years, which suggests that
the primary consumptive use of the river within the catchment is for irrigation purposes.

2.2. Water Quality

The Manawatu catchment is located within the Manawatu–Wanganui region, which
has some distinctive topography, including the Ruahine, Tararua, and Puketoi Ranges.
These ranges exceed 1000 m in terms of elevation, but they drop to form a ridge as they
approach the Manawatu gorge. Water quality data were collected monthly by the National
Institute for Water and Atmospheric Research (NIWA) from three monitoring sites within
the Manawatu catchment for 25 consecutive years (1989–2014). These three stations com-
prised a longitudinal study, cutting across the upland river with an altitude of >150 m,
and they were assumed to be less polluted (WA7) than the lowland (lower elevation) river
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with an altitude of <150 m. These lowland rivers will likely witness higher background
concentrations as the accumulated diffuse pollution flows downstream (WA8 and WA9). A
summary of different site characteristics is presented in Table 1. More specifically, WA7
(Manawatu at Weber Road) is in the upstream section of the Manawatu catchment, with
a median temperature of 13 ◦C and a catchment area of 705 km2. WA8 (Manawatu at
Teachers College) was located at an intermediate point.

Table 1. Characteristics and location of monitoring sites in the Manawatu Catchment.

Site Code Catchment Area (km2) Site Description

WA7 705.28 Located upstream
WA8 3897.37 Major river mid-stream located in the center of Palmerston North
WA9 4222.22 Located downstream

The catchment area of WA8 encompasses 3897 km2, and it is located in the center
of Palmerston North. It has experienced significant soil erosion, which has affected the
river’s water quality owing to its low elevation, as compared with WA7. It consists of major
rivers with significant pastoral development, and it has a median temperature of 13.8 ◦C.
WA9 (Manawatu at Opiki Bridge) is located in the downstream section of the river. This
catchment has a median temperature of 14.4 ◦C, and it receives treatment for industrial and
sewage discharges.

The dataset used for this study included data collected from the inception of the water
quality monitoring program, which was established by the NRWQN between Jan 1989 and
Dec 2014, considering 12 variables (Table 2). Of the 12 parameters measured, five were mea-
sured in situ, and seven others were measured in the laboratory. The water quality variables
measured in the field were Discharge (Q), Dissolved Oxygen (DO), Water Clarity (CLAR),
turbidity (TURB), and Water Temperature (Tw). Moreover, pH, Total Phosphorus (TP),
Total Nitrogen (TN), Dissolved Reactive Phosphorus (DRP), Oxidized Nitrogen (NOx−),
Colored Dissolved Organic Matter (CDOM), and Conductivity (COND) were measured in
the laboratory [24]. Smith and McBride [24] and Davies-Colley et al. [34] provided detailed
accounts of how the water samples were collected. At the beginning of the sampling years,
and up until 2004, samples taken for laboratory testing were simultaneously collected in
2 L High-Density polyethylene (HDPE) bottles at each site. In 2005, sampling with 2 L
HDPB was replaced with a single 500 mL HDPB of the same quality, and it was produced
by the same manufacturer. Water samples were stored in an insulated bin filled with slush
ice, and they were immediately transported to a water quality center in Hamilton, New
Zealand. These samples were transported immediately to ensure that both chemical and
biological tests were conducted within 24 h, in accordance with laboratory standards.

2.3. Statistical Analysis

To determine the quality of the monitored river over time, and to measure average
changes in water quality, we grouped the dataset into 5 year periods from 1989 to 2014,
except for 1994, which was exempted for all variables due to contamination with ammo-
niacal nitrogen (NH4

+) [34]. This study used median values, rather than mean values, to
compare and monitor water quality changes; this is because the latter is sensitive to spread
and to extreme values. Median values for each 5 year period were calculated and com-
pared in order to trigger values prepared by Australia and New Zealand for water quality
assessments; these values varied between the lowlands and uplands (distinguished in
accordance with the 150 m elevation threshold) (Table 2) depending on where the sampling
stations were situated (Australian and New Zealand Environment and Conservation Coun-
cil; ANZECC [35]). These triggered values do not necessarily suggest an immediate threat,
but they are a warning sign for future risk if not curtailed. Statistical testing procedures
were performed using the SPSS package (V.23) and an R package (R Core Team, 2020),
whereas receptor modeling was performed using EPA PMF 5.0 [36]. Before statistical testing
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and modeling were conducted, missing data were excluded from the analyses. After that, a
normality test was performed using the Kolmogorov–Smirnov (K–S) test to determine the
distribution of the dataset. This normality test was crucial for identifying the appropriate
statistical test to implement the forward movement. For example, a normality test showing
a non-normal distribution is usually analyzed using non-parametric statistical methods.
In this study, the normality test showed that the dataset was not normally distributed
(p < 0.05), except for one or two parameters at some sites. Seasonal pollution patterns
were investigated for each site by stratifying the datasets into seasons to determine which
season might be an apparent contributor to river water quality compared with the overall
pollution status, especially the trigger values.

Table 2. Description of Water Quality Data Used for Analysis of the Manawatu River in NZ from
1989–2014.

Unit Abbreviation Missing Data (%) Trigger Values
(Lowland/Upland †)

Flow rate m3/s Flow 1.4
Water Temperature ◦C Tw 0.3

Electrical conductivity µScm−1 EC -
Dissolved Oxygen g/m3 DO 1.3 6

Dissolved Oxygen (%) % DO% 1.3 98/99

pH - pH 0.2 7.2/7.3
Turbidity NTU Turb - 5.6/4.1

Total Phosphorus g/m3 TP 0.3 33/26
Total Nitrogen g/m3 TN 0.6 614/295
Visual clarity m−1 Clar - 0.8/0.6

Dissolved Reactive Phosphorus g/m3 DRP - 10/9
Ammoniacal nitrogen g/m3 NH4-N - 21/10

Nitrate g/m3 NO3-N - 444/167

Note: DO % and pH: lower limits were considered. † Lowland and Upland are distinguished by the 150-m
elevation threshold.

According to Abott et al. [31], the Manawatu Catchment has two different seasons
(summer—November to May; and winter—June to October). Summer, winter, overall,
and trigger comparison observations were conducted for both seasons to identify the
contribution of seasonality to the water quality variables measured at different sites. A two-
tailed, non-parametric Spearman’s correlation test was applied to determine the relationship
between the variables (α = 0.05 and 0.01). Spearman correlation coefficient values were
reported using the raw data because there was no change in statistical significance central
to this study. This study focused on direction and statistically, and the significant difference
developed by the variable rather than the coefficient, which was consistent when the
transformed Pearson’s correlation coefficient was used [37–40]. In addition, there were
several significant relationships at the 95% and 99% confidence intervals, although many
seemed weak. To reduce the number of relationships observed, only Spearman correlation
values of (r) > 0.75 were reported.

The positive matrix factorization (PMF) method is used on environmental datasets to
identify potential sources and to apportion possible weights in percentages of pollution pa-
rameters. This outcome was achieved by decomposing a large temporal dataset into single
quantified weights in the form of factor contributions, factor profiles, or factor fingerprints.
These factor profiles were sub-divided into concentrations of species (pollutants and their
respective percentages). The percentages of these factor profiles were then interpreted as
the pollutant prevalence at the sites under investigation. The PMF model can be expressed
in the following general form:

X = GF + E (1)
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The X matrix was decomposed into G and F matrices, where G represents the factor
contribution, and F represents the factor profiles. Matrix E is the residual error, which
should be minimized. Minimizing these errors in each variable, such that they tend toward
zero, would almost guarantee that the dataset or variable was from a normal distribution.
The PMF model generates covariance and correlation matrices to be decomposed, with
one of its strengths being the generation of non-negative factors [41]. For this study, the
dataset was cleaned to ensure no missing data. In the event of missing data, it was replaced
with the median value of a specific variable. The file that is subjected to PMF modeling is
called the concentration file. After that, an uncertainty concentration file is created. This
refers to the minimum values that a measuring device can record; below this value, no
readings can be obtained. The use of an uncertainty dataset in modeling is essential in
pollution studies and risk assessment because of the presence of unknown processes or
activities, such as experimental precision, instrumental errors, environmental instability
effects (climate nonstationarity), and seasonal variability. This phenomenon may affect the
output, as well as the corresponding decisions made when neglected, as the model results
might have been significantly underestimated. The process of mathematically handling
uncertain data files using the PMF approach has been well documented elsewhere [36].

The Uncertainty concentration is obtained, as follows:

=
√

((Error fraction × concentration)2 + (0.5 ×MDL)2) (2)

where MDL is the minimum detection limit.
When performing the PMF analysis for this study, all datasets entered showed a strong

S/N ratio. This was attributed to the consistency of the data recorded, fewer missing values,
and the large dataset or sample size used for the analysis (Table 2). Despite this, some
variables were excluded from the analysis because the study focused on variables directly
involved in pollution, without including strongly correlated variables that could replace
one another. Therefore, temperature, DO, CLAR, and pH were classified as “bad weight”,
and the program neglected those variables during computation. However, a “normal”,
“bad”, “weak”, or “strong” weight was given to datasets with large, average, and minimum
missing values to alert the software program. In this study, all the variables were allocated
or described as strong by default. Regression plots showing the corresponding R-squared
values for each water quality variable were obtained.

2.4. Land Use Land Cover (LULC) Mapping

A map depicting the existing LULC in the Manawatu catchment was developed to
determine the contribution of LULC activity to water quality. Land cover specifies the
identifiable features of the land, including the presence of crops, forest plantations, or
scrub-grassland covers [11]. Identifying various LULCs is essential as it helps to provide
some insight into the sources of diffused pollution within a catchment. LULC data obtained
from the land cover database (LCDB v4.1, 2015) were used for this purpose. Thirty-five land
use classes were obtained. Moreover, they showed identical and conflicting classifications
with the land use and carbon analysis system (LUCAS) data operated by the NZ Ministry
for the Environment. Julian et al. [21] detailed these differences and reclassified the LULC
to be suitable for effectively establishing a water quality impairment relationship. This
study followed the same procedure as [21] to ensure consistency in terms of reporting in
accordance with the authors’ detailed output2.5. Landscape Connectivity Analysis

This study used an existing watershed connectivity model, developed by [42], to
connect the river to pollution source areas. This map showed that the LULC was directly
related to the river via surface runoff. This model was carefully developed following
the detailed procedure reported in [43]. The stream channels headed for the Manawatu
catchment were identified using 0.5 m rural aerial photos obtained from Land Information,
New Zealand, using two-year period data (2010–2012) as the reference point. The watershed
was then delineated from the headwaters of the catchment to establish the flow direction,
from upstream to downstream. Each 15 m pixel on the digital elevation model, with a
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greater than 5◦ slope, along the flow direction, as well as pixels adjacent to the river, were
categorized as “connected”. With the landscape connectivity map (Figure 2) developed, it
was clipped, combined, and reclassified to select catchments connected to floodplains in
the Manawatu catchment area.
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3. Results
3.1. Land Use Map and Analysis

From LULC mapping (Figure 3), different LULC categories were observed at the three
sites within the Manawatu catchment. Eight classes were present in the upstream area, as
follows (WA7): shrub/grassland (SG), urban (UR), non-plantation forest (NF), plantation
forest (PF), vegetated wetland (VW), high-producing grassland (HG), open water (OW),
and barren/other (BO). These categories revealed that perennial and annual croplands did
not exist upstream. The catchment of WA7 is dominated by HG (88.5%), NF (3.4%), and
PF (3%). For the intermediate site (WA8), all ten LULC categories were obtained. This
catchment is dominated by HG (74.1%), SG (14.2%), and NF (8%). The entire Manawatu
catchment (WA9; most downstream station) was dominated by HG (74.5%), SG (10.8%),
and NF (7.8%).
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3.2. Landscape Connectivity

Landscape connectivity analyses (Table 3) revealed that 83.6 km2 of the WA7 catchment
(or 11.9%) was directly connected to streams via surface runoff and floodplains. Another
196 km2 (27.8%) was related to streams via surface runoff, but not floodplains. That is, these
were steep hillslopes that directly contributed to the surface runoff to streams. In total, For
WA7′s catchment, 39.7% of the area was directly connected to streams via surface runoff.
Approximately 426 km2, more than half of the catchment area, is not directly connected,
and it contributes surface runoff to the Manawatu River. HG (88%) was mainly related
to a floodplain, which suggests a significant pollution source from the upstream section
of the Manawatu River. For the intermediate site (WA8), landscape connectivity results
suggest that ~2191 km2 of a total of 3897 km2 of the WA8 catchment (or 56.2%) was not
directly connected to the river (Table 3). However, 11.3% of the total area in the WA8
catchment (or 440.9 km2) was directly related to the stream via surface runoff and located in
floodplains. Moreover, 32.5% of WA8′s catchment (or 1265.3 km2) was directly connected to
a stream via surface runoff and not located in a floodplain. Of note, HG (75.3%) dominated
a substantial portion of the area connected to the floodplain, and ~64% of HG (HG area
connected and HG not connected to floodplains but connected to catchment) contributed
to the Manawatu River. Therefore, for WA8, 43.8% of the catchment area was connected to
streams via surface runoff. Regarding the downstream sub-catchment (WA9), 483.9 km2

of the catchment (or 11.5%) was directly connected to the stream via surface runoff and
were in floodplains. Another 1343.6 km2 of WA9′s catchment area (or 31.8%) was directly
connected to the stream via surface runoff, but not located in floodplains, and 2395.29 km2
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(or 56.7%) was not directly connected to either floodplains or the stream via surface runoff
(Table 3). Similarly, HG (66%) was the dominant LC in all three sub-catchments.

Table 3. (a) Reclassified watershed properties for WA7. (b) Reclassified Watershed Properties for Site
WA8. (c) Reclassified Watershed Properties for Site WA9.

Land Use/
Land Cover Category

Connected Area in
Floodplain (km2)

Connected Area Not
in Floodplain (km2)

Area Not Connected
(km2) Total (km2)

(a)

Shrub/grassland 3.39 14.20 15.67 33.26
Urban 0.12 0.12 0.36 0.60

Non-plantation forest 2.69 10.92 10.99 24.60
Plantation forest 3.36 6.77 11.11 21.24

Vegetated wetland 0.00 0.01 0.03 0.04
High-producing grassland 73.47 163.76 386.83 624.06

Open water 0.49 0.28 0.49 1.26
Barren/other 0.05 0.08 0.09 0.22

Perennial cropland - - - -
Annual cropland - - - -

Total (km2) 83.57 196.14 425.57 705.28

(b)

Shrub/grassland 47.51 294.89 207.40 549.80
Urban 1.93 2.45 17.53 21.91

Non-plantation forest 35.27 174.98 100.38 310.63
Plantation forest 11.78 28.27 50.55 90.60

Vegetated wetland 0.1 0.18 0.58 0.86
High-producing grassland 332.21 756.14 1799.32 2887.67

Open water 6.86 3.34 4.26 14.28
Barren/other 3.75 3.77 3.19 10.71

Perennial cropland 0.07 0.07 0.31 0.45
Annual cropland 1.43 1.19 7.66 10.28

Total (km2) 440.91 1265.28 2191.18 3897.37

(c)

Shrub/grassland 52.08 319.23 225.73 597.04
Urban 5.30 5.73 39.29 50.32

Non-plantation forest 37.51 181.05 105.76 324.32
Plantation forest 14.09 35.27 60.82 110.18

Vegetated wetland 0.10 0.18 0.58 0.86
High-producing grassland 360.67 792.61 1944.12 3097.40

Open water 8.01 3.82 5.05 16.88
Barren/other 4.22 3.92 3.45 11.59

Perennial cropland 0.08 0.09 0.41 0.58
Annual cropland 1.85 1.70 10.08 13.63

Total (km2) 483.91 1343.60 2395.29 4222.22

A comparison was made with their corresponding trigger values to determine the
extent to which the water quality parameters were affected by watershed activities, as
stipulated by ANZECC [35].

3.3. Seasonality and Trends in Water Quality in the Manawatu Catchment

The TP values (Figure 4a) for WA7 recorded an increasing trend for the first 15 years
of sampling and a reduction for the last ten years during the monitoring period. However,
the values recorded during this period exceeded the trigger values of 33 g/m3, except for
the first and last five years. The lowest median value measured in the first five years of
sampling was initially lower than the trigger value, but it later increased between 2000 and
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2004. For WA8 (Figure 4a), a similar trend was observed, with a minor difference observed
in the first and last five years. The first five years had slightly higher median values than
the trigger values, whereas the values during the previous five-year period were lower
than the trigger values. This difference may be due to non-point source pollution at WA7
(upland river), which flowed into lowland rivers (WA8 and WA9), as well as the increase
in connected pasture areas connected to the floodplain in WA9, compared with WA7.
However, this was not the case for WA9. Until 2014, the TP values recorded were higher
than the trigger values (Figure 4a). The higher TP values recorded may result from the
accumulation of pollutants as they flow downstream. The seasonality comparison for all
sites revealed similar trends for WA7 and WA8 (Figure 5a). The TP values in WA7 and
WA8 were higher in winter than in summer, whereas the overall median values for both
sites were higher than those of the stipulated trigger values. For WA9, which was not the
case in summer and winter, the overall median values were higher than the trigger values
(Figure 5a).
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Throughout the monitoring period, the DRP values were higher than the trigger
values for WA9, measuring 9 g/m3 (Figure 4b). Between 1989 and 1993, and 2005 and 2009,
there was a reduction in DRP; their levels were lower than the trigger values in WA7 and
WA8. These values increased in 2014 and were higher than trigger values. Seasonality
comparisons for all sites showed that seasonal values were higher than trigger values for
WA9 (Figure 5b). At the same time, the same was only observed for winter and overall
median values in WA7 and WA8. As for TN, all three sites (WA7, WA8, and WA9) (Figure 4c)
showed similar distribution patterns to the patterns mentioned above from the beginning.
The TN values recorded were above the trigger value of 295 g/m3 until 2014. Interestingly,
these values were significantly higher between 2000 and 2004. Seasonality across sites
revealed that the summer, winter, and overall TN values exceeded the trigger values for
all sites (Figure 5c). For NO3

−, the values recorded throughout all periods were higher
than the trigger values for all three sites (Figure 4d). High values above the trigger value of
167 g/m3 were measured during the winter and summer periods (Figure 5d). For NH4

+,
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all the site concentration values monitored over the 25 year period showed that the trigger
values of 10 g/m3 were exceeded to different extents (Figure 4e). More specifically, the
NH4

+ values recorded in WA9 were much higher than those at the other sites. Seasonality
values also showed similar observations, with winter, summer, and overall median values
exceeding the stipulated trigger values (Figure 5e). All sites (WA7, WA8, and WA9) had
DO values below the threshold. Throughout all seasons, the data revealed that despite
the number of pollutants entering the river, or that were already present in the river, the
DO values were significantly above the trigger values of 6 g/m3 (Figure 4f). The seasonal
comparison also corroborates this finding. The functional reaeration capacity of the river
allows for more oxygen to be re-introduced when used up, owing to the bathymetry of the
river (Figure 5f). Additionally, observation of DO% revealed that all measured values were
above the trigger values of 99% for the different sites during all study periods (Figure 4g).
The same was observed for the median values, as seasonality was also observed (Figure 5g).
The PH values were expected to be above the stipulated trigger value of 7.3. The values
recorded during the monitoring periods for the three sites revealed that the median pH
values were below the trigger values (Figure 4h). The same was observed during seasonality
comparisons, thus corroborating a significant concern regarding high pH values (Figure 5h).
For turbidity, WA8 and WA9 (Figure 4i) exhibited similar trends. Initially, the recorded
values were below the trigger values, but these values increased over time to be above the
trigger value. Nevertheless, in WA7 (Figure 4i), a slightly different pattern was observed.
Slightly elevated values were recently recorded, whereas elevated values were measured
between 1994 and 1999, and 2000 and 2004, with the highest value recorded between 2000
and 2004. Seasonality analysis revealed that the overall median and winter turbidity values
exceeded the trigger values (Figure 5i). WA7 had good overall water clarity compared
with WA8 and WA9 (Figure 4j). The water clarity values measured in WA7 exceeded the
expectations of trigger values, whereas WA8 and WA9 had poor water clarity and did not
meet expectations, except for the values measured in WA8 between 2010 and 2014. The
seasonality comparison showed that most of the exceeded values were measured during
the summer (Figure 5j), whereas the winter period had poor water quality for all three sites.

3.4. Correlation Matrix for the Different Sites

WA7, situated upstream of the Manawatu River, revealed that the flow had a strong,
positive, and significant association with nutrient pollutants (NO3

−, TN, and TP at the
1% level) (Figure 6). Turbidity had a strong but negative correlation with other physical
parameters, such as clarity and EC, at the 1% level. This relationship suggests that nutrients
are introduced into the river from the surrounding land via runoff or mass weathering,
and they are likely to remain undisturbed. Clarity showed an inverse relationship with TN,
TP, and turbidity; however, the opposite was true for EC. These relationships suggest that
a prolonged influx of pollutants into the river can obstruct river water clarity. Turbidity
showed a strong positive correlation with TP and TN.

Soil matter has been reported as a receptor for pollutants on land, and it enters the
stream network through sediments. Therefore, this study agrees with other findings that
suggest a significantly high affinity between phosphorus and sediments. In addition,
a strong positive relationship was observed between DRP and TP, as well as TN and
NO3

−, suggesting that the pairs emanate from the same non-point sources. At the same
time, with increasing temperature, DO% decreased at a rate that reflected the relationship
observed between the two. For site WA8 (Figure 7), DO% showed a positive and robust
correlation with pH and a negative correlation with turbidity and TP at the 1% significance
level. Flow showed a consistent relationship with TP, TN, EC, turbidity, and clarity, as
reported in the WA7 site. Again, clarity was inversely correlated with turbidity and TP,
but proportional to EC. DO% showed strong negative relationships with turbidity and TP
but was positively correlated with pH. The downstream site (WA9) showed several strong
statistical relationships based on the research cut-off points. Turbidity increased with flow,
whereas EC and clarity decreased under high-flow conditions (Figure 8). Similarly, the
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turbidity increase was associated with a decrease in clarity and EC, suggesting that the
elevated EC measurements are likely to be from metallic salts instead of organic pollutants.
This revealed that NH4

+and TN possibly entered the river from the same source, showing
strong positive statistically significant relationships at the 1% level.
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3.5. Potential Pollution Sources Using the Positive Matrix Factorization Method

The PMF method was applied to interpret potential pollution sources using the EPA-
PMF 5.0 software package. The receptor modeling technique was performed in accordance
with the expected output from a combination of base model displacement, base model
bootstrapping, and base model BS-DISP methods [36]. These techniques were applied
using trial and error, usually by selecting several factors in sequence, and ensuring that
all modeling conditions were met with minimum errors occurring; the optimal R2 was set
manually. Figures 9–11 show the result from the extraction and modeling process, called
the factor profile, and it is measured as a percentage (small red boxes). Four factors were
generated for site WA7 (Figure 9), as follows: DRP (100%), NH4

+ (79.1%), and CDOM
(45.3%) in Factor 1; TN (59.3%) and NO3

− (84%) in Factor 2; turbidity (83.9%) and TP
(58.9%) in Factor 3; and DO (59.2%) and EC (73.1%) in Factor 4. For WA8 (Figure 10), Factor
1 was dominated by NH4

+ (85.6%); factor 2 selected DRP (78.8%) and CDOM (36.1%);
Factor 3 selected EC (72.7%) and DO (62.1%); Factor 4 selected NO3

− (73.5%) and TN
(48.9%); and Factor 5 selected turbidity (84.2%). Finally, six factors were extracted for WA9
(Figure 11). Factor 1 selected NH4

+ (86.6%); Factor 2 selected DO (61.4%) and CDOM
(42.4%); Factor 3 selected DRP (80.4%); Factor 4 selected turbidity (85.5%) and TP (39.4%);
Factor 5 selected NO3

− (75.4%) and TN (46.4%); and Factor 6 selected TP (32.2%).
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3.6. Model Performance of PMF for Manawatu Catchment

The PMF model output showed outstanding performance in terms of modeling the
trends and explaining the variability of each variable. The R2 produced showed that except
for DO, NH4

+, and CDOM, other variables were well predicted for WA7 in the following
order: DO (0.15) < CDOM (0.45) < NH4

+ (0.62) < EC (0.76) < DRP (0.84) < turbidity
(0.96) < TP (0.98) < TN (0.98) < NO3

− (0.99). For WA8, R2 values for each variable were
as follows: DO (0.23) < aCDOM (0.54) < EC (0.84) < TP (0.94) < DRP (0.99) < NO3-N
(0.99) < NH4-N (0.99) < TN (0.98) < turbidity (0.93). For the WA9 site, the R2 values were in
the following order: CDOM (0.05) < DO (0.78) < EC (0.80) < TN (0.97) < TP (0.98) < turbidity
(0.98) < DRP (0.99) < NO3-N (0.99) < NH4-N (0.99).
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4. Discussion
4.1. Land Connectivity and Effects on Water Quality

The rivers within the Manawatu catchment have poor water quality, with median
nutrient values above the ANZECC trigger values. For TP, all three stations had 5 year
median values above the ANZECC threshold, with the highest TP values measured at
WA9. Thus, the baseline phosphorus concentrations reveal a legacy of catchment sources
that go beyond the inputs from storm events. The rainfall plots show that periods of high
rainfall did not correspond with high TP values. Although high TP values were observed
at the three stations in 2004, the overall rainfall pattern suggests that in-channel erosion
was more likely to be the source of TP pollution. From the land-use analyses (Figure 3),
it was apparent that high-producing grasslands (66%) were the dominant land-use class.
However, connectivity analyses showed that a large amount of TP was introduced through
the watershed from upstream (WA7).

Connectivity analyses revealed a large area of high-producing grassland connected to
the floodplain. Several studies have shown that high-producing grasslands are a significant
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source of TP, among other nutrients [11,21,44]. The seasonality effect showed that TP values
were higher than the standard in both summer and winter for all three stations, except
WA9 in the summer. This also underscores that there is no direct relationship between
rainfall patterns and recorded TP. The TP values may have been continuously and gradually
introduced from sources other than those directly from the watershed. The gradual release
of TP may have been influenced by in-channel erosion or the presence of riparian buffers.
The presence of riparian buffers can limit the runoff rate and reduce the concentration of
pollutants in rivers. A similar pattern was observed for DRP, NH4

+, turbidity, TN, and
NO3

−. The observed trends suggest that these pollutants were released after a storm event.
In the rainfall graphs, spikes were observed in 1995, 2004, and 2011.

The storm events in 2004 and 2011 were similar in magnitude, but they did not release
the same number of pollutants. This pattern may be attributed to the presence of riparian
buffers, as well as scaled-back fertilizer application over time. This finding corroborates
the findings in the study by Abbott et al. [31]. They found that despite landslides occurring
in the Manawatu catchment, minimal suspended solids (SS) are transported into the river
because only a small fraction of upland LU/LC is connected. Similar increasing trends in
NH4

+, NO3
−, and TN were observed for all three sites; however, a different pattern was

observed for NH4
+. The similarity between WA7 and WA8 for NO3

− and TN suggests that
both sites received considerable NO3

− and TN pollution. However, a disproportionate
amount of NH4

+ was observed at different sites. Higher values of NH4
+ were observed in

WA9 than in the other two sites (WA7 or WA8). The reason for this is likely the presence of
urban settlements that produce substantial amounts of waste rich in NH4

+.

4.2. Water Quality Assessment

Analyses of 25 years of consistent river water quality data provided remarkable
insights into the pollution status of the Manawatu catchment. The results for all sites clearly
show that pollution varied over time and were mostly above ANZECC trigger values. High
pollution (sediment and nutrients) was observed between 2000 and 2004 at all three sites.
This was a response to a major storm and increased rainfall compared with other years.

These findings were revealed by post hoc tests of medians, which showed a statistical
difference in nutrient concentrations. The increase in nutrients has been attributed to
extreme rainfall events in the catchment between 2000 and 2004 (Figure 12). In accordance
with Dymond et al. [14], rainfall was significantly elevated in February 2004. It was
responsible for flushing a large amount of sediment and nutrients into the river, particularly
in 2004 and 2011. Records show that the lower North Island experienced a large storm,
with over 20 h of rainfall during that period. Abott et al. [31] reported that a significant
storm produced an exceptional amount of sediment, especially in the loose and hilly terrain
of the Manawatu watershed. The substantial increase in nutrients and sediments during
the 2000–2004 period proves that a large amount of the eroded soil transporting these
pollutants was deposited at that time. Consequently, these findings are corroborated with
the findings in the studies of Larned et al. [27] and Kamarinas et al. [43], as they revealed
that water quality in NZ is poor and will continue to degrade due to a cyclic influx of
nutrients that have accumulated in the soil for up to 50 years.

Turbidity, electrical conductivity, total phosphorus, and absorbance are significant
pollutants. Previous studies have shown that turbidity results from soil erosion and runoff
processes [45–48]. However, it is more likely that these pollutants originated from in-
channel sources. In the Manawatu River catchment, in-channel sources emanate from
floodplains that trap sediments and nutrients over time and release them during rainfall.
Electrical conductivity can also be a marker for the influence of mass weathering effects
on water quality [49], whereas high loadings of TP stem from fertilizer application in
intensive agricultural areas [46,50]. Finally, high loadings of CDOM represent the presence
of dissolved organic matter comprising humic substances [51]. Cruz et al. [50] reported
that TP and NO3-N entered the Siriri River in Brazil, but the sources of this pollution
were different. The correlation matrix in our study showed that TP was correlated with
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turbidity and TN, suggesting that they emanate from the same source. As established
earlier, turbidity likely originated from soil erosion. Therefore, NO3

− and TN are nutrients
deposited around the river’s soil.
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Woldeab et al. [12] reported that TN, DRP, and NO3
− were prevalent and significantly

higher in vegetated and agricultural areas. NH3-N (NH4
+) can be attributed to dissolved

livestock manure within the watershed. Therefore, because DRP is correlated with TP,
with DRP as a constituent of TP, it can serve as a possible indicator of a natural pollution
source from soil erosion. Dymond et al. [14] reported that the soil material in Manawatu is
rich in phosphorus. Table 3a shows that in WA7, large areas of high-producing grassland
(73.5 km2) are connected to the river. This makes it highly likely that agricultural pollution
enters the floodplain quickly and significantly. Similarly, Kamarinas et al. [43] revealed that
high-producing grasslands and plantation forests produce substantial sediments.

A significant increase in pollution was observed in WA8, as the proportion of plan-
tation forests and high-producing grasslands connected to WA8 increased. This finding
is supported by the study by Julian et al. [21]. They reported that the amount of NOx
leaking into most rivers in NZ has increased since 1989, despite the reduction in fertilizer
application since the early eighties, and that it is consistent with an increase in turbidity and
nutrients observed in lowland rivers [47]. The NO3

− and TN at site WA9 may be due to the
runoff of domestic sewage from nearby wastewater treatment plants and urban areas. One
of the attributes of this site is that it has a wastewater treatment plant installed to treat waste
from both industrial and domestic sources. This finding is supported by Alves et al. [52],
who reported that the presence of organic matter in water could be attributed in no small
amount to domestic sewage and industrial wastewater that could have been treated using
traditional methods. Nutrient pollution seems likely because the downstream site had a
wastewater treatment plant installed. Therefore, based on the large variability in NO3

−

and TN within this site, it is safe to suggest that NH4
+originated from aerobic pollution

caused by domestic or livestock waste. Moreover, NH4
+, DRP, and TP are attributed to the

effects of agricultural land use, specifically fertilizer application and animal waste [53].
Factor 2 showed high loadings of NO3

−, TN, and DO (Figure 9). This can be attributed
to the presence of sufficient oxygen, which can play a significant role in the oxidation of
nutrients entering the river from fertilizer application, causing degradation. Therefore,
it is not surprising to find NH4

+ in Factor 1, which could be an oxidation byproduct
of NO3

−and TN. Factor 3 selected turbidity and TP, and this factor can be related to
soil erosion. Factor 4 has been described as a physiochemical source. For WA8, high
loadings of TP and turbidity may likely be attributed to soil erosion or mass weathering,
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as represented in Factor 1 (Figure 10). Factor 3 may be classified as agricultural pollution.
Shrestha and Kazama [48] reported that nitrogen compounds were found in the Fuji River
because of the application of nitrogenous fertilizers on agricultural lands around the river.
Kazama and Yoneyama [54] reported similar findings. Factor 2 was likely a physiochemical
source because of the presence of EC and DO. Factor 4 can be described as pollution from
livestock and agricultural waste. In WA9, NH4

+ was dominant, and it was likely released
from domestic sewage (Figure 11). As reported in the literature, studies have shown that
NH4

+ can be released from several sources. These sources depend on typical land use or
anthropogenic activities associated with pollution sites. However, a high percentage of
NH4

+ can be attributed to runoff from industrial wastewater treatment plants or domestic
sewage. These findings align with the findings of Haji et al. [55], which proved that large
loadings of ammoniacal-N emanated from an industrial or domestic source.

The high presence of DRP in Factor 2 in WA9 indicates the likely presence of nutrients
from agricultural catchments. It is important to note that WA9 is a larger watershed
encompassing WA8 and WA7. WA8 and WA7 empty into WA9, with higher agricultural
practices occurring in WA7 and WA8, which could be the likely reason for the high DRP.
The high presence of TP and turbidity in Factor 3 can be attributed to mass weathering
pollution, one of the characteristics of lowland catchments. EC and DO in Factor 4 represent
physicochemical source pollution. In contrast, factors 5 and 6 represent organic and
agricultural pollution sources based on the presence of CDOM and nutrients. The results of
the watershed connectivity model supported these findings. Table 3 reveals less coverage of
plantation forests and high-producing grasslands within this watershed, which is a conduit
for transporting pollutants into the river. Julian et al. [21] reported that high-producing
grasslands increased nutrients significantly in NZ rivers, and it will likely continue to
increase from legacy nutrient stores throughout the catchment.

The observations from this study are likely to be skewed in this regard, as elevated
concentrations of nutrients (TN, NH4 -N, TP, and DRP) and sediment loads were recorded
across New Zealand. This resulted from the presence of cattle, deer, and dairy cat-
tle [25,28,56]. The findings of Julian et al. [21] further support these findings, as it has
been reported that the number of sheep stocks in the uplands, where steep slopes are
present, is higher than in the lowlands in New Zealand. As more livestock gather, inten-
sive grazing and the movement of livestock can expose the soil to erosion. Additionally,
between the early 1990s and 2012, the number of dairy cattle in NZ increased by a factor of
two, which resulted in a significant increase in the application of P and N fertilizers to meet
feed demands. When lactating dairy cows graze on pastures treated with P- and N-based
fertilizers, approximately 0.8 and 0.6 of the total amounts of P and N fertilizer used, respec-
tively, is deposited on the soil as animal waste [57]. In accordance with Ledgard [58], these
values remain underestimated because different dairy pastures are likely to incorporate
extra atmospheric N through pasture grazing, strip grazing, and cropping harvest. Pasture
grazing is predominant in NZ and has been identified as the root cause of soil catchment
exposure to erosion [21]. These findings support the findings from our study as more
nutrients, and higher sediment loads, were characteristic of sites within the Manawatu
Catchment, wherein large areas of plantation forest (PF) and high-producing grassland
(HG) were connected to the floodplain.

The broader impacts of our study will be relevant for receiving waters such as lakes
and bays. A study by Abell et al. [59] concerning 101 national lakes showed that high-
producing grasslands increased mean TP and TN concentrations. A similar study was
carried out by Özkundakci et al. [60], which revealed that high-producing grasslands
also increased nutrients in 25 national lakes. The Manawatu River drains into an open
estuary, and farther out to the South Taranaki Bight, neither of which is monitored as
comprehensively as the river. However, we do know that there are frequent warnings
following rainfall in the catchment that discourage contact recreation in the estuary due to
the water quality issues we have outlined in this article.
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5. Conclusions

This study aimed to identify pollutants and their potential sources within the Man-
awatu River catchment using multivariate statistical methods to assess the relationships
between LULC, watershed connectivity, and water quality. High-producing grassland
was interpreted to be the dominant pollution source at all sites. At the same time, greater
urban coverage in the western part of the catchment increased pollution in the downstream
section (WA9), especially for NH4

+. Connectivity analyses revealed that 73.4% of the entire
catchment was dominated by high-producing grassland, and 43.3% was directly connected
to streams via runoff. Domestic pollution sources were mostly found in the downstream
section of the Manawatu catchment. Connectivity studies also revealed the role of LULC
in water quality, as high-producing grassland areas contributed to increased pollution
at a higher rate than the other LULCs combined. Furthermore, this study revealed that
nutrients such as TP and TN showed declining trends in concentration at all three sites;
however, all median values remained above the ANZECC trigger values. NH4

+ also de-
creased significantly in WA8, but it remained elevated in WA7 and WA9. NO3

− declined to
numbers below the trigger values in lowland rivers over time, and it remained of inferior
quality in the upland sub-catchment.

The extremely low or insignificant rates at which pollutant concentrations decline
could be a cause of concern. The introduction or improvement of retention capacities in
the wetlands and riparian buffers, in location-specific areas, would be a viable solution
for the Manawatu catchment area. In general, the PMF revealed that point, natural, and
agricultural sources were responsible for the pollution in the downstream section of the
river. In the intermediate sub-catchment, soil/bank erosion and agricultural sources were
the major contributors. Agricultural pollution and soil erosion were likely responsible for
the pollution in the upstream section of the catchment. Future work within the Manawatu
River catchment should include the development of reaeration models to provide insight
into its assimilatory capacity. Risk analyses are necessary to determine the health risks
associated with using the Manawatu River in agricultural and pastoral farming. Lastly, this
study showed the need for continuous and consistent water quality monitoring to evaluate
water quality variables and the effectiveness of current wetlands or riparian buffers already
in place. Finally, effectively tracking pollution sources, to determine which portion of a
watershed should have a riparian buffer installed, remains a major challenge that water
resource managers face worldwide.
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