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Abstract. Drinking water contamination is a major problem facing urban and rural communities
worldwide. A study exploring the linkages between ground water quality and landscape metrics
was performed using 55 ground water wells found within 20 watershed sub-basins in the Dobrogea
region of Romania. The goals of this research were: (1) to establish a statistical model that could
be used to predict the risk of ground water contamination; and (2) increase the understanding of the
relationship between landscape composition and configuration on ground water quality. The relation-
ships between land cover, landscape and ground water nitrate level were established using artificial
neural-network statistical analysis. Analysis revealed that the percent land cover in watersheds as
forest, agriculture and artificial (urban) surface, combined with area weighted mean contiguity
index, like-patch adjacencies, and area weighted proximity index were able to predict over 62% of
the variation in nitrate levels in wells. This approach shows promise for being an effective predictor
of risk of contamination for drinking wells.

Keywords: groundwater, nitrate contamination, landscape analysis, neural network modelling,
Romania.

AIMS AND BACKGROUND

The structure, function, and dynamics of contemporary ecosystems are profoundly
influenced by human activities!, and understanding the mechanisms responsible
for environmental changes requires the integration of both natural and human
processes. Pervasive ecological changes have occurred as a result of human ac-
tivities'. Changes in land cover through the appropriation of natural landscapes to

* For correspondence.
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provide for human needs is one of the most pervasive alterations resulting from
human activity. While the ecological and sociological effects of land conversion
for agricultural uses are well studied, the long-term effects on human health are
constantly under investigation.

Nitrate contamination is possibly the most wide-spread contaminant of water
globally?. In the United States, ground water provides drinking water for more
than one-half of the nation population; mostly rural communities and a majority
of cities®. In terms of the health and well-being of humans, increased nitrate levels
in ground water can lead to numerous concerns, including nutrient enrichment of
surface waters and carcinogenetic effects in animals and humans®. The United
States Protection Agency (USEPA) has stated that nitrate concentrations greater
than 10 mg/l can have long-term effects on sensitive populations*. The Maximum
Acceptable Concentration (MAC) for nitrate (NO,—-N) in drinking water in Canada
and the United States is currently set at: 10 mg/l (Refs 5 and 6). The European
Environmental Agency (EEA) has set a maximum concentration of nitrate in
groundwater at 25 and 50 mg/1 for country and regional levels, respectively’.

Sources of increased nitrate levels in ground water have been linked to nitro-
gen-based fertilisers, animal and human wastes, and to a lesser extent, industrial
waste, waste waters, and landfills®. It has been suggested that agricultural practices
are the main cause of elevated nitrate in groundwater and intensive agriculture
is considered to be the main source of water pollution by nitrate in Europe and
North America.

A variety of techniques have been used in the past to estimate ground water
contamination, from simple overlay/index approaches to complex simulation
models’. Overlay/index methods have proven to be successful at assessing vulner-
ability of shallow groundwater contamination and are better suited to accommodate
uncertainty in data than other methods!®. The overlay/index methods involve the
statistical analysis of physiological attributes of the landscape and the combining
and assigning of weights to each property to obtain a final score®. This method is
driven largely by data availability and expert scientific judgment!?.

Sources of ground water contamination have been linked to nitrogen-based
fertilisers, animal and human waste, and to a lesser extent, industrial, waste water,
and landfills®. Specifically, nitrate contamination has been suggested to be the most
widespread contamination of water globally?.

Our ability to accurately model non-point source nutrients in ground water
is fair at best, and has been suggested to need further investigation®!!. The goals
of this research were twofold: (1) to establish a statistical model that could be
used to locate ground water contamination for remediation; and (2) increase the
understanding of the relationship between landscape composition/configuration
and ground water quality.
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EXPERIMENTAL

The Dobrogea region of Eastern Romania is located between the Danube river to
the west and the Black sea to the east. The region is divided into two major basins;
the Litoral basin contains all the waterways that flow east into the Black sea, and
the Dunabe basin contains all the waterways that flow west into the Danube river.
This area of Romania, like many places throughout the world, experienced signifi-
cant landscape alterations since the agrarian revolution albeit intensifying during
the communist period when fertiliser applications to agricultural lands increased
from 20 kg/ha to over 160 kg/ha throughout Romania (Fig. 1). Application rates
dropped drastically following the 1989 revolution, however, the legacy impacts
of overfertilisation on groundwater quality remain.

fertiliser application rate (kg/ha)

—

Fig. 1. Fertiliser application rate (mean kg/ha per year)
http://earthtrends.wri.org

or Romania from 1961-2001. Datasource:

A study by Constanta County Public Health Direction sampled drinking wells
from 55 locations within 20 sub-watersheds from Dobrogea in 2007. Methods for
water sampling, conservation, transport, storage and identification for samples
followed procedures specified in S.R. 2852/1994 — ‘Drinkable Water’ by the
Romanian government. Samples were collected from wells with a bucket from a
depth of 0-30 cm below the water surface. Samples for nitrate analysis were fixed
with 2 ml sulphuric acid, placed in refrigerated boxes, at —8°C and transported to
the laboratory as soon as possible (maximum 6 h) after sampling. If the samples
could not be taken to the laboratory in the specified time or could not be analysed
immediately, they were stored in a refrigerator under the same condition for a maxi-
mum of 24 h. Nitrate levels were measured by photometric methods and reported
as concentration in mg/l of NO,—N. Spatial distribution of sampling locations and
relative nitrate concentrations are shown in Fig. 2.
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Fig. 2. Location of the 55 ground water well sites within 20 corresponding sub-basin watershed land-
scapes. Relative nitrate concentrations are indicated by the size and colour of the symbol. Sampling
locations in close proximity are indicated by over-laid symbols

ESRI ArcGIS 9.3 and FRAGSTATS Version 3.0 (Ref. 12) were used to cal-
culate the selected land cover and landscape ecology metrics for the 20 watershed
sub-basin landscapes. Generalised land cover data for 2000 (percent agriculture,
forest, wetland, water and artificial/urban) for each sub-basin were calculated at 30
% 30 mresolution. Using previously stated data for agricultural lands, 25 landscape
ecology metrics were calculated by FRAGSTATS to quantify landscape composi-
tion and configuration (Table 1). These landscape ecology metrics were chosen
based on literature relevance'*-'¢and statistical strength. All data were transformed
to correct for non-normality prior to statistical analysis. Proportional (percent) and
length data were transformed using the negative arcsine and log10 transformations,
respectively. Predictor variables were standardised using a z-transformation to set
all parameters to a mean of 0 and variance of 1.
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Table 1. List of land cover (A) and landscape metrics (B) used in analyses. Full descriptions can
be found in Ref. 12

Metric Abbreviation Name
(A) LAND COVER METRICS
TO_AREA total sub-basin area
Agriculture! percentage of landscape agriculture
Artificial percentage of landscape artificial surface
Wetland percentage of landscape wetland
Forest! percentage of landscape forest
Water percentage of landscape water
B) LANDSCAPE METRICS
AREA/EDGE/DENSITY
PD patch density
LPI largest patch index
ED edge density
AREA AM area weighted mean patch area
GYRATE AM area weighted mean of radius of gyration distribution
nLSI normalised landscape shape index
CA total class area
SHAPE
SHAPE MN mean shape index
SHAPE AM area weighted mean shape index
FRAC _AM area weighted mean fractal dimension index
FRAC _SD standard deviation of mean fractal dimension index
PARA MN mean perimeter area ratio
CONTIG_MN mean contiguity index
CONTIG_AM! area weighted mean contiguity index
PROXIMITY/ISOLATION
PROX AM *#*! area weighted mean proximity index
CONTATION/INTERSPERSION
PLADJ! percentage of like adjacencies
SPLIT splitting index
Al aggregation index
CONNECTIVITY
COHESION* patch cohesion index

! Metric was chosen for nitrate model based on backward stepping multiple regression; * calculated
using a fixed edge depth of 50 m; ** calculated using a search radius of 100 m.

We first reduced the number of predictor variables by removing those that
exhibited auto-correlation. This was done by using a backward-stepping multiple
regression with nitrate as the dependent variable, and retaining the predictor pa-
rameters from the best-fit model to be used in the remaining analyses. Regressions
were conducted separately for land cover variables and landscape ecology metrics.
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Next, an artificial neural network (JMP version 6.02)(Ref. 17) was used to predict
nitrate levels for well locations based upon the retained land cover and landscape
variables. The model was run with 3 hidden nodes and 5-fold cross validation.

RESULTS AND DISCUSSION

The distribution of nitrate concentrations from the 55 wells sampled is presented
in Fig. 3, with levels ranging from less than 20 mg/] to almost 1000 mg/l. Data
exhibit an approximately log-normal distribution, with 70% of the observations
exceeding the 50 mg/I standard for drinking water (Fig. 3C). Mean nitrate con-
centration for the 20 sub-basins is presented in Fig. 4; with the highest mean just
less than 500 mg/1.

= ]
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nitrate concentration (mg/l)
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] 100 0 00 Y 00 “ o0 800 w00 1000
nitrate concentration (mg/l)

Fig. 3. Distribution of groundwater nitrate concentrations (mg/l) detected in samples collected from
Dobrogea Romania in 2007: box plot showing quartiles and confidence diamond for mean value
(A), frequency distribution (B), and cumulative probability distribution (C)
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Fig. 4. Mean groundwater nitrate concentrations in groundwater samples collected from wells in
Dobrogea, Romania in 2007. Data are means + 1 SE for each sub-basin used in the analysis

As expected, agriculture was the dominant land cover for all sub-basins (Fig.5),
ranging from 50 to over 95% of the surface area. Forested and artificial/urban land
covers were the next most abundant, exhibiting maximum cover of 43 and 22%,
respectively (Fig. 5). Percentages of wetland and water were lower than other
categories, but exhibited great variability among sub-basins (Fig. 5).
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Fig. 5. Percentages of major land cover classes for the 20 sub-basins included in the study
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Backward-stepping multiple regressions of nitrate concentration against land
cover metrics revealed that the combination of percent agriculture, forested, and
artificial/urban land cover provided the best predictive model (R?>=0.24, p<0.01).
Similarly, multiple regression with landscape metrics resulted in 3 metrics selected
in the best-fit model (R?=0.28, p <0.01). The 3 landscape metrics selected included
Area Weighted Mean Contiguity Index (CONTIG_AM), Percent Like Adjacent
Index Agriculture (PLADJ), and Area Weighted Proximity Index (PROX_AM).

The 6 metrics selected were then entered into a supervised neural network with
3 hidden nodes to predict nitrate levels (Fig. 6A). The resulting model (Table 2) was
able to predict 64% of the variation in nitrate levels among samples (Fig. 6B).

Table 2. Parameter estimates for the three hidden layers for the neural network model predicting
nitrate levels (R> = 0.64, p = 0.001, see Fig. 6A for model diagram)

Parameter Parameter estimates

H:1 H:2 H:3
Intercept -3.19 2.04 -0.57
ASN FOREST -2.40 2.35 -1.71
ASN_AGLAND 1.18 -2.59 1.01
ASN_ARTIF -2.05 -0.91 -3.94
L10_CONTIG_AM -3.49 0.90 0.88
ASN_PLADJ 0.41 3.56 -2.04
L10_ PROX AM 0.27 0.27 2.50
LOG_NITRATE =5.77 -2.64 3.40
LOG_NITRATE:Intercept 1.10

The 3 nodes differently captured variation in nitrate levels (Table 2) and the
significant non-linearity of the relationships between landscape, land cover and
water quality (Fig. 6C). Increased nitrate levels were associated with low forest
and high agricultural land cover. Nitrate peaked at moderately low artificial/urban
land cover and then exhibited a moderate increase again at high artificial/urban
land cover. With regard to landscape ecology metrics, increased CONTIG_AM
explained increased nitrate in the lower range, whereas increased PLADJ explained
decreasing nitrate levels from very high to low. Changes in PROX AM capture
nitrate variation in the middle range of concentrations.

A combination of 6 metrics predicted nitrate loadings in groundwater using
neural networks (Table 2 and Fig. 6). Three metrics (percent forest, percent agri-
culture, and percent artificial surfaces) were related to watershed land cover and
three metrics (CONTIG_AM, PLADJ, and PROX_ AM) were related to watershed
agriculture land composition and configuration. Each of these metrics exhibited
strong non-linearity with nitrate concentrations and each had predictive ability in
different ranges of nitrate contamination (note different curves in Fig. 6C).
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Fig. 6. Neural network diagram (A), observed versus predicted plot for nitrate (B), and parameter
response profiles for predictor variables from neural network (C)

Percent forest, agricultural and artificial/urban land. A negative relationship was
found between percent forest and nitrate loadings in groundwater. In Dobrogea,
there is a strong negative correlation between the amount of forested and agricul-
tural land in basins. The question becomes whether a loss of forest is responsible
(e.g. through impacts on hydrogeology and geochemistry), or whether the correlated
increase in agriculture is the dominant driver. Other studies have shown agricul-
tural lands are associated with higher rates of nitrate loading into groundwater.
As supported by previous groundwater nitrate research, this phenomenon can be
attributed to the over-application of natural and synthetic fertilisers. Furthermore,
historic over-application of fertilisers can have a legacy effect in groundwater.
However, the nonlinearity of the response profiles for Forest and Agriculture in
the neural network (Fig. 6C) that even small amounts of forest can have a positive
impact on water quality, and that the negative impact of agriculture occurs mostly
at the highest levels of agriculture.

These finding suggest that efforts to restore forestland within basins can
have a positive impact at lowering nitrate risk to groundwater, even without large
changes in agricultural land. In addition, this pattern suggests that much of the
variation in nitrate levels may be the result of past historically high levels of fer-
tiliser application.

The neural network indicated a strong nonlinear relationship between artificial
surfaces and nitrate levels, with a peak effect at a low level of artificial surface
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(Fig. 6C). To some extent these levels of artificial surfaces can reflect agricultural
development in the basin. For example, at the earliest stages of agricultural devel-
opment, a minimum level of artificial surfaces would be required for operations
and worker residences — so historically one may see a concomitant increase in
artificial and agricultural land cover. At the other end, increases in human popula-
tion and development would expect that the percentage of agricultural land would
decrease as urbanisation increases. The modest increase in nitrate levels at higher
artificial surface levels could indicate a relationship with urban sewage systems
and leakages/runoff into groundwater.

Agricultural landscape configuration. Low area weighted mean contiguity index
(CONTIG_AM) scores for basins were associated with low nitrate levels. However,
nitrate levels rose above a threshold CONTIG _AM score (Fig. 6C). CONTIG_AM
is a shape metric that is related to the spatial connectedness, or contiguity, of cells
within a grid-cell patch. This provides an index of patch boundary configuration
and patch shape'®!®. Area-weighted mean (AM), in this case, equals the total area
of all agricultural patches divided by the total area of each watershed landscape.
As CONTIG_AM metric increases, the size and shape of the agricultural patches
increases for each sub-basin landscape. This can be interpreted as the larger the
size and shape of the agricultural patches, the more potential for nitrate con-
tamination in groundwater. Above a threshold, the larger the agricultural patches
within basins, the greater the potential for moderately increased levels of nitrate
in groundwater.

Percent like adjacent index agriculture (PLADJ) exhibited a relationship op-
posite to that of CONTIG _AM. Nitrate levels were highest at low PLADIJ, and then
dropped abruptly above a threshold level (Fig. 6C). PLADIJ is a configuration metric
that is related to land cover type connectivity'? and equals the sum of the number
of cell-like adjacencies for agriculture land, divided by the total number of cell
adjacencies in the basin landscape (multiplied by 100 to convert to a percentage).
As PLADJ metric increases, the connectivity of the agricultural patches increases
for each basin landscape. The neural network pattern shows that high PLADJ (low
dispersion) values were associated with lower nitrate levels in groundwater. In the
case of Dobrogea, the highest levels of nitrate were associated with basins where
agricultural patches were spread throughout the basin.

Area weighted proximity index (PROX AM) predicted of variation in nitrate
levels in mid-level ranges (Fig. 6C). PROX AM is a measure of landscape con-
figuration that deals explicitly with the spatial arrangement of patches'>!? and is
calculated as the sum of agricultural patch area divided by the nearest edge-to-edge
distance squared of a corresponding agricultural patch within a specified search
radius. AM (area-weighted mean), in our case, equals the total area of all agricul-
tural patches divided by the total area of each watershed landscape. PROX AM
is dimensionless and should be used as a comparative index for complexity and
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configuration. For basins in Dobrogea, PROX AM was positively associated with
middle-range nitrate loadings in groundwater. Generally speaking, the higher the
density of large agricultural patches, the greater the potential for increased levels
of nitrate in groundwater. The relationship is similar at that for CONTIG_AM,
except that CONTIG_AM predicts changes in nitrate at low concentrations and
PROX_ AM better predicts middle-range nitrate variation.

CONCLUSIONS

In conclusion, land cover and landscape reflect a complex mosaic of historical
artifact, human legacy, and present-day activity. Changes to land-cover through
the appropriation of natural landscapes to provide for human need is one of the
most pervasive alterations resulting from human activity. As such, the relation-
ships between each individual landscape metric and nitrate in groundwater can
be interpreted in many ways. Researchers in landscape ecology have been con-
tinuously developing metrics for quantifying such patterns on different response
variables!>!4161921 "yt there remains a demand for understanding the linkages
between landscape metrics and ecological process and functions??25,

This study suggests that the presence of forests, in combination with the
spatial patterns of agricultural patches can be an effective predictor of ground-
water contamination risk for nitrates. In spite of the relatively small sample size
of the study (55 wells across 20 sub-basins), the statistical significance and the
directionality of trends detected by the neural network model suggest that such
studies have the potential to develop landscape models for predicting sub-surface
water quality risk. These models can assist in the efficient use and allocation of
monitoring resources
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