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1. Introduction
Human actions have transformed a significant proportion of the earth’s

landscape, impacting ecosystems worldwide. Global population growth and
economic development have led to the rapid expansion of cities and suburbs, the
intensification of agriculture, and large-scale deforestation. This widespread
shift from undisturbed to human-dominated landscapes plays an essential role in
the generation of water pollution and the alteration of hydrological processes,
leading to potential cascading effects on the functioning of natural systems as
well as ramifications for human health and well-being. Consequently, the
quality and availability of water has become growing global concerns. As
development continues at unprecedented rates, the urgency for protecting the
world’s water resources increases.

Providing an accurate assessment of complex processes and
mechanisms that influence aquatic resources is essential for objectively
informing policies and decision-making. This, in turn, can lead to more
sustainable and effective strategies for management and planning. Accordingly,
this thesis contributes to both the methodological and empirical literature by
investigating (1) the inclusion of spatial and topographic landscape attributes for
advancing empirical models of land use-water quality interactions, (2) the role
of hydrological signatures for enhancing the calibration of a hydrological
model, and (3) the effectiveness of land use conversions for improving water
quality.

This thesis is presented in the form of three scientific publications,
indexed within the Web of Knowledge database. A systematic map of the
evidence base is constructed to describe the recent empirical research on the
impacts of land use change on surface water quality and detail how
investigations have analyzed these interactions. Significant facets of results are
explored, and findings are synthesized to highlight knowledge gaps and
knowledge clusters and recommend areas for future research. New perspectives
into the subject matter as well as the overall importance of the research are
discussed.
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2. Goals of dissertation
The first scientific publication (hereafter, Article 1) sought to attain an

advanced understanding on land use-water quality interactions by integrating
land use data with spatial and topographic components of the landscape to
determine if the incorporation of additional explanatory variables can improve
predictions of water quality within headwater catchments. Novel weighting
schemes (i.e., landscape composition metrics), which considered the stream
proximity, slope and/or flow accumulation of each land use, were employed to
explore the predictive ability of various empirical models. Although a few
studies have compared the model performance of weighting schemes for land
use, investigations have rarely been carried out for predictions of water quality.
Thus, Article 1 investigates the following questions:

1. How do landscape attributes (i.e., slope, stream proximity and flow
accumulation) influence land use predictions of water quality in small,
headwater catchments?

2. Which weighting scheme has optimal performance in predicting water
quality indicators?

The second scientific publication (hereafter, Article 2) sought to
improve catchment-scale assessments of the water balance by investigating the
role of hydrological signatures (i.e., statistics of runoff and soil moisture) in the
calibration of a conceptual hydrological model. The hydrological model was
calibrated using various strategies, including standard automatic and manual
calibration, and the model performance was evaluated to determine the optimal
strategy. Unlike calibration strategies which employ time series data,
hydrological signatures can be interpolated or estimated with limited
observations, and thus examining their role is essential for accurately
representing hydrological processes in ungauged catchments. The objectives of
Article 2 can be summarized by the following questions:

1. Do hydrological signatures improve the calibration of a conceptual
hydrological model?
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2. Is time series data necessary when modeling the water balance?

The third scientific publication (hereafter, Article 3) sought to provide
insights on the capabilities of management interventions and expectations for
potential outcomes by evaluating the effectiveness of land use conversions in
mitigating nutrient loading within headwater catchments. The efficacy of
catchment-scale management (i.e., the grassing of cropland) was appraised
using long-term water quality data as an indicator of protected area
performance. This investigation serves as one of the few documented examples
of positive outcomes in a freshwater protected area and is among the few
‘before and after’ study designs which compares temporal changes made within
the same locality. The objectives of Article 3 address the following questions:

1. How do various degrees of land use conversions influence nutrient
loading?

2. What time frame is needed to observe water quality improvements in
headwater catchments?
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3. Systematic map of the evidence base
As the research topics included in this thesis address the performance of

diverse methods (i.e., Articles 1 and 2) and land use-water quality interactions
(i.e., Articles 1 and 3), an evidence synthesis was conducted to answer the
primary question: Where and how have studies investigated the effects of land
use change on surface water quality?

Although a multitude of studies have endeavored to elucidate the effects
of land use changes on water quality, a comprehension of the relationship
remains a complicated undertaking (Allan, 2004; Staponites et al., 2019).
Investigating the interactions between land use and water quality requires a
decision on the extent and scope of the study as well as which set of variables
and measures to include. Yet, a diversity of methodologies and techniques have
been applied, leaving the decision on how to construct an analysis to the
discretion of scientists and practitioners. Knowledge of existing study designs,
settings and methods can guide investigators on devising context-appropriate
studies, helping to improve the quality of research and advanced analyses.
While there is an extensive volume of scientific research, potentially useful
information is spread across multiple sources, making it difficult for relevant
knowledge to be examined and absorbed (Pullin et al., 2020). To address this
deficiency and facilitate evidence-informed decision making, the establishment
of an up-to-date evidence base is essential.

Systematic maps are an objective and transparent method used to
collate, catalog, and describe the available body of evidence within a given
research area (James et al., 2016). The process follows a clearly defined search
procedure to increase rigor and replicability. Additionally, the screening and
selection process employs specified inclusion and exclusion criteria, thus
minimizing biases immanent to traditional literature reviews. Unlike a
meta-analysis or systematic review, a systematic map does not attempt to
calculate a mean effect across a pool of collated studies or answer a particular
question. Instead, knowledge is synthesized across multiple diverse outcomes to
map and explore a broad research topic (Cook et al., 2017). A presentation of
the scientific evidence base enables a clear and coherent visualization of the
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quantity and character of existing research as well as an opportunity to
disseminate key information (Randall et al., 2015).

Heeding the work of (James et al., 2016), a systematic map was
constructed to describe the recent empirical research on water quality response
to land use changes and detail how previous investigations have evaluated these
interactions. Published scientific literature from peer-reviewed journals and
books were searched using the Web of Science database and the Google Scholar
search engine. To target appropriate studies, search terms were generated (see
Box 1 and 2 in Appendix for search strategy), predicated on key elements for
eligibility. The search included full-text articles, written in English, published
between 2010 and 2021. Evidence was screened in two phases; titles and
abstracts of records were initially screened for relevance, followed by a
secondary screening of the full text, with discarded studies stating the reason for
exclusion. Relevant studies, conforming to eligibility criteria (Table A1 in
Appendix), were retained and included in a database. For this multifarious topic,
documents containing measures of physical, chemical and microbiological
indicators of surface water quality were considered while biological
characteristics (e.g., biodiversity and bioindicators) as well as measures of
geomorphic processes (e.g., soil, sedimentation and erosion) were discarded.
Only studies based on empirical data were included; research on future change
scenarios or projections were excluded. A combination of meta-data (i.e.,
descriptions) and coding variables (i.e., assigned categories) were extracted
from each study, when possible, in order to catalog the available body of
evidence (Table 1). The resulting dataset was summarized and compiled using
descriptive statistics, enabling the identification of trends, clusters, and gaps.

Table 1. Research questions included in the systematic map and extracted
meta-data and coding collated for the database.

Topic Research Questions Coding and Meta-data

Occurrence,
volume and
setting of
research

When and how often does research occur?
Where have studies been implemented?
What types of surface waters were
examined?

- Number of studies
- Publication year
- Climate zone
- Country
- Surface water
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Parameters,
data
collection
and
measures

Which land use classes and water quality
indicators have been investigated?
How was data obtained and measured?
What indices and standards have been
applied?

- Land use categories
- Water quality indicators
- Collection method
- Measures
- Indices and standards

Scope What spatial and temporal scales have been
examined?
How many sites were examined?
How many samples or observations were
taken?

- Study area size
- Spatial extent
- Study duration
- Number of sites
- Sample size

Additional
variables

What additional variables or considerations
have been included into the analysis?

- Spatial and seasonal
considerations
- Explanatory variables

Methods for
analysis

How are temporal changes examined?
What techniques and models have been
employed?

- Analysis or model type

Outcomes What were the notable land use changes
during the study period?
What were the general trends in water
quality?

- Notable land use
changes
- Direction of change in
water quality

3.1 Occurrence, volume and setting of research

The systematic search returned 2,578 potentially relevant records, of
which 133 met the eligibility criteria and were included in the systematic map
database (Fig. A1 in Appendix). The literature that has emerged in the last 11
years can attest to an overall growth in the field with the number of publications
increasing from 4 in 2010 to 26 studies published in 2021 (Fig. 1), with 20% of
articles published in 2021. However, the growth has not been consistent, with
publication rates fluctuating over time. The climate zone of each study area was
assigned according to Köppen–Geiger Classification zones. The largest body of
research was within temperate zones (n=73), followed by continental (n=28),
tropical (n=21) and arid zones (n=14). Seven studies included in the review
spanned more than one climate zone (i.e., multiple zones).
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Figure 1. Distribution of relevant articles (n = 133) included in the systematic
map database in regard to year of publication and climate zone of study.

Studies across 38 countries matched the scope of the review, yet
research was unevenly distributed across countries, with approximately
one-third of all included studies coming from China (n=44). Research was also
frequently conducted in the United States (n=17, 12.8%), India (n=11, 8.3%)
and South Africa (n=8, 6%), while the remaining 34 countries conducted five or
less studies, with each country making up less than 4% of the research in the
systematic map (Fig. 2).

Figure 2. Geographic distribution of studies.
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The most examined surface waters within research were tributaries (i.e.,
streams and rivers) (n=100, 72.5%), with only six identified as headwaters (Fig.
3). The remaining studies focused on the water quality of lakes (n=19. 13.8%),
reservoirs (n=8, 5.8%), wetlands (n=7, 5.1%) or canals (n=2, 1.5%). Only two
studies investigated the impacts of land use change on saltwater systems (i.e.,
coastal waters) while a few studies (n=5) investigated a combination of surface
water types in their analysis.

Figure 3. Distribution of surface water types within studies.

3.2 Parameters, data collection and measures

In order to collate information, land use categories identified within
studies were grouped into one of nine conventional classes: agriculture, urban,
forest, grassland, vegetation, water, wetlands, bare land and other. Categories
were assigned according to the description given in each manuscript. Any land
use that did not fit into a specified category was classified as ‘Other’. A wide
variety of nomenclature was employed across the evidence base to describe land
use categories (Table A2 in Appendix), with slight variations of similar
terminology often being used (i.e., adding ‘areas’, ‘lands’ or ‘surfaces’ to the
end of terms or hyphenating terms). Out of the 133 studies included in the
systematic map, agriculture and urban lands were the most studied land use
categories (n=118 and n=116, respectively), accounting for more than 85% of
research (Fig. 4a). Forest (n=103) and water (n=88) were also frequently
considered, while approximately half of the studies (47%) examined grassland
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and bare land (n=63). Vegetation (n=37), wetlands (n=44) and other land use
types (n=45) were relatively less recurrent throughout studies. Most studies
examined heterogeneous landscapes with a diversity of land uses, with 64.7%
utilizing between four and six different categories (Fig. 4b). Agriculture and
urban lands were frequently examined together (n=105). Only two studies
included all nine of the identified land use categories. Homogeneous landscapes
were less examined, with 20 studies (15%) investigating three or less categories.

Figure 4. Number of articles reporting on each land use category (a.) and the
total number of land use categories reported in each study (b).

Generally, land use categories were evaluated as the area or the percent
of composition within the study area (Table 2). Only a few studies (n=3)
examined land use patterns while disregarding composition. Yet, 26 studies
examined the changes in landscape pattern as well as changes in land use area.

Table 2. The number of studies that applied each land use measure.
Land use Measure Number of articles
Area 99
Pattern 3
Pattern and Area 26
Other 3
Not specified 2

Each water quality indicator examined in each study was recorded in
the database. General indicator categories were created to collate measures of
parameters, for example, nitrate and nitrite were classified under nitrogen. An
indicator was classified under ‘additional water quality parameters’ when less
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than three studies examined that specific parameter. In total, 56 different
physical, chemical, and microbiological indicators of surface waters were
investigated across the 133 studies, with the majority of indicators classified as
chemical ions (Fig. 5). The most frequently examined water quality indicators
were phosphorus (n=87) and nitrogen (n=83), with almost two-thirds of
included studies examining these parameters, followed by dissolved oxygen
(n=58), pH (n=51), ammonia (n=49), and solids (n=48). COD (n=44), BOD
(n=36), conductivity (n=41), temperature (n=30) and turbidity (n=20) were also
commonly examined, while all other parameters were examined less than 20
times. Approximately half of studies (n=66) examined between two and five
water quality indicators, 35.3% (n=47) examined between six and eleven
indicators, while only 15 studies examined more than twelve indicators.

Figure 5. Number of times each water quality indicator is reported in the
systematic map database.

14



The vast majority of research obtained water quality data from field
measurements (i.e., monitoring data) (n=106, 79.7%). The remaining 27 studies
calculated estimates of water quality via modeling (n=14), available monitoring
data (n=9) or remote sensing data (n=3). Measures of the physical, chemical,
and microbiological characteristics of surface water quality were typically
described in terms of concentrations (n=117) while only a few studies were
described as loads (n=14), exports (n=1), and fluxes (n=1). Nearly half of the
research (n=61, 45.9%) applied indices or standards to describe the status or
health of water quality, with most applying national standards or water quality
indices (Table 3).

Table 3. The number of studies that applied water quality indices or standards.
Index or Standard Number of studies
Water quality index 16
Trophic state index 4
National standards 26
Water quality grade/class 6
Pollution index 7
Management target 1
Stream habitat score 1
Water ecological index 1
Global guidelines (WHO) 4
Total 61
Note. Indices and standards were cataloged into broad categories. For specific indexes
or standards applied, see the systematic map database.

3.3 Scope

The spatial extent was grouped into micro- (<10 km2), meso- (10–1,000
km2), macro- (1,000–100,000 km2) or regional-scale (>100,000 km2) based on
the size of the investigated area. Research was predominantly carried out in
macro- or meso-scale study areas (42.1% and 30.1%, respectively) (Table 4).
Only ten studies (n=7.5%) examined an area smaller than 10 km2 (i.e.,
micro-scale), while eight studies (n=6%) investigated an area larger than
100,000 km2 with sites ranging from 238,348 km2 to 1,800,000 km2. A total of
14% of articles neglected to mention the spatial extent.
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Studies have been conducted at various spatial scales, with a
catchment-scale analysis being the most common (52.6%). Approximately 18%
of studies examined the sub-catchment scale (n=24), however, the distinction
between the catchment and sub-catchment scale was often unclear, unless
multiple scales were being examined. In total, 22 studies (n=16.5%) were
conducted using multiple spatial scales (e.g., a combination of buffer,
sub-catchment and/or catchment). Buffer-scale studies were less common (n=8,
6%), and only a minor proportion or classified as other (n=4) or not describing
the scale (n=3).

Table 4. The total number of articles performed across spatial scales (rows)
according to the size of the study area (columns).

Micro Meso Macro Regional
Not

specified Total
Catchment 7 21 32 4 6 70
Sub-catchment 0 11 10 1 2 24
Buffer 0 3 3 0 2 8
Multiple 3 5 5 3 6 22
Other 0 1 3 0 2 6
Not specified 0 1 1 0 1 3
Total 10 40 56 8 19
Note. Articles with multiple spatial scales were not included in the category totals.
Micro = <10 km2; Meso = 10 – 1,000 km2; Macro = 1,000 – 100,000 km2; Regional =
>100,000 km2.

Land use and water quality changes were frequently examined over the
same or similar durations (i.e., 1 year difference with start or finish dates)
(n=82, 61.7%), yet the study length for land use and water quality data differed
for 47 studies (Fig. 6). A total of 16 studies started monitoring water quality
trends before the land use, while 19 studies started observing water quality years
after initial land uses were recorded. Moreover, 12 studies observed water
quality only after land use had been surveyed. Very few case studies continued
monitoring water quality for an extended period of time after the land use was
recorded. A small number of studies did not specify the water quality duration
(n=4), and therefore were not included in the figure.
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Figure 6. Gantt-Chart of the duration for studies included in the systematic map
database. Each horizontal line represents a study, and the length of the line
represents the duration of the study. The period of examined land use and water
quality is indicated by red and blue, respectively. The green represents the
period when both land use and water quality were examined.

The span of studies (time between the first and last observation) ranged
from 1 to 52 years for land use and from less than 1 to 40 years for water quality
(Fig. 7). Out of the 133 studies within the evidence base, over half of the
research observed changes over a span of 2 to 20 years. Altogether, 19 studies
(14.3%) examined land use changes longer than 30 years, while only 12 studies
(9%) examined water quality over a 30-year interval. Unexpectedly, several
studies (n=9, 6.8%) investigated water quality over a span of less than one year.

Figure 7. Span of changes in land use and water quality examined in studies.
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Information on the number of sites that examined land use changes as
well as the number of sites that examined water quality was recorded. Many
studies identified multiple land sites in their study area (i.e., catchments,
watersheds), yet would calculate the total land use change within the entire
study area as opposed to changes within each site. Additionally, many studies
examined one land site, but at multiple spatial scales. In both cases, the number
of study sites were recorded as one. Investigations on land use changes were
often limited to 12 or less sites (n=124, 93.2% %), with nearly half of studies
only examining one site for land use changes (n=62, 46.6%) (Table 5). On the
other hand, a wider range of sampling or collection sites were used to evaluate
water quality, with many investigations examining between 2 and 18 sites
(n=87, 65.4%). Details on water collection techniques for studies which
employed field measurements were often lacking, with 85.8% failing to report
the number of samples taken (n=91) and 44.3% not specifying the frequency of
sampling (n=47). Of the 59 studies that noted the sampling frequency, rates of
collection varied greatly. Samples collected monthly were the most common
(n=23), followed by four times a year (n=6).

Table 5. Number of sites examined within studies included in the systematic
map database.
Land use change Water quality

Statistic Value Statistic Value
Minimum 1 Minimum 1
Maximum 55 Maximum 500
Median 2 Median 9
Standard deviation 7.18 Standard deviation 57.04
Not specified 1 Not specified 10

3.4 Additional considerations

Approximately one-third of studies (n=46) examined seasonal
variations in water quality with the majority investigating variations between
wet and dry seasons (n=17), two seasons (n=9) or four seasons (n=12). Four
studies investigated inter-annual variations (i.e., wet and dry years), while two
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separate studies examined high and low flow periods, and monsoon periods,
respectively. Four studies employed data from a single season instead of
examining seasonal variation, while 83 studies (62.4%) did not consider
seasonal effects of water quality.

Additionally, many studies examined spatial variation in land use
(n=30), water quality (n=27) or both (n=30) when elucidating the relationship
between land use change and water quality, while 46 studies (34.6%) did not
consider any spatial aspects. The spatial distribution of land use categories was
investigated via employing multiple spatial scales (n=22), examining land use
pattern (n=5) or changes in land use pattern (n=22), mapping the spatial changes
in land use across the study area (n=13), or weighting the distance of land use
(n=3). The spatial pattern of water quality indicators within a study area was
often investigated statistically, via ANOVA (n=11), cluster analysis (n=8),
Global and local Moran’s I (n=3), Helmert contrasts (n=1), or distance via
weighting scheme (n=1). More commonly, water quality pattern was visualized
spatially in maps (n=20) via simulation, interpolation, or satellite images or
simply compared between the upstream and downstream continuum (n=15).

Along with land use, potential pressures on water quality have been
routinely used as explanatory variables in analysis. For each study, information
on additional independent variables included into the investigation were coded
into the systematic map database. Due to the assortment, independent variables
were grouped into one of six general categories: climate, hydrology,
management, socio-economic, soil, and topography. Of the 133 studies
compiled, approximately one-third of articles (n=49) included additional
independent variables as possible drivers of water quality conditions while the
majority of studies disregarded any impacts in addition to land use (n=84).
Climatic factors (rainfall, precipitation, and air temperature) and hydrologic
factors (discharge) were amongst the most prevalent variables included into the
analysis (Fig. 8). Of the studies that considered factors in addition to land use
change, most included one (n=14), two (n=19), or three (n=9) additional
predictors of water quality, while there was less of a tendency for studies to
employ more than three independent variables (n=7).
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Figure 8. Sankey diagram of the frequency of independent variables included in
the systematic map database.

In addition to water quality indicators, supplementary responses to land
use changes were investigated in approximately one-third of studies (n=45).
Response variables included in the evidence base were grouped into one of five
broad categories, similar to that of independent variables: Climate, hydrology,
soil, topography and other. Outcomes on hydrology and soil were most
commonly examined, with many studies examining the impacts on discharge
and sediment load/yield together with water quality (Fig. 9). Some variables
were employed as both predictors and responses depending on the study,
including air temperature, evapotranspiration, rainfall, discharge, sewage
discharge, water level, soil loss and runoff. Discharge was the most investigated
explanatory variable as well as the most extensively researched response
variable when examining the impacts of land use change on water quality. Yet,
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most of the studies that examined additional explanatory variables did not
examine additional response variables, with only 18 studies (13.5%)
investigating both. In contrast to the independent variables, the majority of
studies typically only included one additional response variable (n=32), with 13
studies investigating between two and four additional outcomes.

Figure 9. Sankey diagram of the frequency of response variables included in the
systematic map database.

3.5 Methods for analysis

The vast majority of research articles were observational (i.e., case
studies) (n= 130) comparing temporal land use changes within the same area,
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with only three studies employing an experimental design (i.e. paired-catchment
approach) where areas with and without land use change were compared over
the same period. In most investigations (74.4%), changes in land use over time
were measured in terms of the total area of land that had been converted from
one category to another (i.e., absolute change), while less than 10% of studies
calculated the change in quantity as a percentage of the initial value (i.e. relative
change) (Table 6). Approximately 15% of studies calculated the change in
landscape metrics to detect trends in land use over a specific period. In addition,
the rate of change and transition matrices were used to measure the absolute
change over an interval, and to show the proportion of land that has changed
from one category to another between the two time periods, respectively.

While all studies included in the evidence base investigated the impacts
of land use change on water quality, 21.1% (n=28) did not assess changes in
water quality over time, and instead described the current conditions of the
water in response to land use change or used the current state to identify sources
of pollution. Of the 105 studies that analyzed water quality trends over time,
approximately half (49.5%) visualized the water quality trends via charts,
figures, or graphs, while approximately 12.4% displayed the water quality data
in tables (Table 6). Additionally, several methods were applied for statistically
assessing temporal trends in water quality, including the Mann–Kendall test,
ANOVA, linear regression and Seasonal Mann-Kendall trend test being
commonly applied and many studies employing multiple trend detection
strategies (n=10).

Table 6. Methods applied for detecting changes in land use and water quality.
Land use Water Quality

Change detection
# of
articles Trend detection

# of
articles

Absolute change 99 Visualized 52
Change in landscape metrics 20 Shown in table 13
Relative change 13 Mann–Kendall test 11
Rate of change 11 ANOVA 9
Transition matrix 6 Linear regression 8
Growth rate 3 Seasonal Mann–Kendall test 7
Net change (change matrix) 2 Compared with reference values 4
Linear interpolation 2 Seasonal Kendall test 4
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Urbanization index 2 Paired t-test 2
NDVI index 2 Multivariate Regression 2
Land use change index 1 Tukey’s multiple range test 2
Land use change intensity index 1 Kruskal-Wallis rank sum test 2
Index of urban extent 1 Locally weighted regression 1

The systematic map database includes a diversity of methodologies,
with various degrees of rigor applied. Since 2010, numerous efforts have been
made to evaluate the impact of land use on water quality. In general, methods
for analysis can be divided into one of two groups: (1) comparative, where
changes in land use are compared with water quality conditions; and (2)
statistical, where empirical models are employed to establish relationships
between land use changes and water quality. Approximately two-thirds of
studies included in the evidence base (n=87) undertook statistical modeling of
land use-water quality interaction, while one-third (n=45) were comparative,
with studies steadily favoring statistical analysis since 2013 (Fig. 10).

Figure 10. The distribution of the included studies in regard to the research
methodologies (i.e. statistical or comparative) according to the publication year.

In order to assess the quality of research, the journal quartile was
assigned according to the journal impact factor ranking via Journal Citation
Reports, with Q1 being the highest ranking and Q4 being the lowest. With the
exception of Q4 journals, scientific journals with higher quartiles tended to
contain studies which conducted statistical analysis more often than lower
quartiles, with comparative studies mostly being carried out by Q3 journals or
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journals without a ranking (Fig. 11). As argued by Wijesiri et al., (2018), a
simple comparison may lack the ability to properly describe the complex
associations between land use and water quality and can explain why statistical
analysis is favored within higher quartile journals.

Figure 11. The distributions of the included studies in regard to the research
methodologies (i.e. statistical or comparative) according to quartile.

The most commonly applied statistical approaches were conventional
methods such as correlation analysis (n=48) and regression-based modeling
approaches (n=50). Redundancy analysis (n=13), principal component analysis
(PCA) (n=6) and ANOVA (n=6) were more seldomly applied. Over time, the
applied statistical approaches have remained fairly consistent. For correlation
analysis, Pearson correlation was most commonly used (n=25). Multiple linear
regression (i.e., MLR) (n=32) were applied more frequently than linear
regression analysis (n=18). Nonlinear regression (n=5) and spatial regressions
(n=6) were seldom employed. As displayed in Figure 12, studies have evolved
to include additional methods such as PCA, ANOVA and spatial regression
analysis, yet methods have remained relatively consistent over time.

Of the 87 studies that applied statistical models, more than half (n=47)
applied one model, while the remaining 40 studies employed multiple statistical
approaches. Some statistical models included explanatory variables, in addition
to land use, as predictors of water quality (n=49). Independent variables were
typically included as covariates (n=21), compared with water quality (n=9), or
correlated with water quality (n=7).
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Figure 12. Applied statistical methods within the systematic map database.

3.6 Measured outcomes

The most substantial land use conversions during the study period, as
noted by the authors, were recorded into the systematic map database. If more
than two land use classes were noted, changes were classified as "various". Out
of the 133 articles that were included in the evidence base, the bulk of studies
reported on urban expansion as the most distinguished change throughout their
study areas (n=53) (Fig. 13). Agricultural loss (n=27) and expansion (n=15)
were also prevalent throughout investigations, yet agricultural expansion
together with urban expansion was more common (n=20). Research also
commonly recorded deforestation throughout their study (n=17), with few
studies investigating afforestation (n=8). Notable conversions of grasslands and
wetlands (i.e., both losses and gains) were often examined in combination with
other land use types (n=26 and n=17. respectively), while noteworthy
conversions of bare lands (n=10) and vegetation (n=8) were less uncommon. In
many studies, notable land use loss was not specified (n=17) (see Table A3 in
Appendix for the full list of conversions).
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Figure 13. Number of studies examining the loss and expansion of specific land
use types. Note. If only one study examined the land use change (either loss or
expansion), the study was not included in the figure. AG = Agriculture; BL = Bare land;
GL = Grassland; FOR = Forest; OTH = Other; URB = Urban; WAT = Water; WL =
Wetland; VT = Vegetation.

The overall change in water quality indicators within each study, as
noted by the authors, were classified as improvement, degradation, degradation
than improvement, diverging trends or no change. Few studies of land use
conversions resulted in water quality improvement (n=12, 9%), with most
reporting water quality degradation as an outcome (n=46, 34.6%) and several
resulting in diverging trends (n=36, 27.1%) (Fig. 14).

Figure 14. Number of times each water quality outcome is reported.
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3.7 Summary of the evidence base

With the creation of this systematic map, a database of relevant studies
was developed to provide meta-data on the existence and characteristics of
empirical evidence (see Tables A4–⁠A16 in Appendix for the complete
systematic map database). In total, 133 publications provided empirical
evidence of the impacts of land use change on surface water quality, consisting
mainly of case studies and only two experimental designs. There has been a
proliferation of publications since 2010, indicating a growing interest in the
field and allowing for an identification of trends. Countries, climate zones and
surface water body types were unequally represented in the evidence base, with
the vast majority of research conducted in tributaries of temperate and
continental climate zones of China. Most studies were carried out in large (i.e.,
1,000 – 100,000 km2), heterogeneous landscapes with a wide variety of land
uses. Compositions of agriculture, urban land and forests as well as
concentrations of phosphorus and nitrate were the most commonly examined
parameters, with approximately half of studies applying an index or standards
for water quality. Most investigations contained water quality data via field
sampling, yet the vast majority did not disclose sample size or sampling
frequency. Although all studies examined land use changes over time, with most
calculating the absolute changes in compositions or area between two periods,
approximately 20% of studies did not examine temporal trends in water quality
and instead described the condition at a point in time. When examining
land-water interactions, additional drivers of water quality as well as seasonal
and spatial variations were frequently investigated. When analyzing the
relationship, two-thirds of studies conducted statistical modeling while one-third
of investigations were comparative. For the statistical analysis, correlation
(Pearson’s) and regression (multiple linear regression) were most commonly
applied. Urban expansion was by far the most prevalent land use change
examined, while water quality response was mostly reported as degraded or
diverging trends.
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4. Scientific publications

4.1 Performance of landscape composition metrics for predicting water
quality in headwater catchments

Staponites, L.R., Barták, V., Bílý, M., Simon O.P. Performance of landscape
composition metrics for predicting water quality in headwater catchments. Sci
Rep 9, 14405 (2019). https://doi.org/10.1038/s41598-019-50895-6

Journal Citation Report:
5 Year Impact Factor: 5.516
Quartile (2019): Q1 in WOS category Multi-disciplinary Sciences

Contribution:
LRS wrote the main manuscript, conducted land use analysis, implemented
metrics, collected the water samples, and interpreted data.
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4.2 The role of hydrological signatures in calibration of conceptual
hydrological model

Melišová, E.; Vizina, A.; Staponites, L.R.; Hanel, M. The Role of
Hydrological Signatures in Calibration of Conceptual Hydrological Model.
Water 2020, 12, 3401. https://doi.org/10.3390/w12123401

Journal Citation Report:
5 Year Impact Factor: 3.628
Quartile (2020): Q2 in WOS category Water Resources

Contribution:
LRS participated in the investigation and formal analysis, writing, original draft
preparation, reviewing and editing.
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4.3 Management effectiveness in a freshwater protected area: Long-term
water quality response to catchment-scale land use changes

Staponites L.R., Barták V., Bílý M., Simon O.P. (2022). ﻿Management
effectiveness in a freshwater protected area: Long-term water quality response
to catchment-scale land use changes. Ecological Indicators,
https://doi.org/10.1016/j.ecolind.2022.109438

Journal Citation Report:
5 Year Impact Factor: 6.643
Quartile (2021): Q1 in WOS category Environmental Sciences

Contribution:
LRS wrote the original draft, conducted land use analysis, performed project
administration, and analyzed the results.
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5. Discussion

5.1 Analyzing the impacts of land use on water quality in headwater
catchments: The influence of landscape attributes

The terrestrial landscape is inherently linked to the ecological integrity
of receiving waters (Allan, 2004; Gergel, 2005; Hynes, 1975). Understanding
how land use can influence water quality conditions is therefore crucial for
developing efficient and effective management strategies and protecting aquatic
resources. Although the impacts of land use on water quality have been
corroborated, a comprehension of interactions remains rudimentary. Water
quality is governed by an amalgamation of anthropogenic and environmental
factors, with influences changing over space and time (Allan, 2004; Baker et al.,
2007; Mouri et al., 2011; Rodrigues et al., 2018), making diffuse water pollution
difficult to assess. Consequently, researchers often encounter challenges in
deciding on the optimal spatial extent for analysis and accounting for landscape
attributes (Staponites et al., 2019). Article 1 attempts to address this issue by
establishing novel weighting schemes (i.e., landscape composition metrics) to
account for the combined effects of land use with spatial and topographical
landscape characteristics. Landscape composition metrics operate under the
assumption that each land use within a catchment area does not produce an
equal influence on water quality (Giri & Qiu, 2016). Using GIS analysis, land
use proportions are assigned weights based on site-specific observations. In the
approach proposed by Peterson et al. (2011) and Peterson & Pearse (2017), a
distance-weighting function is applied to account for the disproportionate
influence of land located closer to the stream, while a flow-weighted function is
used to consider the hydrological activity within each land use (Fig. 15).
Although weighting land use according to its spatial position and hydrological
effects has been carried out by previous studies (e.g., King et al. 2004; Peterson
et al., 2011; Sheldon et al., 2012), Article 1 further supplements weighting
schemes to integrate the impacts of landform via additionally weighting land
use according to its slope gradient.
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Figure 15. Schematic representation of the different weighting schemes applied
within a watershed. Each land use is weighted according to the inverse distance
to the outlet or to the stream, measured with Euclidean distance (iEDO and
iEDS) or flow length (iFLOand iFLS), respectively, or according to the flow
accumulation (HA-iFLO and HA-iFLS). Source: Peterson and Pearse (2017)

In Article 1, landscape composition metrics were applied to investigate
how specific landscape variables (i.e., slope, stream proximity and flow
accumulation) can impact land use-water quality interactions. This was
accomplished via comparing the predictive power of empirical models that
included various combinations of spatial and topographic attributes to determine
which model resulted in optimal water quality predictions. Although some
studies have suggested that accounting for landscape characteristics can make
models and their results more reliable (e.g., Delkash et al., 2018; Peterson et al.,
2011), Article 1 found that including landscape variables does not always
improve model predictions. The study concluded that the influence of landscape
attributes depends on the indicator being examined: namely, stream proximity,
slope and flow accumulation can govern the conveyance of pH, TP, NO2-N and
PO43-P, yet had no influence on Ca, EC, NO3-N and TSS. It is common to find
a coequal or mixed influence of both natural and anthropogenic variables on
stream condition (Allan, 2004), ergo the fact that spatial and hydrological
components of land use did not influence the transport of some parameters was
unexpected and may be attributed to the local setting. The study was conducted
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within headwater catchments with an average area of ~6 km². In small
catchments, most land is located relatively close to the stream enabling a direct
pathway of influence, indicating that the spatial location of land use only plays a
small role in the transport of nutrients under these circumstances. Nevertheless,
the proximity of land use to the stream could have more of an influence on
water quality within larger catchments. Previous studies have also suggested
that the impact of landscape variables on land use-water quality interactions
may be connected to the size of the catchment (King et al. 2004, Peterson et al.,
2011; Strayer et al., 2003). Additionally, the study area represents a standard
submontane landscape, characterized by mostly forests and meadows and hilly
terrain, hence the landform may have less of an influence within flatter terrains
or more densely populated areas or conversely, more of an influence in
mountainous regions. Accordingly, both the size and the topography of the
study area should be considered when determining which landscape attributes to
include into the analysis.

Overall, Article 1 provides insights on the pathways and mechanisms
through which land use can impact stream water quality, and the necessity of
landscape attributes when examining the relationship, thus advancing the ability
to accurately model interactions. However, it is incorrect to assume that stream
proximity, slope gradient, and flow accumulation are the only factors impacting
land use-water quality interactions. For example, both soil type and landscape
pattern can impact water quality (Ding et al., 2016; Varanka et al., 2015), and
neglecting their influence could misrepresent interactions, leading to an
inaccurate assessment. The ability of landscape composition metrics to easily
integrate multiple variables presents plenty of opportunities for future research
to investigate the predictive power of models and ultimately define appropriate
methods for particular environments (Peterson et al., 2011; Staponites et al.,
2019). In particular, the current weighting schemes can be further supplemented
to identify the impact from additional factors, such as the spatial pattern or
configuration of landscape elements which have been corroborated as influential
for governing the quality of receiving waters (Cheng et al., 2018; Lei et al.,
2021) and repeatedly employed as a measure of land use (e.g., Dai et al., 2017;
Peng & Li, 2021; Xiong et al., 2018).

Despite the presumption that the results from Article 1 are contextual,
findings suggest general recommendations for devising future study designs of
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the impacts of land use on water quality of small catchments with similar
regional characteristics: Methods for analysis should be applied according to the
individual parameter of concern. Specifically, incorporating stream proximity,
together with slope or flow accumulation, is recommended when examining the
effects of land use on reactive or unstable water quality parameters, whereas
land use composition only is recommended when examining impacts on stable
indicators. Geochemical cycles play a significant role in shaping the quality and
movement of water through the landscape; hence it is important to consider the
reactiveness or stability of individual water quality parameters in the analysis.
The results from Article 1 were used to inform the analysis of Article 3, which
examined the catchments within the same study area. Composition was chosen
as a measure for land use, whereas it was found to be the most effective
predictor of stable indicators which were the subject of investigation in Article
3. This, in turn, demonstrates how the governing processes of the selected water
quality parameters should be considered when planning forthcoming
investigations.

It is also important to consider the limitations of this study. Due to the
absence of data, the results of this investigation were based on a discrete,
one-time sampling and therefore measurements are subject to uncertainty. Water
quality can vary over space and time, hence samples taken from a single
instance may not be representative of the actual water quality conditions. Of the
11 water quality parameters examined, half were unstable or reactive,
suggesting that they may need to be monitored more frequently than stable
parameters to ensure an accurate assessment of water quality. Moreover,
seasonal effects from rainfall and snowmelt can impact runoff levels, and
consequently, contaminant inputs (Ai et al., 2015; Yu et al., 2015), thus, time
series data should be utilized when available to get a more precise portrayal of
water quality condition.

Although previously conducted studies have concluded that landscape
composition metrics are an effective tool to improve predictions of stream
condition (King 2004; Peterson et al., 2011; Sheldon et al., 2012; Strayer et al.,
2003; Van Sickle & Burch Johnson, 2008; Walsh & Webb, 2014), research
predominantly examined the ecological response of various aquatic species.
Knowledge of the mechanistic processes of nutrients moving through the
landscape is still limited, therefore weighting schemes for water quality should
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be further implemented and explored to help identify, control, and regulate
sources of land-based pollution and strategically target management. Landscape
composition metrics can be easily applied in any region to continue to increase
our understanding of land use-water quality interactions under different
contexts.

5.2 Comparing calibration strategies to advance hydrological models:
The role of time series data and hydrological signatures

Changes in land use play an important role in the functioning of the
water cycle by altering the natural hydrology of an area, which can lead to
changes in runoff, streamflow (i.e., discharge) and water levels. An accurate
assessment of the water balance is therefore necessary for supporting and
developing effective water management strategies to ensure the sustainable use
of aquatic resources, particularly in regions where water availability is limited.
Hydrological models have frequently applied various calibration strategies when
computing the water balance of a catchment, yet the employed strategy can
significantly impact the performance of the model (Melišová et al., 2020). A
well-calibrated model can provide greater confidence in the model’s predictions
and reduce the risk or errors, biases, and uncertainty, hence a robust
representation of water balance components requires an optimal calibration
strategy. Although most methods of model calibration employ time series data
when estimating the water balance (e.g., automatic and manual calibration),
conducting field measurements or gauging water bodies can be costly and
labor-intensive, hence observational data is often unavailable presenting
challenges when modeling hydrological processes in ungauged catchments. A
calibration with hydrological signatures (i.e., runoff and soil moisture) is based
on long-term statistics (e.g., interpolated from available data or estimated from
general formulas) and thus can be implemented in catchments with limited
observed data. Yet it is unknown if a conceptual hydrological model can be
calibrated using hydrological signatures only, or if hydrological signatures can
improve the calibration of a hydrological model. Consequently, Article 2
investigates the role of hydrological signatures in the calibration of a conceptual
hydrological model.
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Exploring the capabilities of models allows for a better understanding of
how the inclusion of certain variables and functions can influence processes,
thus enabling the opportunity to determine which strategy is optimal. Both
Articles 1 and 2 aim to enhance assessments via comparing the performance of
various, diverse models. In Article 1, the performance of various landscape
composition metrics was compared to identify which model explained the most
variability in water quality data, helping determine the features, processes, and
spatial scales with the strongest influence on receiving waters. Conversely,
Article 2 compares the performance of different calibration strategies to
determine the necessity of time series data and if hydrological signatures can
add value to the hydrological model. The results from Article 2 found that
calibrating the model with strategies that employ time series data outperformed
strategies based only on hydrological signatures, thus highlighting the
importance of observed data when calibrating the hydrological model.
Nevertheless, the study found that when time series data is not available, using
signatures representing the mean or variance of runoff could provide a
comparable fit. This strategy should therefore be considered when calibrating
hydrological models in ungauged catchments.

Interestingly, the results from Article 2 indicate that including the
hydrological signatures of runoff or soil moisture in addition to time series data
was found to be beneficial for decreasing the uncertainty in model parameters,
particularly for low flow conditions, and therefore should be considered in
future calibrations. However, calibrating hydrological models involves adjusting
model parameters to achieve the best fit between simulated and observed
hydrological variables and it is important to be aware of the limitations. The
validity and accuracy of a model is dependent on several factors, including the
quality of the input data, parameters, and the assumptions applied. Article 2
found that the performance of calibration strategies can be negated by a poor
representation of hydrological processes, biases in hydrological signatures and
uncertainty of model parameters. Therefore, future evaluations should account
for such limitations when determining the accuracy of model predictions,
especially when applying the model for decision-making when unambiguous
information is crucial. Still, identifying an optimal calibration strategy can help
to minimize the bias in simulations as well as the uncertainty in the estimated
model parameters and is thus important for improving overall reliability and
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usefulness of the modeling process. Exploring how models have been calibrated
can help researchers to determine the most appropriate strategy for their given
dataset.

Although Article 2 provides insights on the performance of various
calibration strategies the study was performed on a single hydrological model
(i.e. Bilan) and additional research is needed to further investigate if this is also
the case with other hydrological models. Similarly to Article 1, the research
from Article 2 was carried out in catchments of the Czech Republic under
specific hydroclimatic and physical conditions and additional studies are
necessary for verifying findings across diverse regions.

5.3 The consequences and temporal persistence of land use conversions
in headwater catchments: Expectations for water quality response

As human-induced pressures continue to threaten freshwater
environments, effective management practices are increasingly imperative.
Site-level investigations of management effectiveness play a crucial role in
providing information on the utility of interventions, as well as response times
needed for improvements. Yet, according to a systematic review by Acreman et
al. (2020), evidence of the effectiveness of freshwater protected areas,
particularly reports of positive outcomes, are generally lacking. This paucity of
evidence suggests that there is a poor understanding of the conditions needed for
a protected area to achieve its objectives (Geldmann et al., 2013). Article 3
attempts to fill this gap by providing quantitative evidence of management
success in a freshwater protected area via employing long-term stream water
quality data, monitored over a 33-year period, as an indicator of protected area
performance. Limits for each water quality parameter were defined by the
national standards for surface water quality, allowing for clear conservation
targets which is vital when evaluating management effectiveness (Hockings,
1998). Accordingly, Article 3 was able to identify when water quality was
restored to the desired state, thus functioning as one of the few cases of
evidence-based conservation success in a freshwater protected area and
illustrating that the enforcement of water quality standards can be an efficient
means to quantify the degree to which goals and objectives are being met.
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While GIS and remote sensing technologies have enabled readily
available land use data, adding to an increasing volume of literature on
landscape patterns and processes (Turner et al. 2001), the availability of
continuous water quality data over long periods is often limited, hindering
empirical investigations of long-term water quality response. Consequently,
approximately 20% of research included in the systematic map database did not
assess the temporal changes in water quality, and instead examined only the
resultant water quality conditions. Such assessments typically lack the scope
needed to deduce the impacts from land use change. In Article 3, continual
monitoring data of surface water quality was available enabling the long-term
assessment of trends. Substantial improvements in water quality occurred
approximately nine years after the land use was altered, thus emphasizing the
importance of long-term data in showing the full extent of recovery. Water
quality response to land use changes can experience time lags and legacies from
previous occurrences which may persist for a significant duration, hence long
periods of time are typically required to identify trends and account for these
factors (Meals et al., 2010; Melland et al., 2018; Spooner et al., 1987). By
accounting for the impeded response of land use alterations, managers and
policy makers can make more informed decisions on the long-term efficacy of
efforts. Nevertheless, additional empirical appraisals into the response time of
specific efforts would be beneficial for providing further information on the
temporal persistence of land use changes and the timeframes needed for the full
impacts to be evident.

Article 3 was carried out within a study area of approximately 58 km2

and findings agree with the review from Melland et al. (2018) which determined
that it could take from 4 to 20 years for positive water quality effects to occur
within catchments sized 1–100 km2 and concluded that water quality response
time will generally increase with the size of the catchment. This signifies that
longer monitoring may be necessary for detecting delayed improvements of
surface water in larger catchments. Although the spatial extent of research
within the systematic map database ranged from micro- to regional-scales,
larger study sites did not have longer monitoring duration (Fig. 16). The most
common duration over which land use and water quality was observed was 2-20
years, with very few studies lasting longer than 30 years, suggesting that many
investigations, especially those within larger spatial extents, may not have
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captured the complete impacts from land use changes. Moreover, Article 3 is
among the few ‘before and after’ study designs which compares temporal
changes made within the same protected area, suggesting that implementation of
a long-term monitoring program should begin prior to land use change and
continue long after, when possible. As demonstrated in the systematic map
database, only ten studies examined water quality before or after land use
changes, with most investigations examining land use and water quality over the
same temporal scale.

Figure 16. A comparison of the size of study sites and duration of water
quality monitoring. Studies that included multiple sites were averaged. Studies
that did not specify the size of individual sites were not included.

Although the impacts from land use changes may be long-lasting, the
lag between treatment and response can vary depending on the intensity of land
use changes, with studies finding smaller changes need longer periods to detect
changes (e.g., Bechmann et al., 2008; Melland et al., 2018). In Article 3, a
relatively small percentage of the study area was converted from cropland to
meadows (approximately 3.1%) and while the response time until restoration
was slow, measurable improvements in water quality conditions were detected
immediately. As with Article 1, the results from Article 3 were presumably due
to the small spatial extent of the study area which can enable land use to have a
direct influence on water quality. However, similar small-scale land use changes
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may not produce such rapid results if carried out in larger catchments, hence
spatial scale should be a principal consideration when setting expectations for
the rate and length of recovery. In addition to a sufficient monitoring period, an
adequate sampling frequency is crucial for enabling a rigorous assessment of the
lag between treatment and response, and thus should additionally be considered
when designing a monitoring program (Meals et al., 2010). Additionally,
frequent monitoring (i.e., daily or weekly) can help to enable a distinction
between point and nonpoint sources as well as the influence of short-term
weather events (e.g., rainfall or drought) (Buss & Achten, 2022).

Basing decisions on experience rather than evidence is an increasing
concern in environmental sciences (James et al., 2016). Individuals are easily
skewed by implicit biases, therefore providing decision-makers with access to
evidence is essential for ensuring that decisions are based on the best available
information, rather than on personal beliefs or interests (Cook et al., 2017;
James et al., 2016). Quantitative evidence of the capabilities of individual
interventions for mitigating pollution helps to achieve evidence-based
management by offering a deeper understanding of the intensity of efforts
needed to produce a desired outcome and ultimately how to plan effectively and
sustainably. In Article 3, land use data and water quality concentrations were
compared before and after management implementation to infer how
eliminating agriculture from the study area influences nutrient loading within
headwater catchments. Similarly to Article 1, the response varied depending on
the examined parameter, reinforcing the importance of directing efforts towards
the indicator of concern. The study found that the complete conversion of
croplands to meadows is roughly three times as effective in reducing NO3-N
concentrations compared to EC and Ca, yet had a minimal impact on pH values,
thus providing insights on the practicality of efforts. In order to examine how
various intensities of management can impact nutrient loading, catchment
categories were assigned according to the percentage of land use conversions.
The results suggest that small-scale agricultural elimination may be viable for
mitigating NO3−N loading, yet ineffective for reducing concentrations of EC
and Ca which may require more extensive conversions for notable reductions.
Although past research can offer insights on potential outcomes, investigations
cannot fully address all scenarios where a particular practice may or may not be
effective. The specific impacts of a land use change will likely depend on the
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size and characteristics of the study area as well as the sensitivity of the
examined response indicator, and thus should be considered when establishing
prospects for potential responses under similar circumstances. As such, many
empirical studies may have restricted applicability or generalizability (Julian et
al. 2017). In this regard, Article 3 contains some limitations; only six
catchments with various extents of agricultural elimination were examined.
Investigating additional catchments with a larger range of transformations
would be beneficial for broadening applicability, reaffirming findings, and
contributing to an understanding of the intensity of change needed to effectively
reduce concentrations of specific indicators.

5.4 Empirical evidence for guiding future investigations: Insights from
the systematic map database

With an increasing body of scientific research, parsing out what has
been done is a prerequisite for consolidating knowledge. A detailed overview of
the evidence base is an essential starting point for storing all the patterns of
published work, identifying emerging trends, investigating potential areas of
concern, and formulating subsequent research questions (Wolffe et al., 2019).
Improving on these patterns and trends by highlighting commonalities can help
to obtain an improved understanding of an evidence base as a whole. A
systematic mapping methodology has been increasingly applied in
environmental sciences to address broad, multifarious questions that are lacking
quantitative data (James et al., 2016). The systematic approach helps to
minimize biases and distill an objective understanding of a topic by gathering
information from diverse sources. Such a resource enables scientists,
practitioners, and decision makers alike to explore the extensive collection of
literature by locating and obtaining all pertinent data related to a specific subject
matter (Pullin et al., 2020). Moreover, an overview of the available database can
expose knowledge gaps that warrants further research and reveal knowledge
clusters that can be addressed within a systematic review (James et al., 2016).

A robust apprehension of approaches to investigate the impacts of land
use change on water quality was lacking in the scientific literature, thus
prompting the need for an evidence synthesis. Consequently, this is the first
attempt to systematically map this topic, helping to demonstrate available
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techniques, recent developments and the frequency and distribution of methods.
According to the database, investigations are considerably heterogeneous in
terms of research context. Investigations have been executed in different
climates, at multiple spatial and temporal scales, using diverse parameters and
incorporating numerous catchment characteristics, all which can impact the
relationships between land use and water quality (Mello et al., 2020; Uriarte et
al., 2011). Moreover, the overall structure of study designs generally vary in
terms of population, data collection methods, data analysis and evaluation
techniques. Due to this lack of uniformity, comparing the outcomes between all
studies is not practical. Nevertheless, a database of investigations provides
functionality in its format by enabling a search and selection of data subsets that
can be relevant for different scenarios (Wolffe et al., 2019). For example,
identifying studies within similar settings or that utilize similar parameters can
enable a comparison of results or provide examples of potential outcomes.
Whereas the impacts of land use changes on water quality are likely site-specific
(Baker et al., 2007), contextualizing findings is key for ensuring applicability.
Readily available examples of how previous investigations have been carried
out can facilitate researchers when planning and conducting evaluations and aid
in the development of advanced assessments.

The relationship between land use and water quality is not isolated and
static, but constantly changing with lags, legacies effects, and nonlinear
responses (Allan, 2004; Julian et al., 2017). Moreover, the stochastic
components of diffuse pollution make behavior and outcomes difficult to predict
(O’Donoghue et al., 2021). As such, difficulties exist when designing
investigations and modeling the relationship between land use changes and
water quality conditions and the systematic map database can help shed light on
the complexities involved with an analysis.

Despite recent advances in geospatial techniques, the issues of spatial
scale remain ongoing. Approximately two-thirds of studies within the evidence
base conducted a spatial analysis, with ~17% employing multiple spatial scales
to determine an optimal spatial extent, while one-third examined the spatial
distribution of land use and one-third investigated the spatial pattern of water
quality. Very few studies incorporated spatial regressions (e.g., geographically
weighted regression, or locally weighted regression) to account for the unequal
influence that can arise for the spatial position or pattern of individual land use
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types. Implementing more studies to explore and showcase the predictive power
of spatial models would be beneficial.

The complexities of natural systems present fundamental challenges
when determining causality (Cook et al., 2017; Melland et al., 2018). For
instance, land use variables may be correlated with other more influential
environmental factors. Correlation approaches were commonly applied within
research, yet a covariation between natural and anthropogenic factors can hinder
the ability to determine the respective impacts on water quality (Allan, 2004),
creating difficulties for correlation analysis. Hence, including a variety of
variables into an analysis can help identify confounding effects (O’Donoghue et
al. 2021). Multiple regression analysis allows for the simultaneous consideration
of multiple predictors in a single model and several techniques can be used to
address the presence of multicollinearity, such as adding interaction terms to the
model or applying. Principal Component Analysis (PCA) or Partial Least
Squares Regression (PLS) can be used to reduce the dimensionality of the data,
and thus account for the covariation between independent variables and
determine their respective impacts on water quality. As the field of research
continues to evolve, new methods and technologies are being developed and
applied to better understand the intricate and dynamic impacts from land use
conversions. Providing a rigorous delineation is of the utmost importance,
whereas an imprecise evaluation can misrepresent mechanisms and ultimately
misinform decision-making.

Land-water relationships are complex and can depend on a number of
interacting landscape characteristics and anthropogenic factors (Allan et al.
1997). While a simplistic representation of processes can enable foundational
assumptions to be made, investigating land use as the only source of water
pollution can reduce the complexity of the problem, resulting in an
overestimation of impacts (Allan, 2004). Selecting relevant explanatory
variables is essential for correctly modeling the relationship (Giri & Qiu, 2016).
Yet with so much individual variation between study sites and a wide range of
possible variables to consider, deciding which factors to include presents major
challenges. Models are based on a set number of variables and selecting which
explanatory variables to include into the equation means choosing which
contributing factors are fundamental for describing this complex relationship.
As illustrated in the systematic map, climate, hydrology, management, soil,
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topography and socio-economic factors were the major attributes included when
examining the effects of land use change on water quality. Natural factors, such
as rain, discharge, and slope, may be fundamental in cases where human impact
is small or relatively consistent throughout the study region (Allan, 2004), while
anthropogenic factors, such as population density or sewerage will likely play a
larger role in more densely populated areas. Moreover, the influence of each
factor may change under various spatial and temporal scales. For instance,
changes in climate and soil characteristics can vary regionally, yet are unlikely
to change drastically within a small study area, whereas topography and
hydrology can vary within small-scales, impacting land use-water quality
interactions as exhibited by Article 1. Climatic and socio-economic factors may
not influence land use-water quality relationships over the short-term yet may
become more important over longer timescales. Accordingly, the scale of the
study area and the time frame of the investigation as well as the amount of
human influence can all provide clues on which explanatory variables may be
relevant for an analysis.

Of the studies that considered predictors in addition to land use change,
very few incorporated more than one or two explanatory variables into the
analysis. An analysis that does not take into account all the possible factors that
affect the systems being studied, including those that may not be immediately
apparent, can misrepresent interactions. On the other hand, the inclusion of
redundant elements may add unnecessary complexity in the analysis. Achieving
a systems understanding of the pressures and drivers on water quality, in
addition to land use change, has received increasing attention within the
scientific literature (e.g. Burke et al., 2018; Peng & Li, 2021; Shi et al., 2016;
Wu et al., 2021), yet this emerging topic requires additional research to explore
the significance of various factors and to provide more insights on which
explanatory variables may be appropriate under which contexts.

Opportunities for future research
Although there is a scientific consensus that land use change can impact

surface water quality, empirical evidence is relatively lacking with 133 studies
over the past 12 years. The limited evidence base provides many opportunities
for further inquiry or analysis. There are several knowledge gaps which may be
worthy of future consideration, including the impacts of land use change on
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coastal systems and wetlands as well as studies within micro-scale catchments
with homogenous landscapes. Impacts from the conversion of grasslands,
wetlands, bare lands and vegetation are scarce as well as studies within arid and
temperate climates around the world. Subsequent research could explore
examples of land use change for water quality improvement whereas reports of
positive outcomes were limited. Further systematic reviews that address
cause-and-effect questions for research conducted under similar contexts (e.g.,
with corresponding study area sizes, spatial scales, climates and parameters)
could be potentially useful for drawing some absolutes about the impact of land
use change on water quality. For example, research could compare results of
urban expansion on phosphorus and nitrogen, whereas these were the most
frequently studied parameters.

Framework for future research
Our knowledge about the functioning of the environment is continually

evolving. Detailing various methods of analysis and techniques to analyze land
use-water quality interactions can connect practitioners with scientific research,
helping to provide a framework when devising future investigations.
Consequently, findings from the systematic map database, can lead to some
general recommendations for future empirical research:

● Study sites: When examining land use changes, it is important to
consider the number of sites. Nearly half of the studies included in the
systematic map examined only one site for land use changes.
Investigating additional sites with various degrees of land use
alterations has the potential to expand applicability and reaffirm
findings.

● Data transparency: The quality of data used to generate results is a
determining factor in the reliability of research. The number of samples
taken, and the frequency of sampling were often not specified. To
ensure the reliability of observations, it is crucial to be transparent about
the data by disclosing any uncertainties (e.g., data gaps or analytical
variability) as well as the specifics on the sample size, sampling
frequency, number of sites monitored, and sampling duration.
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● Disclosing specifics: Details on the spatial scale of analysis, water
quality duration, the number of sites examined, and the size of the study
sites were occasionally lacking across investigations and therefore
should be disclosed when describing the study design.

● Water quality indicators: Approximately 27% of studies resulted in
diverging trends for water quality parameters, suggesting individual
indicators can respond in different ways to a land use change.
Therefore, examining only one or two indicators may misrepresent
overall outcomes. Investigating the response of a range of water quality
parameters can potentially achieve a more accurate portrayal of the
impacts of land use changes.

● Water quality indices and standards: Approximately half of studies
applied an index or standards to assess water quality. Employing limits
or standards for water quality can clearly communicate information on
water quality conditions, and therefore may be beneficial.

● Identifying relevant explanatory variables: Properly controlling for
confounding variables can help ensure that the observed relationship
between the independent and dependent variables is not due to the
influence of other factors. Approximately one-third of studies included
additional independent variables as possible drivers of water quality
conditions, including attributes of climate, hydrology, management,
soil, topography and socio-economic factors. Such components may be
worthy of consideration, depending on the size and characteristics of the
examined area.

● Method of analysis: Statistical modeling was preferred in high quartile
journals and more prevalent than a comparison of land use changes and
water quality, with approximately two-thirds of studies undertaking a
statistical analysis. A comparative analysis may lack the ability to
accurately depict the intricate relationship between land use and water
quality and should be a consideration when devising an investigation.
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6. Conclusions
The protection of water resources and ecosystems requires an accurate

assessment and comprehensive understanding of the impacts from the
encompassing landscape. Accordingly, the published studies within this thesis
helps to advance the accuracy of methods and techniques used in research
(Articles 1 and 2) and provide empirical evidence to support decision-making
(Articles 3 and Systematic Map). Firstly, this thesis explores the implementation
of novel weighting schemes (i.e., landscape composition metrics) to account for
the scale-dependent mechanisms and natural processes of the terrestrial
landscape when analyzing the impacts of land use on water quality. By
integrating land use data with spatial and topographic components of the
landscape, Article 1 sheds light on the significance of landscape attributes when
examining the relationship within submontane headwaters, thereby enhancing
the capability to model interactions with greater accuracy. The results showed
that incorporating landscape variables into empirical models did not always
improve the accuracy of water quality predictions. Moreover, the impact of
landscape characteristics on model performance varied depending on the type of
indicator under consideration, suggesting that the inclusion of landscape
features should be tailored to the specific parameters of interest when devising
investigations. According to the findings, factors such as stream proximity,
slope, and flow accumulation may have a significant impact on the conveyance
of reactive or unstable water quality parameters within small, headwater
catchments, yet may not influence stable chemical data. Nevertheless,
knowledge of pathways and mechanisms through which land use can impact
water quality remains limited. Consequently, it is important to further explore,
implement and augment current weighting schemes to enhance our
comprehension of the interactions between land use and water quality and
ultimately establish suitable techniques for specific settings.

Secondly, this thesis explores the role of hydrological signatures, as
well as the necessity of time series data, in the calibration of a conceptual
hydrological model. Through investigating the performance of various
calibration approaches and identifying an optimal strategy, Article 2 helps to
ensure a reliable and robust model of hydrological processes. The findings
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indicate that calibrating hydrological models using time series data resulted in
better performance compared to using strategies based solely on hydrological
signatures, thus emphasizing the significance of incorporating observed data
during the calibration process. However, in cases where time series data is not
accessible, utilizing signatures that represent the average or variance of runoff
could yield a similar outcome, and thus can be particularly useful when
examining hydrological processes in catchments with sparse observed data. The
analysis verified that incorporating hydrological signatures of runoff and soil
moisture, together with time series data, can aid in reducing the uncertainty in
model parameters, especially during low flow conditions. Further research that
corroborates these results across various regions and explores the applicability
of findings with additional hydrological models would be beneficial.

Finally, this thesis evaluates long-term water quality response to
catchment-scale land use changes to provide evidence of management
effectiveness in a freshwater protected area. By examining the consequences
and temporal persistence of land use changes and the susceptibility of specific
water quality indicators, Article 2 reveals realistic expectations for potential
outcomes while providing insights on the efficacy of management interventions
and response times needed for improvements. The findings suggest that
converting croplands to grassland on a relatively small scale can be an effective
strategy for mitigating a significant amount of nitrate loading to headwater
streams, while reducing conductivity and calcium may require more extensive
changes. Substantial improvements in water quality occurred approximately
nine years after management implementation, emphasizing the persistent effects
of altered land use and the importance of long-term data for detecting delayed
improvements. Overall, the findings can help inform decision-making when
planning strategies under similar contexts. Nevertheless, examining additional
catchments that include a larger range of land use alterations could increase
applicability and validate results.

As human development continues to transform the earth’s surfaces, the
conservation and management of water resources becomes increasingly crucial.
Ensuring the protection of water resources will depend on a better
understanding of land-water interactions as well as an accurate portrayal of
processes. Such information will be key for developing appropriate policies,
facilitating effective management decisions, and advancing assessments.
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7. Appendix

Box 1. Search string of terms and Boolean operators used for an advanced
search of the Web of Science database.

TS = (“surface water$” OR “receiving water$” OR lake$ OR pond$ OR river$ OR
stream$ OR tributar* OR headwater$ OR spring$ OR creek$ OR channel$ OR
canal$ OR rivulet$ OR brook$ OR watercourse$ OR waterway$ OR bog$ OR
lagoon$ OR pool$ OR reservoir$ OR loch$ OR wetland$ OR estuar* OR delta$ OR
bay$ OR “marsh*” OR swamp$ OR fen$ OR “coastal water$” OR sea$ OR ocean$
OR waterbod* OR basin$ OR catchment$ OR watershed$)

NOT
TS= (groundwater OR subsurface$ OR subsoil)

AND
TS = (“land use$” OR “land cover$”)

NOT
TS = (projection$ OR forecast$ OR scenario$)

AND

TS = (“water quality” OR “water chemistry”)

NOT
TS = (assemblage$ OR population$ OR communit* OR genetic$ OR fish* OR
macroinvert* OR bee$ OR biomass OR organism$ OR phytoplankton OR
atmospher* OR particulat*)

Note: The search was conducted on January 20, 2022 with the language limited to
English and the publication date between January 1, 2010 and December 31, 2021. The
search included all Web of Science core collection citation indexes.

Box 2. Search string of terms used for an advanced search of the Google
Scholar search engine.

with all of the words: ~land use AND ~water quality
Note: The search was conducted on February 3, 2022 with the time span from 2010 to
2021. The search was conducted so the words occur only in the title of the article. The
search results do not include citations. Only evidence published in English was retained.
The search was sorted by relevance and only the first 500 search results were obtained.
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Table A1. The following eligibility criteria was applied for screening results.
Key
elements Inclusion criteria Exclusion criteria

Population Surface waters, globally. Subsurface waters (i.e.,
groundwater).

Exposure

Observed changes in various
extents, compositions or
configurations of terrestrial land
use/land cover.

Projections or forecasts of future
land use scenarios. Changes in
farming practices (e.g., crop
growth, cultivation, production or
harvesting)

Comparator

Changes within the same area
over time or compared with a
reference area without changes
(e.g. paired-catchment approach)

A multisite comparison of
different land use types at a single
point in time (e.g. cross-sectional
studies).

Outcome

Measures of physical, chemical
and microbiological indicators of
surface water quality based on
empirical data.

Measures of biological indicators,
water quantity, sediment yields,
soil properties or erosion rates.

Study
Design

Case studies, observational
studies and experimental research

Review or perspective articles.

Note. Only research published in scientific journals or books were retained, conference
papers or proceedings, dissertations, theses, and reports were discarded.
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Figure A1. Flow diagram of the numbers of records included or excluded at
each stage of the screening and selection process.
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Table A2. Nomenclature of land use types employed across the 133 studies in
the systematic map database. Each term was classified into one of nine
conventional land use categories according to the description in the study.

Land use
category

Included terms

Agriculture Agricultural, Agricultural areas, Agricultural land(s), Agricultural
land/cropland, Agricultural land/Grassland, Agriculture, Agriculture
land, Arable land, Arable cropping, Citrus, Crop(s), Crop and pasture
lands, Cropland, Crop land, Cropping land, Cultivated, Cultivated
crops, Cultivated field, Cultivated land, Cultivation, Dry farmland,
Dry field, Dryland, Fallow land, Farming, Farmland, Farm land,
Farms/crops, Fieldcrop, Garden, Garden land, Garden plot, Ginseng,
Greenhouses, Horticulture, Irrigated arable land, Irrigated centre
pivots, Irrigated cultivation, Irrigated orchards, Irrigated vegetables,
Non irrigated arable land, Orchard(s), Other agriculture, Paddy, Paddy
field, Plantation(s), Rainfed cropland, Rice, Rice fields, Row crops,
Smallholdings, Sugarcane Vegetation, Upland(s), Water
cultivation/garden

Urban Artificial surfaces, Artificial surfaces intensive, Artificial surfaces
extensive, Built-up, Built-up area(s), Built-up area/rural complex,
Bare land / Settlements, Brick fields area, Built-up/settlements area,
Builtup land, Built-upland, City lands, Commercial, Constructed,
Constructed land, Construction land, High urban, Developed,
Impervious surface, Impervious surface area(s), Industrial, Industrial
facilities, Industrial zone, Land covered by Industry, Low urban,
Medium urban, Peri-urban, Residential, Residential area, Residential
land, Residential-industry land, Residential settlement, Road,
Settlement area, Settlement(s), Suburban, Urban, Urban and barren
lands, Urban and built-up, Urban area(s), Urban blocks, Urban
build-up, Urban built-up land, Urban/built-up, Urban and developed
area, Urban land, Urban infrastructure, Urbanization

Forest Artificial forest, Closed savannah, Dense moist forest, Evergreen
broadleaved forest, Fair forest, Flooded forest, Forest(s), Forest cover,
Forest formation, Forest land, Forestland(s), Forest plantation(s),
Forested land, Forest and scrub area, Forests and semi-natural areas,
Forest/grassland/high vegetation, Forest/wetland, Forestry, Forestry
and grass cover, Forestry and Plantations, Native forest, Natural
forest, Non-plantation forest, Old-growth forests, Open forest, Open
pine forest, Original forest, Plantation forest, Rubber plantations,
Secondary forest(s), Stunted forest, Thick pine forest, Upland forest,
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Woodland, Woodland/Open bush, Wooded rangeland, Woody Plants,
Young secondary forest

Grassland Fair range, Good rangeland, Grass, Grass land, Grassland(s),
Grassland/degraded land, Grass/Pasture, Green space, Improved
grassland, Irrigated pastures, Meadow, Medium rangeland, Native
grassland, Opened savannah, Pasture, Poor range, Poor rangeland,
Range land, Rangeland, Savanna, Savanna formation,
Shrub/grassland, Steppic grasslands and bare land

Vegetation Goukamma Dune Thicket, Green space, Herbaceous cover, Low
shrubland, Mountain/vegetation, Natural, Natural vegetation,
Perennial, Rough grazing, Scrub, Scrubland, Shrub, Shrublands,
Shrubland Fynbos, Shrub-land, Shrub land, Shrubs and grassland,
Thicket/Dense bush, Vegetation, Vegetation cover, Vegetative surface,
Woody/herbaceous

Water Clear water, Fresh Water, Hydrography, Inland water, Lakes, Open
water, Ponds, Rivers, Water(s), Water area, Water bodies,
Water-bodies, Water bodies/swamps, Water body, Watercourse

Wetlands Aquatic macrophytes, Aquatic vegetation, Mangrove, Mangrove area,
Mangrove swamp, Marsh, Marshy, Marshland vegetation. Marshy
land, Peatland, Salt marsh, Swamp, Water wetlands, Wetland(s),
Wetland landscape, Wetland & saltern, Wetlands and water bodies

Bare land Bare, Bare areas, Bare none vegetated, Bare soil, Bare soil/rocks,
Barren, Barren land, Barrenland, Bare ground, Bare land, Bareland,
Barren land, Barren soil and snow covers, Bare field, Bare land(s),
Bare rocky land, Bare surface area, Cleared land, Deforested land,
Desertified land, Disturbed/bare Exposed hill, Exposed land, Open
area, Open space, Rocky outcrop, Undeveloped land, Unused land,
Unutilizable land, Unutilized land, Un-utilized land, Wasteland

Other Burnt area, Dams, Degraded, Degraded Outeniqua Plateau Fynbos,
Desert, Disturbed land and open space/recreation, Drained wetland,
Dryland, Dunes, Exposed rock, Floating garden, Flows sands, Green
house, Ground cover, Hay, Hoor, Infiltration zones, Landslide, Mine,
Mining, Mining area, Miscellaneous, Natural floodplain, Natural
Knysna Afromontane, Natural Outeniqua Plateau Fynbos, Non-forest
natural formation, Non-Urban, Other(s), Other land, Other land uses,
Other land-uses, Other types, Rich, Reed beds, Riverine vegetation,
Rock, Rocky, Rural, Saline and alkaline land, Salinized land, Sand,
Sea, Semi-natural, Snow/glaciers, Snow/ice, Trans and uti,
Unconsolidated shore, Un-surveyed land, Yuan land

Note. Plantations were considered agriculture unless specified as forest plantations.
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Table A3. Frequency of studies recording notable land use expansions or losses
for specific land use categories during the study period.

Notable Land use Change Expansion Loss

Agriculture 15 -27
Agriculture + Bare land 1 -2
Agriculture + Grassland 1 -3
Agriculture + Forest 0 -9
Agriculture + Other 0 -1
Agriculture + Urban 20 0
Agriculture + Water 0 -1
Agriculture + Wetland 0 -3
Bare land 3 -5
Bare land + Forest 0 -1
Bare land + Grassland 0 -2
Bare land + Vegetation 0 -1
Bare land + Water 0 -1
Forest 8 -17
Forest + Grassland 0 -4
Forest + Urban 7 0
Forest + Vegetation 0 -1
Forest + Wetland 0 -3
Grassland 4 -8
Grassland + Other 2 0
Grassland + Urban 2 0
Grassland + Vegetation 0 -1
Other 1 0
Other + Urban 2 0
Urban 53 -1
Urban + Vegetation 1 0
Urban + Wetland 3 0
Vegetation 1 -7
Vegetation + Wetland 0 -1
Water 0 -3
Wetland 1 -7
Various 1 -7
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Not specified 7 -17
Note. If more than two land use classes were noted for expansion or loss, changes were
classified as "various".

Table A4. Publication details of studies included in the systematic map
database.

Publication details

ID Year Author(s) Article title Publishing
source DOI

20 2021
Senbore, S; Oke,
SA

Urban development impact on
climate variability and surface
water quality in part of
Mangaung metropolis of
South Africa

DEVELOPMEN
T SOUTHERN
AFRICA

10.1080/037
6835X.2021.
1993794

29 2021
Dar, SA; Bhat, SU;
Rashid, I

Landscape Transformations,
Morphometry, and Trophic
Status of Anchar Wetland in
Kashmir Himalaya:
Implications for Urban
Wetland Management

WATER AIR
AND SOIL
POLLUTION

10.1007/s112
70-021-0541
6-5

32 2021
Dar, SA; Rashid, I;
Bhat, SU

Linking land system changes
(1980-2017) with the trophic
status of an urban wetland:
Implications for wetland
management

ENVIRONMENT
AL
MONITORING
AND
ASSESSMENT

10.1007/s106
61-021-0947
6-2

46 2021

Lei, KG; Wu, YF; Li,
F; Yang, JY; Xiang,
MT; Li, Y; Li, Y

Relating Land Use/Cover and
Landscape Pattern to the
Water Quality under the
Simulation of SWAT in a
Reservoir Basin, Southeast
China

SUSTAINABILIT
Y

10.3390/su13
1911067

54 2021

Chen, ZK; An, CJ;
Tan, Q; Tian, XL; Li,
GC; Zhou, Y

Spatiotemporal analysis of
land use pattern and stream
water quality in southern
Alberta, Canada

JOURNAL OF
CONTAMINANT
HYDROLOGY

10.1016/j.jco
nhyd.2021.10
3852

55 2021

Fernandes, ACP;
Martins, LMD;
Pacheco, FAL;
Fernandes, LFS

The consequences for stream
water quality of long-term
changes in landscape
patterns: Implications for land
use management and policies

LAND USE
POLICY

10.1016/j.lan
dusepol.2021
.105679

82 2021

Lee, J; Chung, J;
Woo, S; Lee, Y;
Jung, C; Park, D;
Kim, S

Evaluation of Land-Use
Changes Impact on
Watershed Health Using
Probabilistic Approaches WATER

10.3390/w13
172348

96 2021

Wu, J; Zeng, SD;
Yang, LH; Ren, YX;
Xia, J

Spatiotemporal
Characteristics of the Water
Quality and Its Multiscale
Relationship with Land Use in
the Yangtze River Basin

REMOTE
SENSING

10.3390/rs13
163309

97 2021
Klante, C; Larson,
M; Persson, KM

Brownification in Lake
Bolmen, Sweden, and its
relationship to natural and

JOURNAL OF
HYDROLOGY-R
EGIONAL

10.1016/j.ejrh
.2021.10086
3
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human-induced changes STUDIES

114 2021

Zhang, MX; Rong,
GZ; Han, A; Riao,
D; Liu, XP; Zhang,
JQ; Tong, ZJ

Spatial-Temporal Change of
Land Use and Its Impact on
Water Quality of East-Liao
River Basin from 2000 to 2020 WATER

10.3390/w13
141955

132 2021

Yan, JF; Wang,
MH; Su, FZ; Xiao,
RM; Wang, T

Analysis of the change in the
ecological environment based
on remote sensing in typical
coastal zones of the Indian
Ocean from 1990 to 2017

ARABIAN
JOURNAL OF
GEOSCIENCES

10.1007/s125
17-021-0748
4-7

139 2021

Delia, KA; Haney,
CR; Dyer, JL; Paul,
VG

Spatial Analysis of a
Chesapeake Bay
Sub-Watershed: How Land
Use and Precipitation Patterns
Impact Water Quality in the
James River WATER

10.3390/w13
111592

149 2021

Piyapong, C;
Chamroensaksri,
N;
Aroonsrimorakot,
S; Eyosawat, L;
Khankhum, S;
Rattana, S;
Sunthamala, N;
Warapetcharayut,
P; Paradis, E

A predictive model of the
impact of urbanization on
bacterial loads in watersheds

JOURNAL OF
CLEANER
PRODUCTION

10.1016/j.jcle
pro.2021.126
704

162 2021

Liu, JF; Xu, JJ;
Zhang, X; Liang,
ZM; Rao, K

Nonlinearity and threshold
effects of landscape pattern
on water quality in a rapidly
urbanized headwater
watershed in China

ECOLOGICAL
INDICATORS

10.1016/j.eco
lind.2021.107
389

177 2021
Dar, SA; Rashid, I;
Bhat, SU

Land system transformations
govern the trophic status of an
urban wetland ecosystem:
Perspectives from remote
sensing and water quality
analysis

LAND
DEGRADATION
&
DEVELOPMEN
T

10.1002/ldr.3
924

209 2021 Peng, SY; Li, SH

Scale relationship between
landscape pattern and water
quality in different pollution
source areas: A case study of
the Fuxian Lake watershed,
China

ECOLOGICAL
INDICATORS

10.1016/j.eco
lind.2020.107
136

216 2021

Fraga, MD; da
Silva, DD; Reis,
GB; Guedes, HAS;
Elesbon, AAA

Temporal and spatial trend
analysis of surface water
quality in the Doce River
basin, Minas Gerais, Brazil

ENVIRONMENT
DEVELOPMEN
T AND
SUSTAINABILIT
Y

10.1007/s106
68-020-0116
0-8

218 2021

Saedpanah, M;
Reisi, M;
Nadoushan, MA

The Effect of Land Use
Changes on Water Quality
(Case Study: Zayandeh-Rud
Basin, Isfahan, Iran) POLLUTION

10.22059/PO
LL.2021.324
387.1100

227 2021
Bukunmi-Omidiran,
T; Sridhar, BBM

Evaluation of spatial and
temporal water and soil quality
in the Buffalo and Brays
Bayou watersheds of

REMOTE
SENSING
APPLICATIONS
-SOCIETY AND

10.1016/j.rsa
se.2020.1004
55
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Houston, Texas ENVIRONMENT

232 2021

Molekoa, MD;
Avtar, R; Kumar, P;
Minh, HVT;
Dasgupta, R;
Johnson, BA;
Sahu, N; Verma,
RL; Yunus, AP

Spatio-Temporal Analysis of
Surface Water Quality in
Mokopane Area, Limpopo,
South Africa WATER

10.3390/w13
020220

309 2020
Szatten, D; Habel,
M

Effects of Land Cover
Changes on Sediment and
Nutrient Balance in the
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Note. ID refers to the number assigned to articles that were returned via the systematic
search. Publishing sources refers to the name of the journal or book.

Table A5. Geographical location of studies included in the systematic map
database.

Geographical Location

ID Country Specific Location Climate
zone)

Specific climate
zone

20 South Africa Mangaung Municipality Arid BSk
29 India Srinagar city Temperate Cfb
32 India Srinagar city Temperate Cfb
46 China Shaoxing City Temperate Cfa
54 Canada Alberta Continental Dfc
55 Portugal Ave River Basin Temperate Csb
82 South Korea Geum River Basin Temperate Cwa

96 China East, central, and west China

Continental,
Polar,
Temperate

Cfa, Cwa, Cwb,
Dwc, ET

97 Sweden Lake Bolmen Continental Dfb
114 China Jilin Province Continental Dwa

132

Iran, Pakistan,
Bangladesh,
Myanmar

Baluchestan Province,
Balochistan Province,
Chittagong district, Rakhine
Province

Arid,
Tropical Am, BWh
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139 United States Virginia Temperate Cfa
149 Thailand Eastern Thailand Tropical Aw
162 China Upstream Huai River Basin Continental Dwa
177 India Srinagar city Temperate Cfb
209 China Yuxi City Temperate Cfb
216 Brazil Minas Gerais Temperate Cfa
218 Iran Zayandeh-Rud basin Arid BWh
227 United States Texas (Houston) Temperate Cfa
232 South Africa Limpopo Arid BSh
309 Poland Brda catchment Temperate Cfb
320 United States Texas (Houston) Temperate Cfa

323 China Across China
Continental,
Temperate Cfa, Cwb, Dwa

381 Iran Ilam Temperate Csa
408 China Liaoning Province Continental Dwa
427 China Erhai Lake Temperate Cwb
564 Thailand Mid-thailand Tropical Aw
587 Canada Southern Ontario Continental Dfb
616 China Shandong province Continental Dwa
685 United States Southeast Louisiana Temperate Cfa
690 China Shaanxi Province Temperate Cfa
694 United States Florida Temperate Cfa
710 Iran Northeast Iran Arid BSk
743 China Eastern China Continental Dwa
759 China Xiangyang City Temperate Cfa
766 China Fujian Province Temperate Cfa
809 China Hong Kong and Shenzhen Temperate Cfb
812 China Shanghai Temperate Cfa

824 South Africa
North West province (Vryburg
District) Arid BSh

826 South Africa KZN Province Temperate Cwb
841 United States Kansas Temperate Cfa
842 China Shenzhen Temperate Cfb

843 South Korea
Yanggu County, Gangwon
Province Continental Dwa

847 Malaysia Kelantan Tropical Af
887 United States Florida (Tampa Bay) Temperate Cfa
889 Poland Beskid Sądecki Temperate Cfb
896 China Anhui province Temperate Cfa
903 Thailand Northern Thailand Tropical Am
983 China Hubei and Henan provinces Temperate Cfa, Cwa
984 United States Texas (Houston) Temperate Cfa
1029 United States Florida Temperate Cfa
1034 South Africa Cape Town Temperate Csa
1042 Brazil São Paulo Temperate Cfa
1050 China Shaanxi Province Temperate Cfa
1063 Brazil Northweatern Brazil Tropical Af, Am
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1066 New Zealand Across New Zealand Temperate Cfa, Cfb
1074 China Yuxi, Yunnan Temperate Cwa
1080 China Sanjiang Plain Continental Dwa
1085 Chile South-central Chile Continental Cfb
1115 Malaysia Malacca state Tropical Af

1145 China
Henan, Hubei, Anhui,
Shandong, Jiangsu province

Continental,
Temperate Cfa, Cwa, Dwa

1151 Greece Northern Greece Temperate Csa
1240 England Oxford Temperate Cfb
1287 China Lianyungang Continental Dwa
1297 China Lianyungang Continental Dwa
1307 Scotland Northern Scotland Temperate Cfb
1324 China Lianyungang Continental Dwa
1339 Portugal Central Portugal Temperate Csa, Csb
1372 South Africa Vaal River Catchment Temperate Cwb
1418 China Heilongjiang Province Continental Dwa
1438 China Taihu Lake Temperate Cfa
1443 Czech Republic Jihlava administrative district Continental Dfb

1479 China
Henan, Shandong, Jiangsu,
Anhui Provinces

Continental,
Temperate Cfa, Cwa, Dwa

1490 China Sanjiang Plain Continental Dwa
1512 China Hunan Province Temperate Cfa
1573 United States Maine Continental Dfb
1576 China Pengxi River Temperate Cfa
1603 Iran Isfahan Arid BSk
1618 Chile North Patagonia Temperate Cfb
1656 South Korea Yongin watershed Continental Dwa
1685 Turkey Izmir Temperate Csa
1691 Taiwan Chiayi County Temperate Cwa
1717 Canada Vancouver Temperate Cfb
1718 China Fujian Province Temperate Cfa
1732 Spain Galicia Temperate Csb
1754 China Guangdong Province Temperate Cwa
1763 Spain Lanjarón Temperate Csa
1784 India Meghalaya Temperate Cwa
1789 China Fujian Province Temperate Cfa
1795 Malaysia Singapore Tropical Af
1802 United States Florida Temperate Cfa
1824 Brazil Western Central Brazil Tropical Aw
1889 China Beijing Continental Dwa
1895 United States Puerto Rico Tropical Af, Am, Aw
1948 United States Georgia Temperate Cfa
1964 China Nenjiang city Continental Dwc
1998 United States Arkansas Temperate Cfa
2012 China Yellow River Basin Continental Dwb

2038 Iran West Iran
Arid,
Temperate BSh, Csa
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2091 China Beijing Continental Dwa

2098 India

Uttarakhand, Uttar Pradesh,
Bihar and Himachal Pradesh
states Temperate Cwa, Cwb

2105 Ghana Northern region Tropical Aw
2109 China Henan Province Temperate Cwa
2129 India Punjab Arid BSh, BWh
2132 Algeria Algerois Hodna Soummam Temperate Csa

2134
Kenya, Uganda,

Tanzania Lake Victoria Tropical Af, Aw
2152 Cameroon East Cameroon Tropical Am, Aw
2162 Indonesia Bali Tropical Af
2164 India Srinagar city Temperate Cfb
2172 China Central Yunnan Province Temperate Cwa
2203 South Africa Southwestern Cape Arid BSk, BWk
2211 China Jilin Province Continental Dwa
2213 Malaysia Selangor Tropical Af
2215 Scotland Forfar Temperate Cfb
2219 China Western China Arid BWk
2251 Nepal Gandaki Province Temperate Cwa
2254 India Ranchi Temperate Cwa
2261 United States Maryland Temperate Cfa

2262
Laos, Cambodia,

Thailand Southeast Asia
Tropical,
Temperate Am, Aw, Cwa

2263 India Srinagar city Temperate Cfb
2265 United States Florida Temperate Cfa
2292 Indonesia Java Tropical Af
2295 India South Chennai Tropical Aw
2304 China Jiangxi Province Temperate Cfa
2307 Bolivia Eastern Andes Arid BSk
2319 Namibia Cuando-Cubango Province Arid BWh
2349 Turkey Sivas Continental Dsb
2354 India West Bengal Tropical Aw
2381 South Africa Rustenburg Arid BSh
2406 China Beijing Continental Dwa
2440 Thailand Southern Thailand Tropical Am
2481 Bangladesh Gazipur district Tropical Aw
2486 United States Washington State Temperate Cfb, Csb
Note. Specific location refers to states or provinces. If this information was not available,
cities, general regions or water body names were listed. Climate zones were defined by
the Köppen–Geiger Classification and determined via the description of the study area
location and visualization of maps. Studies were classified under more than one climate
zone when relevant.

Table A6. Study type and population of studies included in the systematic map
database.
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Study type and population
ID Study type Surface water type Specific surface water type
20 Case study Tributary River
29 Case study Wetland
32 Case study Wetland
46 Case study Reservoir
54 Case study Tributary Stream
55 Case study Tributary River
82 Case study Tributary River
96 Case study Tributary River
97 Case study Lake
114 Case study Tributary River
132 Case study Coastal waters Sea
139 Case study Tributary River
149 Case study Tributary River
162 Case study Tributary Headwaters
177 Case study Wetland
209 Case study Lake
216 Case study Tributary River
218 Case study Tributary River
227 Case study Tributary River
232 Case study Tributary River
309 Case study Reservoir
320 Case study Wetland Bayou
323 Case study Lake, Reservoir
381 Case study Tributary River
408 Case study Tributary River
427 Case study Lake
564 Case study Tributary River
587 Case study Tributary Stream
616 Case study Tributary River
685 Case study Tributary River
690 Case study Tributary River
694 Case study Lake
710 Case study Tributary River
743 Case study Tributary Headwaters
759 Case study Tributary River
766 Case study Tributary River
809 Case study Tributary River
812 Case study Tributary River
824 Case study Lake Pond
826 Case study Tributary River
841 Case study Tributary River
842 Case study Tributary Stream
843 Case study Tributary Headwaters
847 Case study Tributary River
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887 Case study Wetland Estuary
889 Case study Tributary River
896 Case study Tributary River
903 Case study Tributary River
983 Case study Reservoir
984 Case study Tributary Stream
1029 Case study Canal
1034 Case study Tributary River
1042 Paired-catchment Tributary Headwaters
1050 Case study Tributary River
1063 Case study Tributary River
1066 Case study Tributary River
1074 Case study Tributary River
1080 Case study Tributary River
1085 Case study Lake
1115 Case study Tributary River
1145 Case study Tributary River
1151 Case study Lake
1240 Paired-catchment Tributary River
1287 Case study Tributary River
1297 Case study Tributary River
1307 Case study Lake, Tributary Loch, Headwaters
1324 Case study Tributary River
1339 Case study Tributary River
1372 Case study Tributary River
1418 Case Study Wetland
1438 Case Study Lake
1443 Case Study Reservoir
1479 Case Study Tributary River
1490 Case Study Tributary Stream
1512 Case Study Tributary River
1573 Case Study Lake
1576 Case Study Tributary River
1603 Case Study Tributary River
1618 Case Study Lake
1656 Case Study Canal Drainage network
1685 Case Study Reservoir, Tributary River
1691 Case Study Reservoir
1717 Case Study Tributary Stream
1718 Case Study Tributary Stream
1732 Case Study Tributary Stream
1754 Case Study Tributary River
1763 Case Study Tributary Headwaters
1784 Case Study Tributary Stream
1789 Case Study Tributary River
1795 Case Study Coastal waters Strait
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1802 Case Study Tributary River
1824 Case Study Tributary River
1889 Case Study Reservoir
1895 Case Study Tributary Stream
1948 Case Study Tributary Headwaters
1964 Case Study Tributary River
1998 Case Study Tributary Stream
2012 Case Study Tributary River
2038 Case Study Tributary River
2091 Case Study Tributary River
2098 Case Study Tributary River
2105 Case Study Tributary River
2109 Case Study Tributary River
2129 Case Study Wetland
2132 Case Study Tributary River
2134 Case Study Tributary River
2152 Case Study Tributary River
2162 Case Study Tributary River
2164 Case Study Lake
2172 Case Study Lake, Tributary River
2203 Case Study Tributary River
2211 Case Study Tributary River
2213 Case Study Tributary River
2215 Case Study Tributary River
2219 Case Study Lake, Tributary River
2251 Case Study Lake
2254 Case Study Tributary River
2261 Case Study Tributary River
2262 Case Study Tributary River
2263 Case Study Lake
2265 Case Study Tributary River
2292 Case Study Tributary River
2295 Case Study Lake
2304 Case Study Lake
2307 Case Study Tributary River
2319 Case Study Tributary River
2349 Case Study Tributary River
2354 Case Study Tributary River
2381 Case Study Tributary River
2406 Case Study Tributary River
2440 Case Study Tributary River
2481 Case Study Tributary River
2486 Case Study Tributary River
Note. Studies classified as experimental employed the paired-catchment approach.
Studies examining rivers, streams or headwaters were defined as ‘tributary’, estuaries
were defined as ‘wetlands’.
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Table A7. Spatial dimensions of land use for studies included in the systematic
map database.

Spatial dimension (Land use)

ID
Spatial scale Specific scale

# of
sites

Total study
area size
(km2)

Size of sites
(km2)

Spatial
extent

20 Catchment 1 3,857.44 - Macro

29 Multiple Buffer, Catchment 2 -
6.903 –
18.023 Micro

32 Multiple Buffer, Catchment 2 - 0.437 – 3.776 Micro
46 Multiple Buffer, Catchment 1 550 - Meso
54 Sub-Catchment 11 634,000 Not specified Regional
55 Catchment 1 1,400 - Macro
82 Sub-Catchment 14 9,866 Not specified Macro
96 Multiple Buffer, Catchment 1 1,800,000 - Regional
97 Other Counties 3 1,650 Not specified Macro
114 Catchment 1 13,128.26 - Macro
132 Other Coastal zone 2 Not specified Not specified Not specified
139 Sub-Catchment 4 26,791.74 Not specified Macro
149 Catchment 1 42,031 Macro

162 Multiple
Buffer,
Sub-Catchment 1 Not specified Not specified Not specified

177 Multiple Buffer, Other 1 1.098 - Micro

209 Multiple

Buffer,
Sub-Catchment,
Catchment 3 Not specified Not specified Not specified

216 Catchment 1 82,427 - Macro

218 Multiple

Buffer,
Sub-Catchment,
Catchment 1 41,485.65 - Macro

227 Catchment 2 593.107
264.179-
328.928 Meso

232 Not specified 1 4,268.67 - Macro
309 Sub-Catchment 9 4,299 Not specified Macro
320 Catchment 1 Not specified - Not specified
323 Catchment 12 965,800.02 Not specified Regional
381 Catchment 1 1,216.58 - Macro
408 Sub-Catchment 55 27,300 ~350 Meso

427 Multiple
Catchment, Other
(zones) 1 2,608 - Meso

564 Multiple
Buffer,
Sub-Catchment 3 71,060

17,439 -
30,308 Macro

587 Catchment 12 - 46.6 - 277.9 Meso

616 Sub-Catchment 1 -
82.85 -
7,079.23 Meso

685 Catchment 1 25,968 - Macro
690 Catchment 3 - 327.5- Meso
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6,870.8

694 Catchment 3 -
0.168 - 1,800
(mean 67.98) Meso

710 Catchment 1 117,966 41 - 16,427 Meso
743 Catchment 1 270,000 Not specified Regional
759 Buffer Multiple sizes 8 3,557 Not specified Meso
766 Catchment 1 14,745 - Macro
809 Buffer Multiple sizes 1 726.72 Meso
812 Catchment 1 6,341 - Meso

824 Sub-Catchment 5 -

6.222 -
64.806 (mean
19.4) Meso

826 Catchment 12 4,349 18 - 353 Meso
841 Sub-Catchment 1 5,132 - Meso
842 Sub-Catchment 5 Not specified Not specified Not specified
843 Catchment 7 61.52 Not specified Meso
847 Sub-Catchment 4 13,100 Not specified Macro

887 Catchment 4 6,500

822 - 3,192
(mean
1,003.5) Meso

889 Sub-Catchment 4 1,580

85 - 456
(mean =
135.25) Meso

896 Sub-Catchment 6 13,350

350 - 4,154
(mean =
750.66667) Macro

903 Catchment 1 14,613.60 Not specified Macro
983 Catchment 1 95,200 - Macro
984 Multiple Buffer, Catchment 2 Not specified Not specified Not specified

1029 Catchment 4

355.2 - 525.5
(mean =
220.175) Meso

1034 Buffer 9 Not specified Not specified Not specified
1042 Catchment 2 0.13 Micro

1050 Multiple
Buffer, Catchment,
Other (reach) 5

69.079 -
578.894
(mean
=129.5946) Meso

1063 Catchment 1 375,458 - Regional

1066 Catchment 1
26 - 20,539
(mean 2,639) Meso

1074 Buffer Multiple sizes 1 Not specified Not specified Not specified
1080 Catchment 1 149.2 - Meso
1085 Catchment 1 710 Not specified Meso
1115 Sub-Catchment 7 670 Not specified Meso

1145 Multiple
Buffer,
Sub-Catchment 17 270,000 Not specified Regional

1151 Catchment 1 Not specified Not specified Not specified

1240 Catchment 4 -
49.2 - 147.6
(mean =98.4) Meso

1287 Other Spatial zones 1 Not specified Not specified Not specified
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1297 Other
Development
zones 3 7,500 Not specified Macro

1307 Catchment 5 9 Not specified Micro
1324 Catchment 2 4,053 Not specified Macro
1339 Catchment 4 5,063.90 Not specified Macro
1372 Catchment 1 Not specified - Not specified
1418 Catchment 2 19,004 Not specified Macro
1438 Buffer Multiple sizes 1 10 - Meso

1443 Sub-Catchment 2 34.5

16.17 - 18.33
(mean =
17.25 Meso

1479 Multiple
Buffer,
Sub-Catchment 18 Not specified Not specified Not specified

1490 Catchment 1 2,205 - Macro
1512 Catchment 31 85,383 Not specified Macro
1573 Multiple Buffer, Catchment 1 6,500 Not specified Macro
1576 Catchment 2 5,172.50 Not specified Macro
1603 Sub-Catchment 10 41,500 Not specified Macro
1618 Sub-Catchment 4 - 19.2 - 54.8 Meso

1656 Catchment 2 -

0.634 - 1.398
(mean =
1.016) Micro

1685 Catchment 1 550 - Meso
1691 Multiple Buffer, Catchment 3 481 Not specified Meso
1717 Catchment 9 Not specified Not specified Not specified
1718 Sub-Catchment 11 14,700 Not specified Macro
1732 Catchment 1 0.11 - Micro

1754 Multiple

Buffer,
Sub-Catchment,
Catchment 3 - 3,387 - 4,588 Macro

1763 Catchment 1 6.697 - Micro
1784 Sub-Catchment 3 39.51 Not specified Meso
1789 Sub-Catchment 11 14,700 Not specified Macro
1795 Not specified 11 Not specified Not specified Not specified
1802 Catchment 6 6,617 Not specified Macro
1824 Catchment ot specifie5,790 Not specified Meso
1889 Catchment 2 - 6,960 - 8,824 Macro

1895 Multiple

Buffer,
Sub-Catchment,
Catchment 1 Not specified Not specified Not specified

1948 Catchment 43 59,400 Not specified Macro
1964 Catchment 1 27,633 - Macro
1998 Sub-Catchment 3 32 11 - 21 Meso
2012 Catchment 1 34,284.47 - Macro

2038 Other Sub-region 5 -

5,350 -
16,411 (mean
10,152.8) Macro

2091 Buffer Multiple sizes 4 16,410 Not specified Macro
2098 Multiple Catchment, Other 1 238,348 - Regional
2105 Catchment 1 357,089.50 - Regional
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2109 Sub-Catchment 1 39,075.30 - Macro
2129 Other Wetland boundary 1 222 - Meso

2132 Catchment 7 5,400
92.968 -
1,453.503 Meso

2134 Catchment 3 -
181.72 -
933.388 Meso

2152 Sub-Catchment 6 - Not specified Not specified
2162 Sub-Catchment 16 426 Not specified Meso
2164 Sub-Catchment 1 230 - Meso

2172 Multiple

Buffer,
Sub-Catchment,
Catchment 9 Not specified Not specified Not specified

2203 Multiple
Buffer,
Sub-Catchment 2 - 33.82 - 95.81 Meso

2211 Catchment 1 11,250 Not specified Macro
2213 Buffer 1 2,200 - Macro

2215 Multiple
Sub-catchment,
Catchment 14 134

0.2- 121
(mean 11.94) Meso

2219 Catchment 4 22,000 Not specified Macro
2251 Catchment 1 150 - Meso
2254 Catchment 1 49.2 - Meso
2261 Catchment 1 5,597 - Macro
2262 Catchment 3 Not specified Not specified Not specified
2263 Catchment 1 5.2906 Not specified Micro
2265 Catchment 2 - 1,750 - 1,093 Macro
2292 Catchment 1 7,413.79 - Macro
2295 Catchment 2 - 2.46 - 4.61 Micro
2304 Catchment 1 518 - Meso
2307 Catchment 1 488 - Meso
2319 Catchment 1 14,555.62 - Macro
2349 Buffer 6 206.13 Not specified Meso
2354 Catchment 1 23,170 - Macro
2381 Catchment 1 5,560 - Macro
2406 Catchment 1 15,360 - Macro
2440 Catchment 1 Not specified Not specified Not specified
2481 Not specified 1 20.74 - Meso
2486 Catchment 1 184.67 Not specified Meso
Note. Areas listed as hectares, acres, or square miles were converted into square
kilometers. Micro-scale (< 10 km2), Meso-scale (10–1,000 km2) Macro-scale
(1,000–100,000 km2), Regional-scale (>100,000 km2). A 'watershed' or 'basin' was
classified as a catchment, a ''sub-watershed' or 'sub-basin' was classified as
sub-catchments. Studies examining buffers at multiple scales were classified as buffers
as opposed to mulitple.

Table A8. Temporal dimensions of land use for studies included in the
systematic map database.
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Temporal dimension (Land use)

ID Start Year Middle Year(s) End Year
Change interval

(years) Time steps (#)
20 1988 2003 2018 30 3
29 1980 2017 37 2
32 1980 2017 37 2
46 2009 2019 10 2
54 2005 2010 2015 10 3
55 1995 2007, 2010, 2015, 2018 23 5
82 1985 1995, 2008 2019 34 4
96 2005 2010, 2015 2018 13 4
97 1960 1970, 1980, 1990, 2000 2010 50 6
114 2000 2020 20 2
132 1990 2000, 2010 2017 27 4
139 1992 2001, 2004, 2008, 2011 2016 24 6
149 2007 2015 8 2
162 2000 2010 10 2
177 1980 2017 37 2
209 2005 2008, 2011, 2014 2017 12 5
216 2000 2017 17 2
218 2002 2009 2015 13 3
227 1984 1994, 2004, 2009, 2014, 2019 35 6
232 2015 2020 5 2
309 1990 2006 2018 28 3
320 1984 1989, 1999, 2009, 2018 34 5
323 2005 2010 2015 10 3
381 1991 2007 2019 28 3
408 2004 2015 11 2
427 2000 2015 15 2
564 1995 2000, 2005 2010 15 4

587 1971
1982, 1983, 2000, 2001,

2002, 2009, 2010 2011 40 4
616 2010 2015 2018 8 3
685 1985 2015 30 2
690 2009 2013 4 2
694 1990 2010 20 2
710 1987 2001 2015 28 3
743 2000 2010 10 2
759 2009 2014 5 2
766 1990 1995, 2000, 2005, 2010 2015 25 6
809 1988 1993, 1998, 2003 2008 20 5
812 2007 2015 8 2
824 2004 2013 9 2
826 1994 2000, 2008 2011 17 4
841 2008 2014 6 2
842 1990 1995, 2000, 2005 2010 20 5
843 2009 2011 2 2
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847 1984 2002 2013 29 3
887 1970 1996, 2001, 2006 2010 40 5
889 1980 2010 30 2
896 2000 2005, 2010 2015 15 4
903 2003 2009 6 2
983 2005 2010 2015 10 3
984 1984 1988, 1997, 1999, 2002 2010 26 6
1029 1988 1995, 1999, 2004 2009 21 5
1034 1977 1988, 2001 2010 33 4
1042 1995 2007 12 2
1050 2000 2005 2008 8 3
1063 2003 2007 4 2
1066 1996 2001, 2008 2012 16 4
1074 2005 2008 2013 8 3
1080 1979 1992, 1999 2009 30 4
1085 1,986 2001 2011 25 3
1115 2001 2009 2015 14 3
1145 2004 2009 5 2
1151 1972 1984, 2002 2011 39 4
1240 1960 1970, 1980, 1990, 2000 2010 50 6
1287 2000 2004 2008 8 3
1297 2000 2004 2008 8 3
1307 2011 2012 1 2
1324 2000 2008 8 2
1339 2000 2006 6 2
1372 1994 2000, 2005 2009 15 4
1418 1980 1990, 2000 2010 30 4
1438 1995 2006 11 2
1443 1990 2010 20 2
1479 2000 2005 5 2
1490 1976 1989, 2000 2006 30 4
1512 1986 1995, 2000 2005 19 4
1573 1986 1995, 1999, 2000, 2005 2008 22 6
1576 2000 2010 10 2
1603 1997 2008 11 2
1618 1998 2001 2006 8 3
1656 2011 2011 ≤ 1 3
1685 1995 2005 10 2
1691 2001 2004, 2007 2010 9 4
1717 1976 1986 2000 24 3
1718 1996 2002 2007 11 3
1732 1997 1998 1 2
1754 1990 1998 2006 16 3
1763 1978 2009 31 2
1784 1981 1992, 2004 2007 26 4
1789 1996 2002 2007 11 3

112



1795 1991 2000, 2005 2008 17 4
1802 1996 2001 2006 10 3
1824 1954 2006 52 2
1889 1985 2000 15 2
1895 1977 1991 2000 23 3
1948 1974 2005 31 2
1964 1970 1985 2000 30 3
1998 1992 1994, 1996, 1999, 2001 2004 12 6
2012 1977 1996, 2000 2006 29 4
2038 1988 2002 14 2
2091 2000 2005 2010 10 3
2098 2001 2012 11 2
2105 2003 2013 2017 14 3
2109 2013 2014, 2015 2016 3 3
2129 2006 2014 2018 12 3
2132 2000 2010 2017 17 3
2134 1986 1995, 2001 2005 19 4
2152 1987 2000 2014 27 3
2162 2007 2013, 2014, 2015, 2017 2018 11 6
2164 1980 1990, 2000, 2010 2018 38 5
2172 2005 2008, 2011, 2014 2017 12 5
2203 1980 2006, 2010 2013 33 4
2211 1980 1995, 2005 2015 35 4
2213 2006 2010 2015 9 3
2215 2000 2002, 2004, 2006, 2008 2009 9 6
2219 1993 2000 2013 20 3
2251 2000 2010 10 2
2254 1992 2002 2009 17 3
2261 1986 2006 20 2
2262 2000 2017 17 2
2263 1981 2001 2011 30 3
2265 1974 1990, 1995, 2000 2007 33 5
2292 2011 2014 3 2
2295 1997 2009 12 2
2304 2005 2010, 2015 2019 14 4
2307 1991 1997 2017 26 3
2319 1990 2011 21 2
2349 1999 2015 16 2
2354 1997 2006 9 2
2381 1999 2009 2018 19 3
2406 1995 2005 2015 20 3
2440 1990 2006 16 2
2481 2004 2010 6 2
2486 1992 1996, 2001, 2006 2011 19 5
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Table A9. Temporal dimensions of water quality for studies included in the
systematic map database.

Temporal dimension (Water quality)

ID
Start Year Middle Year(s) End Year

Change
interval (years)

Time steps
(#)

20 1988 2003 2018 30 3
29 1980 2018 38 2
32 2018 2018 ≤ 1 1
46 2017 2018 2019 2 3
54 2003 2017 14 2
55 1987 all years 2016 29 29
82 1985 1995, 2008 2019 34 34
96 2006 all years 2018 12 12
97 1987 all years 2018 31 31
114 2000 all years 2020 20 20
132 1990 2000, 2010 2017 27 4
139 1988 all years 2018 30 30
149 2007 all years 2016 9 9
162 2006 all years 2012 6 6
177 2002 2008 2018 16 3
209 2005 2008, 2011, 2014 2017 12 5
216 2000 all years 2017 17 17
218 2002 2009 2015 13 3
227 2017 2019 2 2
232 2016 all years 2020 4 4
309 1987 all years 2013 26 26
320 1969 all years until 1999 2017 48 31
323 2005 2010 2015 10 3
381 1991 all years 2019 28 28
408 2004 2015 11 2
427 2000 all years 2015 15 15
564 1995 all years 2010 15 15
587 1970 all years 2010 40 40
616 2009 all years 2017 8 8
685 1985 2015 30 2
690 2009 all years 2015 6 6
694 1989 all years 2010 21 20
710 1987 2001 2015 28 3
743 2003 all years 2010 7 7
759 2009 all years 2014 5 5
766 2005 all years 2015 10 10

809 1988

1989–1990, 1992–1994,
1997–1999, 2002–2004,

2006–2008 2008 20 10
812 2007 all years 2015 8 8
824 2014 2014 ≤ 1 1
826 1987 all years 2013 26 27
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841 2000 all years 2014 14 14
842 1990 all years 2010 20 20
843 2009 2010 1 2
847 1984 2002 2013 29 3
887 1974 all years 2011 37 37
889 1980 all years 2010 30 30
896 2000 2005, 2010 2015 15 15
903 2008 all years 2013 5 5
983 2005 all years 2014 9 9
984 Not specified Not specified Not specified Not specified
1029 1979 all years 2014 35 35
1034 1980 all years 2010 30 30
1042 2011 2012 1 2
1050 2000 all years 2008 8 8
1063 1998 all years 2006 8 9
1066 1989 all years 2014 25 26
1074 2005 2008 2013 8 3
1080 1979 all years 2009 30 30
1085 1,986 2011 25 2
1115 2001 2009 2015 14 3
1145 2000 all years 2014 14 9
1151 1983 all years 2011 28 28
1240 1980 all years 2010 30 30
1287 2000 2004 2008 8 3
1297 2000 2004 2008 8 3
1307 2011 2012 1 2
1324 2000 2008 8 2
1339 2000 2006 6 2
1372 2000 all years 2012 12 12
1418 2010 2010 ≤ 1 1
1438 1995 all years 2006 11 11
1443 1990 all years 2010 20 30
1479 1994 all years 2005 11 11
1490 1976 1989, 2000 2006 30 30
1512 1998 all years 2008 10 10
1573 1986 1995, 1999, 2000, 2005 2008 22 6
1576 2000 2010 10 2
1603 1997 all years 2008 11 11
1618 2008 all years 2009 1 2
1656 2011 2011 ≤ 1 1
1685 1997 all years 2005 8 8
1691 2001 all years 2010 9 10
1717 1971 all years 2002 31 31
1718 1996 all years 2007 11 11
1732 1997 all years 2002 5 5

1754 1989
1990, 1991, 1997, 1998,

1999, 2005, 2006 2007 18 9
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1763 2007 all years 2010 3 3
1784 Not specified Not specified Not specified 1
1789 1996 2002 2007 11 3
1795 1991 2006 2009 18 3
1802 1996 all years 2006 10 10
1824 2009 all years 2010 1 2
1889 1980 1985, 1990, 1995, 2000 2005 25 6
1895 1977 all years 2000 23 13
1948 1970 all years 2009 39 39
1964 1970 1985 2000 30 30
1998 1991 all years 2006 15 15
2012 1977 1996, 2000 2006 29 4
2038 1988 2002 14 2
2091 2000 all years 2010 10 10
2098 2001 all years 2012 11 11
2105 2007 all years 2017 10 10
2109 2013 all years 2016 3 3
2129 2014 all years 2018 4 4
2132 2000 2010 2017 17 3
2134 Not specified Not specified Not specified Not specified
2152 1994 all years 2014 20 20
2162 2007 all years 2018 11 11
2164 1990 all years 2018 28 28
2172 2005 all years 2017 12 12
2203 1980 all years 2013 33 33
2211 1980 1995, 2005 2015 35 4
2213 2006 2010 2015 9 3
2215 2007 all years 2013 6 6
2219 1996 all years 2013 17 13
2251 2017 2017 ≤ 1 2 months
2254 Not specified Not specified Not specified Not specified
2261 1986 all years 2006 20 20
2262 2000 all years 2017 17 17
2263 1981 2001 2011 30 30
2265 1974 all years 2007 33 34
2292 2011 2014 3 2
2295 2009 2010 1 1
2304 2005 all years 2019 14 13
2307 1991 1997, 2005, 2011, 2014 2017 26 6

2319 1984
1990, 1993, 1994, 2002,

2011 2012 28 6
2349 1999 all years 2015 16 16
2354 1997 2006 9 2
2381 2017 2018 1 1
2406 1995 2000, 2005, 2010 2015 20 5
2440 1994 all years 2006 12 12
2481 2004 2010 6 Not specified
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2486 1992 2011 19 19

Table A10. Data collection and processing for studies included in the systematic
map database.

Data collection and processing

ID
Land
use

measure

Specific
measure

Water
quality data
source

Pollutant
measure

Index or
standard

# of
sites

# of
samples

20 Area % and km2 Monitoring Concentrations
Water quality

index 4
Not

specified

29 Area % and ha Monitoring Concentrations
Trophic state

index 9
Not

specified

32 Area % and ha Monitoring Concentrations
Trophic state

index 5
Not

specified

46
Pattern
and Area % Modeling Concentrations

National
standards 2

Not
specified

54 Area % Monitoring Concentrations None 11
Not

specified

55
Pattern
and Area % Monitoring Concentrations None 52 Specified

82 Area % and km2 Modeling Concentrations
Water quality

index 3

96 Area % Monitoring Concentrations
Water quality

index 18
Not

specified

97 Other

Volume
(million m³

sk) Monitoring Concentrations None 9
Not

specified

114 Area km2 Monitoring Concentrations
Water quality
grade/class 7

Not
specified

132 Area %

Estimates
from remote
sensing Concentrations None 2

139 Area % Modeling Concentrations None

149 Area km2 Monitoring Concentrations None 68
Specified
(1999)

162
Pattern
and Area % Monitoring Concentrations

National
standards 24

Not
specified

177 Area ha Monitoring Concentrations

Water quality
index, Trophic
state index 8

Specified
(768)

209 Pattern Monitoring Concentrations None 9
Not

specified

216 Area % and km2 Monitoring Concentrations
Water quality

index 32
Not

specified

218 Area km2 Monitoring Concentrations None 7
Not

specified

227 Area km2 Monitoring Concentrations
Pollution
index 9

Specified
(181)

232 Area km2 Monitoring Concentrations

Pollution
index, Water
quality index 5

Not
specified

309 Area % Estimates Loads None 9
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from remote
sensing

320 Area % Monitoring Concentrations
Pollution
index 4

Specified
(12)

323 Area % and km2 Monitoring Concentrations None 12
Not

specified

381 Area % Monitoring Concentrations None 2
Not

specified

408
Pattern
and Area % Modeling Loads None 9

427 Area km2 Modeling Exports None

564 Area % and km2 Monitoring Concentrations
National
standards 18

Not
specified

587 Area % Monitoring Concentrations None 12
Not

specified

616
Pattern
and Area % Monitoring Concentrations

National
standards 45

Not
specified

685 Area % and km2

Estimates
from

monitoring Concentrations None

690
Pattern
and Area % Monitoring Concentrations

National
standards 3

Not
specified

694 Area % Monitoring Concentrations None
Not

specified
Not

specified

710 Area % and km2 Monitoring Concentrations None 18
Not

specified

743
Pattern
and Area % Monitoring Concentrations None 31

Not
specified

759
Pattern
and Area % Monitoring Concentrations None 8

Not
specified

766
Pattern
and Area % Monitoring Concentrations None 2

Not
specified

809
Pattern
and Area % Monitoring Concentrations None 34

Not
specified

812 Other
Urbanizatio
n values Monitoring Concentrations

National
standards 53

Not
specified

824 Area % and ha Monitoring Concentrations

National
standards,
Global

guidelines
(WHO) 5

Not
specified

826 Area % and km2 Monitoring Concentrations None 9
Not

specified

841 Area
% and
acres

Estimates
from

monitoring Fluxes None

842
Pattern
and Area % Monitoring Concentrations

National
standards 27

Not
specified

843 Area % and km2

Estimates
from

monitoring Loads
National
standards 7

847 Area % and km2

Estimates
from

monitoring Loads None
887 Area % Monitoring Concentrations None 60 Not
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specified

889 Area %

Estimates
from

monitoring Loads
National
standards 1-6

896 Pattern Modeling Loads
Water quality
grade/class

903 Area % and km2 Modeling Concentrations
National
standards 1-13

Not
specified

983 Area % and km2 Monitoring Concentrations
Water quality
grade/class 20

Not
specified

984 Area acres Monitoring Concentrations None 7
Specified
(21)

1029 Area % Monitoring Concentrations None 4
Not

specified

1034 Area km2 Monitoring Concentrations
National
standards

Not
specified

Not
specified

1042 Area % Monitoring Concentrations None 2
Not

specified

1050
Pattern
and Area % and ha Monitoring Concentrations

National
standards 5

Not
specified

1063 Area % and km2 Monitoring Concentrations None 4
Not

specified

1066 Area % Monitoring Concentrations
National
standards 77

Not
specified

1074 Pattern Monitoring Concentrations
Water quality
grade/class 39

Not
specified

1080 Area % Modeling Loads None

1085
Pattern
and Area % and ha Modeling Concentrations None 38

1115 Area % and km2 Monitoring Concentrations None 9
Not

specified

1145 Area % Monitoring Concentrations None 17
Not

specified

1151
Pattern
and Area % Monitoring Concentrations None 4

Not
specified

1240 Area Grid-cells Monitoring Concentrations None 4
Not

specified

1287
Pattern
and Area % Monitoring Concentrations

National
standards 18

Not
specified

1297
Pattern
and Area % Monitoring Concentrations

National
standards 18

Not
specified

1307 Area km2 Monitoring Concentrations None 13
Not

specified

1324 Area % Monitoring Concentrations
Pollution
index 33

Not
specified

1339 Area % Monitoring Concentrations None 4
Not

specified

1372 Area % Monitoring Concentrations
National
standards 12

Not
specified

1418
Pattern
and Area ha Monitoring Concentrations

Trophic state
index 344

Specified
(12)

1438
Pattern
and Area % Monitoring Concentrations

National
standards 5

Not
specified

1443 Area % and ha Monitoring Concentrations None 2
Not

specified
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1479 Area % Monitoring Concentrations
National
standards 18

Not
specified

1490
Pattern
and Area % and km2 Modeling Concentrations None

1512 Area km2 Monitoring Concentrations

National
standards,
Pollution
index 31

Not
specified

1573 Area %

Estimates
from remote
sensing Concentrations None 40

1576 Area km2 Modeling Concentrations
Pollution
index 2

Not
specified

1603
Pattern
and Area % Monitoring Concentrations None 10

Not
specified

1618
Pattern
and Area % Monitoring Concentrations

Management
targets 4

Not
specified

1656 Area %

Estimates
from

monitoring Loads None 2

1685 Area % Monitoring Concentrations None 7
Not

specified

1691 Area % Monitoring Concentrations None 3
Not

specified

1717 Area % Monitoring Concentrations
Stream

habitat score 9
Specified
(55)

1718
Pattern
and Area % Monitoring Concentrations None 11

Not
specified

1732 Other
Type (full
conversion) Monitoring Concentrations None 1

Specified
(102)

1754
Pattern
and Area % Monitoring Concentrations None 3

Not
specified

1763
Pattern
and Area ha Monitoring Concentrations None 6

Not
specified

1784 Area ha Monitoring Concentrations None 3

Specified
(3 for each
parameter)

1789
Pattern
and Area % Monitoring Concentrations None 11

Not
specified

1795
Not

specified Monitoring Concentrations
National
standards 11

Specified
(3)

1802 Area % Monitoring Concentrations None 4
Specified
(510)

1824 Area ha Monitoring Concentrations
National
standards 17

Not
specified

1889 Area % and km2 Modeling Loads None 8
Not

specified
1895 Area % Monitoring Concentrations None 55 Specified

1948 Area % Monitoring Concentrations None 43
Not

specified
1964 Area % Modeling Loads None

1998 Area %

Estimates
from

monitoring Loads None 3
2012 Pattern ha Modeling Loads None
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and Area

2038 Area ha Monitoring Concentrations None
Not

specified
Not

specified

2091 Area % and km2 Monitoring Concentrations None 13
Not

specified

2098 Area % Monitoring Concentrations
Pollution
index 5

Not
specified

2105 Area % and ha Monitoring Concentrations None
Not

specified
Not

specified

2109 Area % and km2 Monitoring Concentrations

Water quality
index, Water
ecological
index 7

Not
specified

2129 Area % and ha Monitoring Concentrations None 14
Not

specified

2132 Area % and ha Monitoring Concentrations
Water quality

index 7
Not

specified

2134 Area km2 Monitoring Concentrations
National
standards 12

Not
specified

2152 Area % Monitoring Concentrations

Global
guidelines
(WHO) 6

Not
specified

2162 Area % Monitoring Concentrations
Water quality
grade/class 500

Specified
(500)

2164 Area % and km2 Monitoring Concentrations None
Not

specified
Not

specified

2172 Area % Monitoring Concentrations
Water quality

index 17
Specified
(45)

2203 Area % and ha Monitoring Concentrations
National
standards 2

Not
specified

2211 Area % Modeling Loads None 20

2213 Area %

Estimates
from

monitoring Concentrations
Water quality

index 9

2215 Area %

Estimates
from

monitoring Loads None 6

2219 Area % and km2 Monitoring Concentrations
Water quality

index
Not

specified
Not

specified

2251 Area km2 Monitoring Concentrations

Water quality
index, Global
guidelines
(WHO) 10

Specified
(20)

2254 Area % and km2 Monitoring Concentrations None 5
Not

specified

2261 Area % and km2 Monitoring Concentrations None 9
Not

specified

2262 Area % Monitoring Concentrations None 25
Specified
(100-297)

2263 Area % and ha Monitoring Concentrations None 4
Not

specified

2265 Area % Monitoring Concentrations
National
standards 12

Not
specified

2292 Area % and ha Monitoring Concentrations
Water quality
grade/class 8

Not
specified
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2295 Area ha Monitoring Concentrations None 2
Not

specified

2304 Area % Monitoring Concentrations
Water quality

index
Not

specified
Not

specified

2307 Area % and km2 Monitoring Concentrations

Pollution
index, Water
quality index 6

Not
specified

2319 Area % and km2 Monitoring Concentrations None
Not

specified
Not

specified

2349 Area % Monitoring Concentrations
Water quality

index 6
Not

specified

2354 Area % and km2 Monitoring Concentrations None 19
Specified
(76)

2381 Area ha Monitoring Concentrations

Global
guidelines
(WHO) 4

Specified
(72)

2406 Area % and km2 Monitoring Concentrations
Water quality

index
Not

specified
Not

specified

2440 Area % Monitoring Concentrations
Water quality

index
Not

specified
Not

specified

2481 Area acres Monitoring Concentrations
National
standards 13

Not
specified

2486 Area % Monitoring Concentrations None 45
Not

specified

Table A11. Seasonal and spatial considerations for studies included in the
systematic map database.

Seasonal
consideration Spatial considerations

ID
Variation
in water
quality

Seasons
Spatial

considerations
(Yes or No)

Land use Water quality

20 No No
29 Yes 4 seasons Yes- WQ Multiple spatial scales Distribution maps
32 Yes 4 seasons Yes- WQ Multiple spatial scales Distribution maps

46 No
Yes- LU and

WQ Multiple spatial scales Distribution maps

54 Yes

Wet and
dry

seasons
Yes- LU and

WQ Pattern
One-way ANOVA,
Cluster analysis

55 No Yes- LU Pattern change
82 No Yes- LU Distribution maps

96 Yes

Wet and
dry

seasons
Yes- LU

Multiple spatial scales
97 Yes 4 seasons No
114 No Yes- LU Distribution maps
132 No Yes- WQ Distribution maps
139 No Yes- LU
149 Yes 4 seasons No
162 No Yes- LU Multiple spatial scales,
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Pattern change

177 Yes 4 seasons Yes- WQ Multiple spatial scales
Distribution maps,
Cluster analysis

209 No Yes- LU Multiple spatial scales,
Pattern change

216 Yes 4 seasons Yes- WQ Cluster analysis
218 No Yes- LU Multiple spatial scales

227 Yes

2 seasons
(Summer
and fall) Yes- WQ

Comparison between the
upstream and downstream

continuum

232 No Yes- WQ

Comparison between the
upstream and downstream

continuum
309 No Yes- LU Distribution maps

320 Yes

2 seasons
(Summer
and fall) Yes- WQ

Comparison between the
upstream and downstream

continuum
323 No No

381 Yes
Wet and
dry years No

408 No
Yes- LU and

WQ Pattern change Distribution maps

427 No
Yes- LU and

WQ Multiple spatial scales Distribution maps

564 Yes

Wet and
dry

seasons
Yes- LU and

WQ Multiple spatial scales

Cluster analysis,
Comparison between the
upstream and downstream

continuum

587 Yes

2 seasons
(Growing

and
dormant)

No

616 Yes

Wet and
dry

seasons
Yes- LU and

WQ
Pattern

Global and local Moran’s I

685 Yes
Not

specified
Yes- LU and

WQ Distribution maps Distribution maps
690 Yes 4 seasons Yes- LU Pattern change One-way ANOVA
694 No No
710 No No

743 Yes

Wet and
dry

seasons
Yes- LU and

WQ
Pattern

Comparison between the
upstream and downstream

continuum

759 No
Yes- LU and

WQ
Pattern change

Comparison between the
upstream and downstream

continuum
766 No Yes- LU Pattern change
809 No Yes- LU Pattern change

812 Yes 4 seasons
Yes- LU and

WQ Distribution maps Distribution maps
824 No No

826 Yes

Wet and
dry

seasons Yes- WQ

Comparison between the
upstream and downstream

continuum

123



841 Yes

2 seasons
(Fall/Winte
r, Spring) No

842 No
Yes- LU and

WQ Pattern change Cluster analysis

843 Yes

Wet and
dry

seasons No
847 No Yes- WQ One-way ANOVA
887 Yes 4 seasons No
889 No No

896 No
Yes- LU and

WQ
Pattern change,
Distribution maps Distribution maps

903 Yes

Wet and
dry

seasons No

983 Yes

Wet and
dry

seasons Yes- WQ

Comparison between the
upstream and downstream

continuum

984 No
Yes- LU and

WQ

Multiple spatial
scales, Distribution

maps

Comparison between the
upstream and downstream

continuum

1029 Yes

Wet and
dry

seasons
No

1034 No Yes- WQ

Comparison between the
upstream and downstream

continuum

1042 Yes

Wet and
dry

seasons No

1050 Yes

Wet and
dry

seasons
Yes- LU Multiple spatial

scales, Pattern One-way ANOVA

1063 No Yes- WQ

Comparison between the
upstream and downstream

continuum
1066 No No
1074 No Yes- LU
1080 No Yes- WQ Distribution maps

1085 No
Yes- LU and

WQ Pattern change Distribution maps
1115 No Yes- WQ Cluster analysis

1145 No
Yes- LU and

WQ Multiple spatial scales
Global and local Moran’s I,

Distribution maps
1151 No Yes- LU Pattern change

1240 Yes

2 seasons
(Winter
and

summer)

No

1287 No Yes- LU Pattern change
1297 No Yes- LU Pattern change

1307 Yes
Not

specified No
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1324 No Yes- LU Distance
(via weighting scheme)

1339 No
Yes- LU and

WQ Cluster analysis
1372 No No

1418 No
Yes- LU and

WQ Pattern change Distribution maps
1438 No Yes- LU Pattern change
1443 No No

1479 Yes

Wet and
dry

seasons
Yes- LU and

WQ Multiple spatial scales Global and local Moran’s I

1490 No
Yes- LU and

WQ Pattern change Distribution maps

1512 Yes

High and
low flow
periods Yes- WQ

Comparison between the
upstream and downstream

continuum

1573

No
(Summer
only)

Yes- LU
Multiple spatial scales

1576 No
Yes- LU and

WQ Distribution maps Distribution maps
1603 No Yes- LU Pattern change

1618 No Yes- LU Pattern, Distribution
maps Helmert contrasts, ANOVA

1656 No No

1685 Yes

2 seasons
(Winter
and

summer)

Yes- LU

Distribution maps

1691 No
Yes- LU and

WQ Multiple spatial scales

1717 No Yes- LU Distance (via weighting
scheme)

1718 Yes
Wet and
dry years Yes- LU Pattern change

1732 No No

1754

No (Dry
season
only)

Yes- LU and
WQ

Multiple spatial
scales, Pattern

change One-way ANOVA
1763 Yes 4 seasons No
1784 No No

1789 Yes
Wet and
dry years Yes- LU Pattern change

1795 No No
1802 No Yes- WQ
1824 No No
1889 No No
1895 No Yes- LU Multiple spatial scales
1948 No No
1964 No No
1998 No Yes- LU Distribution maps
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2012 No
Yes- LU and

WQ Pattern change Distribution maps
2038 No No

2091 No
Yes- LU and

WQ One-way ANOVA

2098 Yes

Pre
Monsoon,
monsoon,

post
monsoon

Yes- LU and
WQ Multiple spatial scales Distribution maps

2105 No No

2109 Yes

2 seasons
(Winter
and

summer) Yes- WQ One-way ANOVA
2129 No Yes- WQ Distribution maps

2132 No Yes- WQ

Cluster analysis,
Comparison between the
upstream and downstream

continuum
2134 No No
2152 No Yes- WQ One-way ANOVA

2162 Yes

Wet and
dry

seasons
Yes- LU and

WQ
Distance (via

weighting scheme)

Comparison between the
Upstream and downstream

continuum, Distance
(via weighting scheme)

2164 No No
2172 No Yes- LU Multiple spatial scales

2203 Yes
Wet and
dry years

Yes- LU and
WQ Multiple spatial scales

2211 No Yes- WQ Distribution maps

2213 No
Yes- LU and

WQ
2215 No Yes- LU Multiple spatial scales
2219 No No

2251 Yes

2 seasons
(Winter
and

summer)

No

2254 No No
2261 No No

2262 Yes

Wet and
dry

seasons
No

2263 No No
2265 No No
2292 No No
2295 Yes 4 seasons Yes- WQ Two-way ANOVA
2304 No No

2307

No (Dry
season
only) Yes- WQ

Comparison between the
upstream and downstream

continuum
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2319 Yes

2 seasons
(Autumn
and winter) Yes- WQ One-way ANOVA

2349 Yes

Wet and
dry

seasons Yes- WQ Distribution maps

2354

No
(Winter
only)

No

2381 Yes

Wet and
dry

seasons Yes- WQ Distribution maps
2406 No No
2440 No No
2481 No Yes- LU Distribution maps

2486 Yes 4 seasons
Yes- LU

Global Moran’s Index,
Local Indicator of

Spatial Association (LISA)
Note. LU= land use; WQ= water quality.

Table A12. Independent variables examined within studies included in the
systematic map database.

Independent variables

ID Climate Hydrology Management
Socio-

economic Soil Topography
20
29
32
46
54
55
82
96

97

Air
temperature,
Precipitation Discharge

Sewage
(discharge)

114
132

139 Precipitation
Sediment
yield Runoff

149
162
177
209
216
218
227
232 Air
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temperature,
Rainfall

309

Soil loss,
Erosion
(power)

Slope, Flow
accumulation

320
323
381
408
427
564
587
616

685
Housing,
Population

690

Discharge,
Water level,

Water
temperature

694 Rainfall
Regional
conditions

710
743
759
766
809
812
824
826

841

Precipitation,
Growing

degree days Irrigation
842
843 Rainfall Discharge
847

887
Precipitation,
Wind stress

889

Management
changes

(sowing and
yielding of
crops),
Fertilizer
application

Livestock
population,
Livestock
density,

Population
density, Sewage

usage
896
903

983
Fertilizer
application

Sewage
(discharge)

984
1029 Rainfall Discharge
1034
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1042
1050
1063

1066

Precipitation,
Air

temperature,
Sunshine

Discharge,
Water
storage

Fertilizer
application

Livestock
density

Soil
properties,

Land
disturbance

Area,
Ruggedness,

Slope
1074 Landform Type

1080
Soil

properties
1085
1115

1145

Water
temperature
, Discharge

Elevation,
Slope

1151

Air
temperature,
Aridity index,
Evapotranspir

ation,
Precipitation

1240 Rainfall
1287
1297

1307

Air
temperature,
Rainfall

Water table
depth

1324
Management
changes

Industrial zones,
Urbanization

level
1339

1372
Rainfall,

Evaporation Discharge
1418
1438

1443

Fertilizer
application,
Erosion
control

1479

Discharge,
Water

temperature
Point source
emission

1490
1512 Rainfall Discharge
1573
1576
1603

1618

Aquaculture
(salmon
farming)

1656 Rainfall
1685
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1691
1717 Slope
1718

1732
Fertilizer
application

1754

Population,
Gross domestic
product (GDP)

1763

1784
Basin shape,

Slope
1789
1795
1802

1824

Air
temperature,
Rainfall

1889

Precipitation,
Air

temperature
1895 Precipitation Discharge
1948
1964

1998 Precipitation
Management
changes

2012

2038 Discharge
Erosion
(patterns)

2091

2098
Population
growth

2105

2109

Gross Domestic
Product,

Urbanization rate
2129
2132
2134

2152
Population
growth

Elevation,
Slope

2162
Population
growth

2164
2172
2203 Rainfall
2211
2213
2215 Runoff
2219
2251
2254
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2261

Air
temperature,
Precipitation

Sewage
(discharge)

2262
Population
density

2263 Solid waste
2265
2292
2295

2304

Economic
growth,

Population
growth

2307
2319 Discharge
2349 Soil type Slope
2354
2381
2406

2440
Water

sufficiency

Erosion
(status),
Cation

exchange
capacity, Soil
texture, Soil
water holding
capacity

2481
2486

Note. The term 'discharge' was used for water flow, streamflow or river flow.

Table A13. Response variables examined within studies included in the
systematic map database.

Response variables
ID Climate Hydrology Soil Topography Other

20
Air temperature,

Rainfall Water quantity
29 Wetland depth Wetland area
32 Wetland depth Wetland area
46
54
55

82 Evapotranspiration
Groundwater

flow Soil water Runoff
96
97 Residence time
114
132
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139
149
162
177 Wetland area
209
216
218
227 Discharge Soil concentrations
232
309 Discharge Sediment load
320 Soil concentrations
323
381 Rainfall Discharge
408 Water yield
427 Water yield Soil retention Carbon storage

564
Chemical flux
(loading rate)

587
616
685
690
694
710
743
759
766
809

812
Wastewater
discharge

824 Water depth
826
841
842
843 Sediment exports
847
887
889
896
903 Discharge Sediment yield
983

984 Discharge
Sediment

concentrations
1029
1034 Ecosystem services
1042
1050
1063
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1066
1074
1080
1085
1115
1145
1151 Water level
1240 Water quantity
1287
1297
1307 Groundwater quality
1324
1339
1372
1418
1438
1443
1479
1490
1512
1573
1576
1603

1618 Discharge
Sediment

concentrations
1656 Runoff
1685 Soil loss
1691

1717

Aquatic organisms
(Benthic

macroinvertebrate
species richness)

1718
1732
1754 Discharge
1763 Rainfall Discharge Sediment yield

1784
Sedimentation
production rate

1789 Runoff
1795
1802

1824

Groundwater
recharge,
Discharge

1889 Discharge Sediment load
1895
1948

1964
Economic loss

(treatment costs)
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1998 Sediment load
2012 Sediment load
2038
2091
2098
2105

2109

Aquatic organisms
(Phytoplankton,

Zooplankton,
Zoobenthos)

2129 Wetland area
2132

2134
Sediment
properties

Industrial
wastewater

2152
2162
2164
2172
2203 Discharge

2211 Discharge
Sediment
discharge

2213
2215 Groundwater quality
2219
2251
2254
2261
2262
2263
2265 Discharge
2292

2295
Water spread

area
2304
2307 Discharge
2319
2349
2354
2381
2406
2440 Water quantity
2481
2486

Note. The term 'discharge' was used for water flow, streamflow or river flow.

Table A14. Analysis of temporal changes in land use and water quality for
studies included in the systematic map database.
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Analysis of Temporal Changes
ID Change detection measure of land use data Temporal trend of water quality data
20 Absolute change Visualized
29 Absolute change Compared with reference values
32 Absolute change None
46 Change in landscape metrics None
54 Absolute change Visualized
55 Change in landscape metrics Visualized
82 Absolute change Visualized
96 Growth rate Mann–Kendall trend test
97 Relative change Visualized
114 Land use change index Visualized
132 Growth rate Visualized
139 Absolute change None
149 Urbanization index Linear regression
162 Change in landscape metrics None
177 Absolute change, Relative change Compared with reference values
209 Change in landscape metrics Visualized

216 Absolute change
Mann–Kendall trend test, Seasonal Mann–Kendall
test, Spearman's Rank correlation

218 Absolute change Visualized
227 Relative change ANOVA, Tukey’s multiple range test
232 Absolute change Visualized
309 Absolute change Visualized
320 NDVI index ANOVA, Tukey’s multiple range test
323 Rate of change Visualized
381 Absolute change Mann–Kendall trend test
408 Absolute change, Change in landscape metrics Visualized
427 Absolute change Visualized
564 Absolute change Shown in table
587 Absolute change Kruskal-Wallis rank sum test, Dunn post-hoc test
616 Growth rate Seasonal Mann-Kendall’s test
685 Absolute change Visualized

690 Change rate in NDVI
Mann-Kendall trend test (for spatial-temporal
change)

694 Absolute change Linear regression

710 Absolute change
Mann-Kendall, Seasonal Kendall or Linear
regression

743 Net changes (change matrix)
Seasonal Mann-Kendall test, Kendall’s S,
One-way ANOVA

759 Absolute change, Change in landscape metrics One-way ANOVA

766
Absolute change, Transition matrix, Change in
landscape metrics Visualized

809 Change in landscape metrics One-way ANOVA
812 Urbanization index Visualized
824 Absolute change, Relative change None
826 Absolute change Visualized
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841 Absolute change Visualized
842 Change in landscape metrics Visualized (box plots)
843 Absolute change Shown in table
847 Absolute change Visualized
887 Absolute change Mann–Kendall trend test
889 Absolute change Visualized
896 Change in landscape metrics Visualized
903 Absolute change Visualized
983 Absolute change Visualized
984 NDVI index None
1029 Absolute change LOESS (LOcally weighted regrESSion)

1034 Absolute change

Levene’s test of homogeneity of variances,
ANOVA, Kruskal-Wallis tests, Tukey post hoc
tests (spatial-temporal changes)

1042 Absolute change None
1050 Absolute change None
1063 Relative change, Rate of change None
1066 Absolute change Seasonal Kendall test
1074 Absolute change Compared with reference values
1080 Absolute change Visualized

1085
Absolute change, Change in landscape metrics,
Change rate Visualized

1115 Absolute change, Relative change None
1145 Absolute change Seasonal Mann–Kendall test

1151
Relative change, Change rate, Change in
landscape metrics Visualized

1240 Index of urban extent (URBEXT) Regression models
1287 Absolute change, Change in landscape metrics Visualized
1297 Absolute change, Change in landscape metrics None
1307 Absolute change Visualized
1324 Land change intensity index Water change intensity index
1339 Absolute change, Change rate, Rate of change Visualized
1372 Absolute change Shown in table
1418 Absolute change, Change in landscape metrics None
1438 Absolute change, Change in landscape metrics Visualized
1443 Absolute change Linear regression, Visualized
1479 Absolute change Seasonal Mann–Kendall test
1490 Absolute change, Change in landscape metrics Visualized
1512 Linear interpolation Visualized
1573 Absolute change Multi-variate regression
1576 Absolute change Visualized
1603 Absolute change, Change in landscape metrics Percent change
1618 Absolute change None
1656 Absolute change Visualized
1685 Absolute change Seasonal Kendall test
1691 Absolute change Visualized
1717 Not specified None
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1718 Absolute change, Change in landscape metrics One-way ANOVA
1732 Absolute change Visualized
1754 None T-test
1763 Absolute change None
1784 Absolute change None
1789 None None
1795 Absolute change Visualized
1802 Absolute change Linear regression (spatial-temporal change)
1824 Absolute change None
1889 Absolute change Visualized
1895 Absolute change None

1948 Absolute change
Simple linear bivariate regression, Scatter plot of
time series data

1964 Absolute change Shown in table
1998 Absolute change, Transition matrix Straight line regression
2012 Absolute change, Change in landscape metrics Shown in table
2038 Absolute change Visualized
2091 Absolute change Paired t-tests
2098 Relative change, Net changes (change matrix) Mann–Kendall rank test
2105 Absolute change, Rate of change ANOVA, Visualized
2109 Absolute change, Transition matrix Visualized
2129 Absolute change, Rate of change Shown in table
2132 Absolute change Visualized
2134 Absolute change None
2152 Absolute change Mann-Kendall trend test
2162 Absolute change None
2164 Absolute change, Relative change Shown in table
2172 Absolute change None

2203 Absolute change
Seasonal Mann-Kendall trend test, Line chart of
temporal data

2211 Absolute change Shown in table
2213 Absolute change Shown in table

2215 Absolute change
Regression analysis, Mann–Kendall test, Line
chart of temporal data

2219
Absolute change, Relative change, Transition
matrix None

2251 Absolute change None
2254 Relative change None
2261 Relative change Visualized
2262 Absolute change Compared with reference values
2263 Absolute change Shown in table

2265 Absolute change
Seasonal Kendall trend detection, Visualized (line
chart)

2292 Absolute change Shown in table
2295 Absolute change None
2304 Absolute change, Transition matrix Visualized
2307 Absolute change, Change rate Mann–Kendall trend test, Shown in table
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2319 Absolute change One-way ANOVA
2349 Absolute change Mann–Kendall trend test
2354 Absolute change ANOVA
2381 Absolute change, Change rate None
2406 Transition matrix Shown in table
2440 Absolute change Visualized
2481 Relative change None
2486 Linear interpolation Visualized

Table A15. Type of analysis employed for studies included in the systematic
map database and Quartile.

Analysis
ID Type Statistical Quartile
20 Comparative Q4
29 Comparative Q3
32 Comparative Q3
46 Statistical RDA Q2
54 Statistical R, RDA Q2
55 Statistical RS Q1
82 Comparative Q3
96 Statistical RS Q2
97 Statistical RS, LWR Q1
114 Statistical GCo Q3
132 Comparative Q3
139 Statistical CM, PCA Q3
149 Statistical LR, MR, LME Q1
162 Statistical NLR Q1
177 Comparative Q2
209 Statistical RDA, MLR Q1
216 Comparative Q2
218 Statistical R Q4
227 Comparative Q2
232 Comparative Q3
309 Comparative Q2
320 Comparative Q3
323 Statistical RS, RDA Q1
381 Statistical RS, R Q2
408 Statistical RDA, BRT Q2
427 Statistical R Q1
564 Statistical R, MR, ANOVA Q3
587 Comparative Q2
616 Statistical R, MLR Q2
685 Comparative Q1
690 Statistical RDA Q1
694 Statistical MLR, MOLR Q4
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710 Statistical RS, MLR Q4
743 Statistical RS, LR, OLS, MLR Q2
759 Statistical RDA, MLR Q1
766 Comparative Q2
809 Statistical RDA Q1
812 Statistical R, LR Q1
824 Statistical MLR Q2
826 Statistical R Q3
841 Statistical LR Q2
842 Statistical PRA Q2
843 Statistical PCA Q2
847 Statistical ANOVA Q4
887 Statistical RDA, MR Q4
889 Statistical RS, MR Q4
896 Statistical R Q4
903 Comparative Q2
983 Comparative Q2
984 Comparative Q3
1029 Comparative Q1
1034 Comparative Q1
1042 Statistical ANOVA Q1
1050 Statistical RDA Q1
1063 Statistical R, RS Q4
1066 Statistical RS, SWR Q1
1074 Statistical RS Q2
1080 Statistical F-test Q1
1085 Statistical GLM Q2
1115 Statistical CCA, PCA, ANOVA Q3
1145 Statistical MLR Q2
1151 Comparative Q2
1240 Statistical MLR Q1
1287 Statistical PR, ER, LR Q1
1297 Statistical R Q2
1307 Comparative Q1
1324 Statistical GWR Q2
1339 Statistical FA Q1
1372 Statistical PLSR Q2
1418 Comparative Q2
1438 Statistical SWR Q4
1443 Statistical ANOVA Q4
1479 Statistical LR Q1
1490 Statistical RDA Q1
1512 Statistical R Q1
1573 Statistical MLR Q4
1576 Statistical RS, PLSR Q2
1603 Statistical R, LR Q2
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1618 Statistical LME Q1
1656 Comparative Q3
1685 Comparative Q3
1691 Comparative Q2
1717 Statistical RS Q3
1718 Statistical R, MLR, SWR Q3
1732 Comparative Q4
1754 Statistical MLR Q1
1763 Comparative Q3
1784 Comparative Q4
1789 Statistical SWR Q4
1795 Comparative Q3
1802 Statistical LME Q3
1824 Comparative Q3
1889 Modeled Q1
1895 Statistical LME Q2
1948 Comparative Q4
1964 Comparative Q4
1998 Comparative Q3
2012 Statistical R Q1
2038 Comparative Q2
2091 Statistical R, RDA, MR Q2
2098 Statistical R, MLR Q1
2105 Statistical RS, MLR Q1
2109 Statistical CCA, R Q1
2129 Comparative Q1
2132 Statistical R, MLR Q2
2134 Comparative Not available
2152 Statistical R, MLR Q3
2162 Statistical GWR Q2
2164 Statistical R Q1
2172 Statistical R Q2
2203 Statistical RS, PCA Q4
2211 Statistical R Q2
2213 Statistical OLS, GWR Q3
2215 Statistical MR Q2
2219 Statistical R Q4
2251 Comparative Not available
2254 Comparative Not available
2261 Statistical PCA, SWR, MR Q4
2262 Statistical MR Q3
2263 Comparative Q2
2265 Comparative Q2
2292 Statistical R, MLR Not available
2295 Comparative Q3
2304 Statistical LR Q4
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2307 Statistical RS Q2
2319 Comparative Not available
2349 Statistical R Q4
2354 Statistical R, LR Not available
2381 Comparative Not available
2406 Statistical RS, RDA Not available
2440 Comparative Not available
2481 Comparative Not available
2486 Statistical R, GWR Not available

Note. ANOVA = Analysis of variance; BRT = Boosted regression tree; CCA =
Canonical correlation analysis; CM = Correlation matrix; ER = Exponential regression;
FA = Factor analysis; GCo = Grey correlation; GLM = Generalized linear model; GWR
= Geographically weighted regression; LME = Linear mixed-effects models; LR =
Linear regression; LWR = Locally weighted regression; MOLR = Multivariate ordinal
logistic regression; MLR = Multiple linear regrression; MR = Multiple regression; NLR
= Nonlinear regression; OLS = Ordinary least squares; PCA = principal component
analysis; PLSR = partial least squares regression; PR = power regression; PRA = Panel
regression analysis; R = Pearson correlation; RDA = Redundancy analysis; RS =
Spearman’s rank correlation; SWR = Stepwise regression. Quartile = The rank for the
journal impact factor according to the Journal Citation Reports (Clarivate), assigned
according to the year of publication and relevant category. If data was not listed for the
year published, the most recently available year was used.

Table A16. Outcomes for studies included in the systematic map database.
Notable land use changes Water quality changes

ID Expansion (increase) Loss (decrease) Direction
20 Urban Vegetation Degradation
29 Urban Wetland Degradation
32 Urban, Vegetation Wetland Not examined
46 Urban Agriculture, Forest Not examined
54 Urban Agriculture No change
55 Agriculture, Urban Forest Degradation
82 Agriculture, Urban Forest Degradation
96 Urban Bare land Improvement
97 Forest Not specified Diverging trends

114
Various (Agriculture, Grassland,
Urban)

Various (Bare land, Forest,
Water) Diverging trends

132 Agriculture, Urban Wetland Degradation
139 Urban Forest Not examined
149 Urban Agriculture No change
162 Urban Forest Not examined
177 Urban Wetland Degradation
209 Not specified Not specified No change
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216 Forest, Urban Agriculture Diverging trends
218 Urban Vegetation Degradation
227 Urban Vegetation Degradation

232 Urban Bare land, Water
Degradation then
Improvement

309 Forest, Urban Agriculture Improvement
320 Urban Vegetation Degradation
323 Urban Agriculture Degradation
381 Urban Grassland Degradation

408 Agriculture, Urban
Various (Agriculture, Forest,
Grassland) Degradation

427 Urban
Various (Agriculture, Forest,
Grassland) Degradation

564 Forest, Urban Agriculture Degradation
587 Urban Agriculture Degradation
616 Urban Forest, Grassland Diverging trends
685 Urban Not specified Diverging trends
690 Forest Agriculture, Grassland Improvement
694 Urban, Wetland Agriculture Diverging trends
710 Grassland Grassland Not specified
743 Urban Agriculture Diverging trends
759 Urban Agriculture, Forest Diverging trends
766 Agriculture, Urban Bare land, Forest Degradation
809 Urban Agriculture, Water Diverging trends
812 Urban Not specified Diverging trends
824 Urban Bare land, Grassland Not examined
826 Agriculture, Urban Vegetation Degradation
841 Grassland Agriculture, Other Not specified
842 Other, Urban Agriculture, Forest Degradation
843 Agriculture Agriculture Improvement
847 Agriculture Forest Degradation
887 Urban Not specified Improvement
889 Grassland Agriculture Improvement
896 Forest, Urban Agriculture Degradation
903 Agriculture, Urban Forest Degradation
983 Urban Forest Degradation
984 Vegetation Urban Not examined
1029 Agriculture Forest, Wetland Diverging trends
1034 Urban Not specified Degradation
1042 Agriculture Grassland Degradation
1050 Forest Agriculture Not examined
1063 Agriculture Forest Not examined
1066 Forest Grassland Diverging trends
1074 Other Bare land, Vegetation Degradation
1080 Agriculture Forest, Wetland Degradation
1085 Agriculture Forest Degradation
1115 Urban Water Not examined
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1145 Urban Not specified Improvement
1151 Agriculture Water Degradation
1240 Urban Bare land Degradation
1287 Urban Agriculture, Wetland Diverging trends
1297 Urban Agriculture, Wetland Not examined
1307 Wetland Forest Diverging trends
1324 Urban Not specified Diverging trends
1339 Forest, Urban Agriculture Diverging trends
1372 Urban Agriculture, Forest Degradation
1418 Agriculture, Urban Wetland Not examined
1438 Urban Agriculture Degradation
1443 Grassland Agriculture Improvement
1479 Forest, Urban Agriculture Improvement
1490 Agriculture Wetland Diverging trends
1512 Agriculture, Urban Not specified Degradation
1573 Not specified Not specified No change
1576 Not specified Not specified Diverging trends
1603 Bare land Grassland Degradation
1618 Agriculture Vegetation Degradation

1656 Bare land
Various (Agriculture, Urban,
Other) No change

1685 Agriculture, Urban Not specified Diverging trends
1691 Grassland, Other Forest Diverging trends
1717 Urban Agriculture, Forest Not examined
1718 Urban Agriculture Diverging trends
1732 Forest Agriculture Improvement
1754 Not specified Not specified Degradation
1763 Grassland, Other Agriculture, Forest Not examined
1784 Agriculture, Urban Forest Not examined
1789 Not specified Not specified Not examined
1795 Urban Agriculture, Wetland Degradation

1802 Urban
Various (Agriculture,
Vegetation, Wetland) Improvement

1824 Agriculture, Urban Forest, Grassland Not examined

1889 Forest Agriculture, Grassland
Degradation then
Improvement

1895 Grassland, Urban Agriculture, Forest Not specified
1948 Urban Forest Diverging trends
1964 Agriculture, Urban Forest, Grassland Diverging trends
1998 Urban Grassland No change
2012 Agriculture Grassland Diverging trends
2038 Bare land Agriculture, Grassland Degradation
2091 Urban Not specified Diverging trends
2098 Urban Bare land No change
2105 Agriculture, Bare land Grassland Diverging trends
2109 Urban Agriculture Diverging trends
2129 Agriculture Wetland Degradation
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2132 Urban Agriculture, Bare land Degradation
2134 Agriculture, Urban Vegetation, Wetland Not examined
2152 Agriculture Forest Diverging trends
2162 Urban Agriculture Not examined
2164 Urban, Wetland Agriculture, Forest Degradation
2172 Other, Urban Agriculture Not examined
2203 Not specified Not specified Diverging trends
2211 Agriculture, Urban Forest, Grassland Degradation
2213 Agriculture, Urban Forest Not specified
2215 Not specified Not specified Diverging trends
2219 Agriculture, Urban Bare land, Grassland Not examined
2251 Forest Agriculture Not examined

2254 Agriculture, Urban
Various (Bare land, Forest,
Vegetation) Not examined

2261 Urban Agriculture, Bare land Diverging trends
2262 Agriculture, Urban Forest Degradation
2263 Urban, Wetland Agriculture Diverging trends
2265 Urban Agriculture Improvement
2292 Urban Agriculture Not specified
2295 Urban Vegetation Not examined
2304 Urban Agriculture, Forest Degradation

2307 Forest, Urban
Various (Bare land, Grassland,
Vegetation, Other) Degradation

2319 Agriculture Grassland, Vegetation Diverging trends
2349 Agriculture, Urban Bare land Diverging trends
2354 Urban Forest, Vegetation Degradation
2381 Agriculture, Grassland Bare land Not examined
2406 Forest Agriculture Diverging trends
2440 Agriculture Forest Degradation
2481 Urban Water Not examined
2486 Grassland, Urban Forest, Wetland Diverging trends

Note. The overall direction of change over time as compared to inital/reference
condition: Improvement, degradation, diverging trends (i.e., some parameters increase
while others decrease), no change or not examined.
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