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Impacts of Forest Cover on Surface Runoff Quality in
Small Catchments

Marek Trenéiansky,>* Martina Sterbova,” Jozef Vybostok,? and Martin Lieskovsky ¢

Forest cover influences not only the amount of surface runoff, but also its
quality. The concentrations of chemicals in surface runoff differ between
forest catchments and non-forest catchments (agricultural areas). The
authors investigated the chemical compositions of surface runoff in two
small neighboring catchments (forest, non-forest), by analyzing and
summarizing data over a period of 26 years from 1986 to 2012. During this
period, the stock and absorption area of forest stands increased, air quality
improved, the agricultural landscape was partly regenerated, and global
climate change became apparent. The authors observed differences in
surface runoff between forest- and non-forest catchments. However, these
differences were not mainly caused by the influence of the forest cover,
but by changes in agricultural land management. Since 2006, agricultural
land has been managed without the use of artificial fertilizers, which
reduced the contents of pollutants in surface runoff from the non-forest
catchment. The existence of the forest as such excludes or noticeably
eliminates the use of fertilizers and chemical substances that affect water
quality.
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INTRODUCTION

On a global level, forests generate a multitude of environmental goods and services.
Of these, water-related services were ranked among the crucial forest ecosystem services
(ES) (Hamilton et al. 2008; Caboun et al. 2010; Robinson and Cosandey 2011). The
importance of forests to water quantity and quality as well as watershed management is not
a new concept. Although, it is often understood as something detected in 20" century, water
and soil have been linked throughout all of human civilization (Diamond 2005). There is a
need to understand the water balance operating in catchments, the processes controlling
water movements, and the impacts of land-use change on water quantity and quality. The
interactions between physical, chemical, and biological factors have become an
increasingly dominant theme, and this has been boosted by global environmental issues,
such as acid rain and climate change (Whitehead and Robinson 1993).

Land use and the composition of land cover (LULC) within a catchment play a key
role in regulating stream water quality (Feller 2005; Carr and Neary 2008; Giri and Qiu
2016). Landscape elements have been identified as the most important parameters affecting
water quality through their impacts on non-point source pollution resulting from complex
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run-off and landscape interactions (Gergel 2005; Snyder et al. 2005; Uuemaa et al. 2007;
Moreno-Mateos et al. 2008; Carvalho-Santos et al. 2016). Considering surface runoff from
catchment areas into water bodies as the main source of nutrients and pollutants (Tong and
Chen 2002), the relationship between water quality and changes in land use has become
increasingly important (Xiao et al. 2016). The conversion of native vegetation to
agriculture and human settlements has resulted in the degradation of many ecosystem
services and of biodiversity (Foley et al. 2005).

As Baillie and Neary (2015) state, forests can be considered as a major factor
influencing catchment hydrology. Forest land use is generally associated with the
protection of water resources from contamination (Abildtrup and Strange 2000; Willis
2002; Ernst et al. 2004), reducing the amounts of sediment, nutrients, and contaminants
(Amatya et al. 2003; Robinson and Cosandey 2011) and maintaining good water quality
(Aust et al. 2011). Neary et al. (2009) and Sukhdev et al. (2010) stress that the most
sustainable and high-quality water sources originate in forest ecosystems, particularly in
virgin forests. On the other hand, agriculture and urbanization are the main sources of
nutrients and xenobiotics, which subsequently degrade water quality, while forestlands and
wetlands act as sinks of non-point-source pollution (Bennett et al. 2001)

The physical, biological, and chemical characteristics of forest soils facilitate water
filtration, contaminant removal, and nutrient (especially of nitrogen) recycling (Neary et
al. 2009; Liu et al. 2012; Baillie and Neary 2015). Jussy et al. (2002) and Rauland-
Rasmussen et al. (2011) observed low levels of nitrate and various pollutants (e.g.,
pesticides) under forest cover. Forest soils feature litter layers and high organic matter
levels, both of which contribute to an abundant and diverse micro- and macro-fauna.
Compared to agricultural lands and grasslands, root systems of forests are extensive,
relatively deep and well-developed, thus efficiently extract soil moisture for tree growth;
they also transpire more water than other vegetation types. Perennial plants and organic
uptake matter in forest soils help to retain nutrients. Consequently, surface runoff is
reduced in forest environments, and most rainfall moves to streams by subsurface flow
pathways, where nutrient uptake and cycling as well as contaminant sorption processes are
rapid (Neary et al. 2009).

Forests also prevent erosion and nitrogen runoff. McBroom et al. (2008) found that
forest catchments retain most nitrogen inputs, even after timber harvesting. Afforestation
affects floor drainage, and in most cases, forests can substantially reduce the need for
drinking water treatment, thus decreasing water supply costs.

The importance of assessing the relationship between LULC and water quality is
obvious (Brauman et al. 2007; Uuemaa et al. 2007). Many stakeholders are aware of this
issue and recognize the role of forest systems in the supply of a number of non-market
services, including the protection and prevention of water resources (Dudley and Stolton
2003). In this sense, the aim of this study is to analyse and evaluate the long-term impacts
of forest systems on the surface runoff quality in two neighbouring catchments from 1986
to 2012. One of the catchments is covered with forest, while the other is mainly used for
agricultural production. With this on mind, the following research questions were
formulated:

e RQ1: Which qualitative parameters of water were affected by the forest?

e RQ2: Which qualitative parameters of water were affected by potential identified
influences?
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The length of the analyzed period makes it possible to assess and identify whether
the changes in the analyzed runoff parameter are influenced by the forest itself or whether
the change in the parameter was caused by another effect. Potential identified impacts
within the analyzed period include the greening of agriculture in non-forested catchment
(“greening” means support of farmers who adopt or maintain farming practices that help
meet environmental and climate goals), improvement of air quality and manifestations of
climate change.

EXPERIMENTAL

Study Site

The authors examined the chemical characteristics of surface runoff in two small,
neighboring catchments in Central Slovakia in the Slovenské rudohorie. The first
catchment (0.94 km?) had a forest cover area of 85% (green point in Fig. 1); the dominant
tree species were spruce (Picea abies) and beech (Fagus sylvatica). Most trees were
planted in 1986 and were 17 years old at the beginning of the experiment and 43 years old
at the end of the experiment. Average annual water flow was 16 L.s™.
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Fig. 1. Aerial photograph of the study site. The green point represents the sampling plot for the
forest catchment and the orange point represents the sampling plot for the non-forest catchment.
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The second catchment (1.44 km?) was located outside the forest and consisted of
meadow (70%) and arable land (30%) (orange point in Fig. 1). At the beginning of the
experiment, this catchment was used for intensive animal and crop production, with the
use of fertilizers and chemical preservatives. In the 1990s, there was a gradual decrease in
agricultural production. The number of farmed animals decreased (sheep from 3 000 to 1
800, cattle from 3 000 to 150), and the area of farmed land decreased markedly (1980 there
was approx. 4 000 ha, and in 2012 there was 1 500 ha). Some unused arable land was turned
into meadows, and some parts became overgrown with shrub species. Since 2006, it has
been converted to an organic production unit, and synthetic fertilizers and chemical
preservatives were banned. Average annual water flow was 31 L.s.

Both catchments are located at an average elevation of 850 m above sea level;
average annual rainfall is 920 mm and average annual temperature 5 °C. The geological
subsoil of both catchments consists of granodiorites and is homogeneous, enabling
comparisons between the two catchments. The soil is unsaturated brown soil. Total humus
levels reach 225 to 250 t ha™; humus form is moder. Total nitrogen supply is 6.0 to 6.5 t
hal. Most parts of the catchments have a slope of up to 30%, and both catchments are
classified as areas with minimal human impact (Klinda et al. 2016).

The catchments have a different water flow due to their different size. After
conversion to square kilometres, the water flow in the forested catchment would reach the
value of 17 L.s1.km?, in the non-forest catchment 21.5 L.s*.km?. Due to the equal
exposure, slope, geological and soil conditions, we assume that the different recalculated
average water flow is caused by different evapotranspiration.

Sample Collection

The water samples were collected in the following periods: 1986 to 1990, 1992 to
1994, and 2009 to 2012. Samples were always taken once a month from the exact same
place at approximately 1.5 km from the source of the streams. For the purposes of sampling,
dams were built in both catchments in 1986. Samples were taken into sterilized containers
- sample boxes according to the instructions of the laboratory from a depth of 5 to 10 cm
below the surface of the stream. After sampling, the sample boxes were transported in the
refrigerator to the laboratory. Water analyses in the first two periods were carried out by
the Technical University in Zvolen, while in the third period, they were performed by
Stredoslovenska vodarenska spolo¢nost’ (Central Slovak Water Company). The following
parameters were determined: nitrites, nitrates, chlorides, sulphates, phosphates (all in mg
LY, coliform bacteria (CFU 100 mL™), and pH. The numbers of samples taken in each
year are shown in Table 1. A total of 93 samples were analyzed for each catchment.

Table 1. Number of Samples Taken Each Year for Water Analysis

Number of samples /Year 1986 1987 1988 1989 1990 1992
Forest Catchment 8 9 11 9 4 1
Non-forest Catchment 8 9 11 9 4 1

Number of Samples /Year 1993 1994 2009 2010 2011 2012
Forest Catchment 9 2 7 9 12 12
Non-forest Catchment 9 2 7 9 12 12

Trenciansky et al. (2021). “Forest and water quality,” BioResources 16(4), 7830-7845.

7833




PEER-REVIEWED ARTICLE b | oresources.com

Statistical Analysis

From the point of view of processing statistical analyses, the authors divided the
analysed period into the first (1986-1994) and second (2009-2012) experimental period.
All statistical analyses were conducted in accordance with Statistical methods in water
resources (Helsel and Hirsch 1992). When assessing the trend of the development content
of individual elements over time for forest and non-forest catchments, the authors used
linear trend. Since Kolmogorov-Smirnov test showed that the data do not have a normal
distribution (Table 2), the Mann-Whitney U test was used for the analysis of the differences
between forest and non-forest catchments. Subsequently, the Mann-Kendall trend test was
chosen for assessing the trend over time.

Table 2. Results of Kolmogorov-Smirnov Test

Water parameters | p-value
Nitrates 0.000***
Chlorides 0.000***
Sulphate 0.019*

pH 0.000%***
Coliform bacteria 0.000***
Iron 0.000***
Nitrite 0.000***
Phosphate 0.000***

For all statistical analyses the authors used R studio (version 1.3.1093, RStudio
PBC, Boston, MA, USA).

RESULTS

The monitored characteristics can be divided into two groups: Group 1, where the
difference between the analyzed characteristics in the forested and forest-free catchment
areas was not significant, and Group 2, where the difference between the analyzed
characteristics was statistically significant.

Water Parameters Not Influenced by Forest Cover

Group 1 contained the parameters for nitrates, phosphates, iron, and coliform
bacteria, which did not differ between forest and non-forest catchments. In the long term,
nitrite and phosphate contents were balanced in both catchments. The increased variability
of both elements results from the uneven elution of nitrites and phosphates, depending on
precipitation. The contents of iron and coliform bacteria showed a slightly increasing trend
in both catchments. Iron reaches the surface runoff by transport with dissolved organic
matter or from geological bedrock and soil. Faecal contamination results in higher levels
of coliform bacteria.

There were no statistically significant differences between forest and non-forest
areas.
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Fig. 2. Linear regression analysis for forest and non-forest areas - water parameters not
influenced by forest cover. The contents of water parameters of the surface runoff (a) Coliform
Bacteria, (b) Iron, (c) Nitrite, (d) Phosphate. Orange color represents the non-forest area and
green color the forest area. Color shadow represents the 95% confidence interval (CFU - Colony
Forming Units)

Table 3. Influence of Forest Cover on Surface Runoff Quality - Water Parameters
not Influenced by Forest Cover

Water Parameters p-value*
Coliform bacteria 0.599
Iron 0.051
Nitrite 0.327
Phosphate 0.914

* p-values of Mann-Whitney U test
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Water Parameters Influenced by Forest Cover

Group 2 consisted of the parameters pH, sulphate, nitrates, and chlorides, which
were significantly impacted by forest cover. Water pH was lower in the forested area. The
acidity of runoff water in both catchments was higher in the first analysed period (1986-
1994). In the second period (2009 to 2012) in a forest catchment the water pH had a
decreasing and in a non-forest catchment an increasing trend. The sulphate content
increased significantly over time in the forest catchment and showed a slightly increasing
trend in the non-forest catchment.

It was noteworthy that chlorides and nitrates decreased significantly over time in
the non-forest catchment. In the second period (2009 to 2012), this difference between
forest and non-forest catchments was not obvious. Since 2006, chemical preservatives and
fertilizers have not been used in non-forest catchment. Based on the results from this study,
forest cover had a significant effect on sulphate content and pH, while changes in
agricultural land management resulted in changes in nitrate and chloride levels.
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Fig. 3. Linear regression analysis for forest and non-forest areas - water parameters influenced
by forest cover. The contents of water parameters of the surface runoff (a) Nitrates, (b) Chlorides
(c) Sulphate, and (d) ph. Orange color represents the non-forest area and green color the forest
area. Color shadow represents the 95% confidence interval
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Table 4. Influence of Forest Cover on Surface Runoff Quality - Water Parameters
Influenced by Forest Cover

Water Parameters p-value*
Nitrates 0.000***
Chlorides 0.000***
Sulphate 0.000***
pH 0.007**

* p-values of Mann-Whitney U test
There were statistically significant differences between forest and non-forest areas.

Table 5. Analysis of Water Parameter Trends - Mann-Kendall Trend Test

Water Parameters Forest No-forest

p-value* trend p-value* trend

Nitrates 0.001** yes 0.000*** yes

Chlorides 0.000*** yes 0.000*** yes

Sulphate 0.000*** yes 0.000*** yes

pH 0.000*** yes 0.000*** yes

Coliform bacteria 0.000*** yes 0.000*** yes

Iron 0.002** yes 0.000*** yes

Nitrite 0.000*** yes 0.002** yes

Phosphate 0.011* yes 0.094 no

* p-values of Mann-Kendall Trend test

Drinking water quality was determined according to the threshold values of the
selected indicators. Table 6 shows the average values of the parameters for each catchment
and period; threshold values for drinking water were obtained from Decree no. 247/2017
(Ministry of Health of the SR 2017).

Table 6. Average and Threshold Values of Water Quality Parameters

PO S0 | NOs | CF | Fe |NOy |  Coltorm
mg. L CFU 100 mL*
Forest 1086 t0 1990 | 6.58 | 0.06 |12.30] 2.75 | 8.26 | 0.13| 0.01 90.44
Non-forest 198610 | .73 | 0.07 [11.78|10.76 | 16.02 | 0.07 | 0.01 92.05
Forest 1092 t0 1994 | 6.64 | 0.08 |19.02| 3.12 | 2.50 | 0.02
Non-forest 199210 | 674 | 0.00 |16.73|13.68 | 11.19 | 0.02
Forest 2009 to 2012 | 7.07 | 0.06 |21.20| 3.14 | 2.19 | 0.34 | 0.01 403.25
Non'forz%sltzzoogto 7.40 | 0.06 |15.06| 3.66 | 2.86 | 0.24 | 0.01 513.53
Forest 1086 t0 2012 | 6.80 | 0.06 |16.95] 2.95 | 5.04 | 0.21 | 0.01 244.91
Non'forz%sltzlg%to 7.02 | 0.07 |13.77| 8.08 | 9.65 | 0.14 | 0.01 300.19
Threshold Value %_‘2‘ * |250.0| 50.0 | 250.0|0.20 | 0.50 0.00

(CFU - Colony Forming Units)
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All of the experimental parameters studied, with the exception of iron levels and
coliform bacteria, met the requirements for drinking water. Water from both catchments
could be treated similarly.

DISCUSSION

Out of the eight measured water quality parameters, statistical significance between
forested and non-forest catchments was confirmed for four parameters, namely pH,
sulphates, chlorides, and nitrates. For these parameters, it was necessary to determine
whether the difference was caused by the influence of the forest cover or by potential
identified factors (the greening of agriculture in non-forested catchment, improvement of
air quality, and manifestations of climate change).

Based on the authors’ results, forest cover significantly influenced two water
quality parameters: sulphates content and water pH. Acidity of run-off water from the
forested catchment was higher than that from the non-forested catchment. According to
previous studies, through fall and stemflow have significantly lower pH values than bulk
precipitation (Xi et al. 2009; Xu et al. 2013). In the forest catchment, higher sulphate levels
were measured in the run-off water than in the non-forest catchment. In the first
experimental period (1986 to 1994), this difference was insignificant, while over time, it
increased, and in the second experimental period (2009 to 2012) this difference was
significant. This can be explained by the increasing absorption area of forest stands over
time. The increase in sulphate concentration is associated with the absorption of sulphur
oxides through forest stands, their transformation into sulphates, and the subsequent
adsorption from the soil. In the region, horizontal rainfall is frequent, thus increasing this
effect. This is also reflected in the increasing trend of the average sulphate concentration
in the forest catchment (1986 to 1990: 12.3 mg L™%; 1992 to 1994: 19.0 mg L'*; and 2009
to 2012: 21.20 mg L1). A slightly increasing trend was also observed in the non-forest
catchment (1986 to 1990: 11.8 mg L*; 2009 to 2012: 16.7 mg L™). This increase is related
to the gradual reduction of agricultural production, in particular by changing part of arable
land to meadows and pastures, thereby increasing the absorption area of the shore forest in
the non-forest catchment. The lower pH in the forest catchment can be similarly explained
by the combing effect of sulphur oxides through forest stands, with subsequent
acidification of the run-off water. The long-term effect of the acidic disposition caused by
industrial emissions, especially in the 1980s, resulted in a "limit load on land" (Stachera
and Lalkovi¢ 2000). This load increased the acidity of the run-off water during the first
period (1986 to 1994). In the 1990s, industrial production was reduced, which significantly
reduced sulphur oxides in the atmosphere. In the 1990s, annual SO2 emissions in the Slovak
Republic exceeded 500,000 tons. In the 1990s, a gradual decline began, and in the second
period (2009 to 2012), SO2 emissions were at the level of 50,000 tons per year, representing
a 10-fold decrease (Ministry of Environment of the SR 1999; Statistical Office of the SR
2019). This resulted in a slight increase in the pH value of the run-off water in both
catchments (forest catchment: from 6.6 to 7.1; non-forest catchment: from 6.7 to 7.4).

In this study, nitrate and chloride levels confirmed the statistical significance
between forested and non-forested areas in the first experimental period (1986 to 1994).
This difference can be attributed to the changes in the management of agricultural
production in the non-forest catchment. In the 1980s and 1990s, the nitrate content in the
non-forest catchment was, on average, four times higher, while the chloride levels were
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five times higher than those in the forest catchment. The concentrations of nitrates and
chlorides in the non-forest area were significantly influenced by applying ecological
knowledge and practices, such as the exclusion of fertilizers and chemical products since
2006 and the conversion of arable land to meadows and pastures. In the second
experimental period (2009 to 2015) the difference was insignificant between forested and
non-forested areas. Fiquepron et al. (2013) state that meadows and pastures can offer
favourable conditions in relation to denitrification and water quality. Effective filters also
include hedges and other linear forested areas. The intensification of agricultural
production, combined with the use of fertilizers and pesticides, has a key impact on water
quality (Stoate et al. 2001; Allan 2004; Hering et al. 2006; Mahler and Barber 2017). In
this study, in the 1980s, an agricultural land manager used an average of 1,000 tons of
fertilizer per year, which is almost 0.5 tons per ha. The proportion of nitrogen in fertilizers
was almost 100 kg ha*. At the same time, chlorine-containing preservatives were used to
protect agricultural crops (Aminex, Gramaxone, Retacel, Agritox). The significant
influence of agrarian landscapes on nitrogen has been confirmed e.g., in China (Chen et al.
2016), Brazil (de Oliveira et al. 2016), and Spain (Alvarez-Cabria et al. 2016). Recycling,
especially of nitrogen, is important in forest ecosystems. Nitrate levels are therefore low
under forest cover (Raulund-Rasmussen et al. 2011). Surface runoff from agricultural lands
is the main cause of water pollution (Hascic and Wu 2006), and nitrification is greater in
an agricultural environment.

For other elements, e.g., nitrites and phosphates, the increased values in the run-off
water of the non-forest catchment were not a result of fertilizer use.

Global climate change increases the rate of atmospheric precipitation (Pecho et al.
2018). In both catchments, an increase in the elution of nitrogen oxides and phosphates in
run-off water in relation to such change has not been confirmed. However, this result is
influenced by factors, such as slope and relief, land management, among others.

The increased content of coliform bacteria in the non-forest catchment, most likely
as a result of grazing livestock (sheep, cattle) and manure fertilization (20 t ha™* year?) in
parts of the territory (approximately 30%) was not confirmed. Regarding iron levels, forest
cover had no significant impact; iron reaches the surface runoff by transport with dissolved
organic matter or from geological bedrock and soil.

All water parameters in both catchments, with the exception of coliform bacteria
and iron concentration, met the drinking water requirements. Based on the findings for pH
and sulphate content, the positive effect of forest cover on air purification could be
confirmed. However, the present results suggest that the ecosystem services reported in
some earlier works might have been partially over-estimated in terms of contributions of
forest cover itself on water quality. When assessing the impact of the forest on water
quality, it is necessary to take into account other impacts that operate in the compared area.
It is mainly a way of agriculture management. The impact of the greening of agricultural
production areas on water quality was more significant than that of the forest cover. The
existence of forest in a catchment means the significant elimination of the use of artificial
fertilizers or chemical preparations; in the study sites, fertilizers and chemical preservatives
were not used in the analysed forest catchment. Forest management in generally less
intensive than the management of agricultural areas, with less frequent interventions.
Forest management is not neutral in terms of water quality, but many factors tend to
attenuate harmful effects, particularly the fact that human interventions are less frequent in
this sector than in agriculture (Fiquepron et al. 2013). There have been examples of land-
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use change from agriculture to forestry to promote better water quality (Hunsaker and
Levine 1995; Hiscock et al. 2007).

Forests moderate climatic extremes, influencing the quantity, timing, thermal
regime, and water quality characteristics of stream water (Neary et al. 2009). Forested
catchments are generally assumed to provide higher quality water in contrast to agricultural
and urban catchments. However, this should be tested in various ecological contexts and
through the study of multiple variables describing water quality.

CONCLUSIONS

1. The results from long-term study in run-off water from forested and non-forest
catchments indicated that half of the analyzed water quality parameters confirmed the
differences between the catchments. The forest itself affects the amount of sulphates
and the pH of the surface runoff. Significant differences in other water quality
parameters (nitrates, chlorides) indicate a change in agricultural management.

2. The growing trend of sulphates and decreasing pH in the surface runoff in a forested
catchment indicates the capture of sulphur oxides by the forest their transformation into
sulphates and the subsequent adsorption from the soil. This effect increases with
increasing forest stock, respectively absorbed area of the forest stands. The other
parameters of water quality were significantly affected by changes in agricultural land
management, causing decreases in nitrate and chloride levels.

3. A significant reduction in nitrates and chlorides in the second experimental period
suggests that greening of agricultural production areas affected the quality of surface
runoff more strongly than the presence of a forest cover, most likely because of the
reduction in fertilizer use. The existence of the forest as such excludes or significantly
eliminates the use of fertilizers and chemical substances that affect water quality.

4. The higher water pH in both catchments in the second experimental period reflects the
reduction of air pollution by sulphur oxides.

5. Regarding the parameter’s phosphates, nitrites, iron, and coliform bacteria contents,
there was no variance between forested and forest-free areas. Phosphates and nitrites
do not appear in increased share in both catchments, which indicates their fixation in
the soil. The increased iron content is caused by its transport with dissolved organic
matter or from the geological subsoil and soil. Coliform bacteria contents show
significant variability and is mainly related to the use of organic fertilizers and the
grazing of livestock in non-forest catchment. In a forested catchment the variability is
caused by the decomposition of organic matter.

6. Run-off water from agricultural catchments with the use of artificial fertilizers and
chemical preparations contains an increased content of nitrates and chlorides. After the
greening of agriculture production, the water quality in both catchments is comparable.
Water from both catchments met the requirements for drinking water (with the
exception of iron levels and coliforms).

7. In both catchments, an increase in the elution of nitrogen oxides and phosphates in run-
off water in relation to increases the rate of atmospheric precipitation has not been
confirmed. The added value of the study is the 26-year length of the analyzed period.
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Based on changes in trends in water quality parameters, the potential impact of forest
on runoff water quality was assessed. At the same time, possible causes of changes in
the quality of runoff water in forested and non-forest catchments were identified.
Further research will need to analyze, quantify, and evaluate these changes in more
detail.
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