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Editorial
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Abstract: The Earth has entered the Anthropocene epoch and forest managers are facing
unprecedented challenges to meet multiple ecosystem service demands from forests. Understanding
the complex forest-water relations under a changing environment must add a human dimension, and
this is essential in the move towards sustainable forest management in the 21st century. This Special
Issue contains 10 papers presented at a joint international forest and water conference in Chile
in 2018. These studies provide global examples on new advancements in sciences in forest
ecohydrology, watershed management, and ecosystem service assessment under various geographical
and socioeconomic settings.

Keywords: forestry; ecohydrology; watershed management; global change; sustainability

Forests cover about 30% of the Earth’s land area, or nearly 4 billion hectares. Enhancing the benefits
and ecosystem services of forests has been increasingly recognized as an essential part of nature-based
solutions for solving many emerging global environmental problems today, including sequestering
atmospheric carbon, controlling land degradation and soil erosion, and providing abundant clear
water. The United Nations emphasizes that sustainable forest management in the UN Strategic Plan
for Forests 2017–2030 (UNSPF) is an essential component of the implementation of the 2030 Agenda
for UN Sustainable Development, the Paris Agreement adopted under the Framework Convention on
Climate Change, the Convention on Biological Diversity, the Convention to Combat Desertification, the
Forest Instrument (UNFI), and other international forest-related instruments, processes, commitments
and goals. A core science to support forest management is understanding the interactions of forests,
water, and people. These interactions have become more and more complex under climate change and
its associated impacts, such as the increase in intensity and frequency of drought and floods, increasing
population and deforestation, and a rise in global demand for multiple ecosystem services including
clean water supply and carbon sequestration. Research is needed to improve our understanding of the
tradeoffs and synergies among forest ecosystem services. Forest watershed managers have recognized
that water management is an essential component of forest management. Global environmental
change poses increasing challenges for managing forests and water towards sustainable development.
New science on forest and water is critically needed across the globe. In particular, we need a
better understanding of the role of people in forest water management, in various economic and
social settings.

The “International Forests and Water Conference 2018, Valdivia, Chile” (http://forestsandwater2018.
cl/), a joint effort of the 5th IUFRO International Conference on Forests and Water in a Changing

Forests 2020, 11, 331; doi:10.3390/f11030331 www.mdpi.com/journal/forests1
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Environment and the Second Latin American Conference on Forests and Water provided a unique
forum to examine forest and water issues in Latin America under a global context. The conference
promoted an exchange of understanding and experience from the realms of research, policy, and public
involvement, through to the development of international research collaborations. The conference
focused on the following themes that covered a series of emerging research topics in the forest and
water research and management communities.

1. Forests and water: The role of arts, humanities, and communication
2. The 2030 agenda framework for forests and waters
3. Forest ecosystems, water and climate change adaptation
4. Forest certification, government policy and water resources
5. Ecosystem service tradeoffs involving water from native forests and plantations
6. Aquatic and riparian biodiversity: Forest ecosystem-stream connections
7. Social aspects of watershed management and monitoring
8. Agroforestry and water
9. Forest ecosystem restoration for aquatic ecosystem services
10. Forests in the food–water–energy nexus
11. Modeling and decision support systems linking forest hydrology, management, and policy
12. The Forest-Water Network: Planning tools

This book represents a collection of some of the peer-reviewed papers presented at the Conference
that are published in a special issue in Forests (https://www.mdpi.com/journal/forests/special_issues/
Forests_Water). These studies cover a large physiographic gradient across major continents and climatic
zones including the temperate rainforests in Chile [1–3] and the subtropical forests in Brazil [4] and
South America; temperate rainforests [5] and boreal forests [6] in North America; and the large tropical
Mekong River Basin in Vietnam [7], the Nenjian River in the boreal northeastern China [8], and the arid
Loess Plateau in northern China [9], in east Asia. Five papers addressed issues of the effects of water
quantity and quality of native forest buffers on dissolved organic matter in forested and agricultural
watersheds in northwestern Patagonia [1]; effects of eucalyptus management on nutrient and sediments
in small watersheds in Brazil [4]; effects of pine and eucalyptus plantation forests on water supply
for large watersheds (>200 km2) in south central Chile [3]; effects of forests and wetlands on water
yield, surface runoff and baseflow in northeastern China [8], and the combined effects of climate and
afforestation on soil moisture in Loess Plateau of China [9]. Five papers addressed management issues:
Managing headwater streams under climate change [5]; local communities’ participation in watershed
management [2]; the nexus of forests, water, and policy [10]; ecosystem services in the Mekong River
Basin [7] and; risk assessment of wildland fires in Alberta, Canada [6]. In summary, worldwide studies
clearly show that forests and water are intimately connected, and forest management policies must
balance the tradeoffs of ecosystem services and adapt to global environmental changes in order to meet
sustainable development goals.

Water has become an essential part of contemporary forest management practices that aim to
maximize ecosystem services to people. Sustainable forest management has a clear human dimension
and must fit local natural and socioeconomic conditions. We hope that the information presented in
this collection gives readers a glimpse of the complexity and future challenges in forest and water
management in selected regions of the world. We would like to thank the authors for sharing their
research, and the reviewers and editors for their dedications that made this Special Issue a success.

Author Contributions: Writing—original draft preparation, G.S.; writing—review and editing, all authors.
All authors have read and agreed to the published version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Understanding the dependence of soil moisture changes following afforestation on the
precipitation gradient and afforested vegetation types is crucial for improving ongoing afforestation
projects, and to guide future restoration strategies in water-limited regions. For this study, we
characterized afforestation-induced changes in soil moisture at depths of 0–3.0 m across a precipitation
gradient in the semi-arid Loess Plateau of China. A paired experiment was conducted across
15 sites, where native grasslands served as the baseline hydrology. The results showed that
korshinsk peashrub (Caragana korshinskii Kom.), sea buckthorn (Hippophae rhamnoides L.), and
black locust (Robinia pseudoacacia L.) afforestation caused an overall strong decline in soil moisture
content at depths of below 2.2 m. The degree of soil moisture decline at the regional scale
did not vary between different afforested vegetation types but was contingent on precipitation.
With decreasing precipitation gradients, afforestation increased the cost of deep soil moisture.
Precipitation restrictions began to appear at mean annual precipitation (MAP) = 520 mm, and were
intensified at MAP = 380 mm, which could be employed to divide the Loess Plateau into different
ecological regions. Because of this, different strategies should be assigned in future restoration
practices to these ecological regions to align with localized precipitation conditions. It will likely
be prudent to encourage afforestation in areas with MAP of more than 520 mm, while advocating
alternative grassland restoration in areas with MAP of less than 380 mm.

Keywords: afforestation; soil moisture; precipitation gradient; restoration strategy; Loess Plateau

1. Introduction

Afforestation (human-aided tree and shrub plantations) produces various ecological benefits such
as carbon sequestration, climate change mitigation, soil erosion control, and sediment load decline [1–4];
thus, it is considered to be an effective ecosystem restoration strategy [5]. Accordingly, afforestation
has been implemented extensively around the world over the last century [6]. However, the introduced
plantations with high-density planting and evapotranspiration in water-restricted ecosystems may
consume more water from soil compared with the original vegetation types, aggravating local
water scarcity, and potentially leading to soil desiccation [7]. Decline in soil moisture may reduce
gross primary production through ecosystem water stress, induce vegetation mortality, and further
exacerbate climate extremes due to land–atmosphere feedbacks, particularly in arid and semi-arid
areas [8,9]. Therefore, the characterization of influences on soil moisture via afforestation is critical to
ecosystem sustainability in water-limited regions.

Forests 2019, 10, 285; doi:10.3390/f10030285 www.mdpi.com/journal/forests5
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The impacts of afforestation on soil moisture have been widely reported in various areas [10–13].
Most studies have assessed the effects of afforestation by comparing plantations with original
vegetation types (e.g., croplands or grasslands) at the watershed scale [14]. However, aside from
negative effects, some plantations exhibited negligible [15] or positive effects [16] on soil moisture.
These inconsistent conclusions restricted extrapolations to other regions. Recent studies revealed that
the influences of afforestation on soil moisture also differed with variable ranges in precipitation [6,17].
For instance, trees planted in sufficient precipitation regions may improve water retention and
infiltration capacities, thereby increasing soil moisture. This implies that one potential limiting factor
is the precipitation gradient. Furthermore, the soil–vegetation–atmosphere system indicated that the
influences of afforestation on soil moisture also depended on afforested vegetation types [17,18]. Given
that dominant vegetation types inevitably vary greatly along extensive precipitation gradients, there
remains considerable uncertainty at the regional scale. Thus, it is critical to quantify the influences of
afforestation on soil moisture with different afforested vegetation types along a precipitation gradient
in arid and semi-arid areas.

The Loess Plateau, situated in the upper and middle reaches of the Yellow River in Northwestern
China, is considered as one of the most severely eroded areas in the world [19]. To control soil
erosion, a series of large-scale afforestation projects have been implemented to reconvert arable
land to forestry and grass, such as the Grain-for-Green Project [20]. Under these projects, afforested
areas increased from 14.8% to 21.7% by 2010, and introduced plantations became the dominant
vegetation [8]. However, large-scale afforestation with introduced vegetation such as korshinsk
peashrub (Caragana korshinskii, CK), sea buckthorn (Hippophae rhamnoides, HR), and black locust
(Robinia pseudoacacia, RP), required excessive amounts of soil water [21–23], which gradually led
to the formation of dry soil layers widely across the Loess Plateau [7]. These dry soil layers have
become an ominous indicator of the soil desiccation phenomenon and ecosystem vulnerability in the
Loess Plateau [8]. In addition, these plantations created potentially conflicting demands for water
between ecosystems and humans [24]. In this region, ecosystems and human activities both depend
on precipitation. The afforestation-induced lack of water has seriously hampered local people’s
wellbeing [8]. As such, the matching of species to localized site conditions is extremely critical
to promote sustainable management of afforested ecosystems and safeguard socioeconomic water
demands for these water-limited areas of the world [25].

The Loess Plateau of China provides an ideal ecosystem for examining the hydrological
consequences of afforestation with different vegetation types along a precipitation gradient. Due
to its great geographical magnitude, the average annual precipitation varies from 123 mm in the
northwest to 798 mm in the southeast, as measured 1981–2010. Three commonly introduced plantations
(C. korshinskii, H. rhamnoides, and R. pseudoacacia) sequentially dominate from the northwest to southeast.
In this study, pairwise samples from 15 afforested/control sites were used to quantify the influences
of large-scale afforestation on soil moisture using the three aforementioned plantations across the
central Loess Plateau, China. It was hypothesized that afforestation produced changes in the soil
moisture content, where the precipitation gradient and afforested vegetation types jointly determined
the degree of soil moisture changes at the regional scale. Thus, the objectives of this study were to:
(i) Characterize the afforestation-induced changes in vertical soil moisture with each vegetation type;
(ii) detect the effects of the precipitation gradient and afforested vegetation types on the degree of
soil moisture changes at different soil layers; and (iii) develop recommendations to improve future
restoration practices in the Loess Plateau and other water-limited regions.

2. Materials and Methods

2.1. Study Area

A northwest–southeast transect was selected from across the hinterland of the Loess Plateau
(35.66–37.32◦ N and 106.18–111.92◦ E). The transect is a typical loess hilly region, with average
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annual precipitation, from 250 mm in the northwest, to 550 mm in the southeast. Due to its broad
precipitation gradient, this region encompasses three vegetation zones from northwest to southeast
(typical steppe zone, forest-steppe zone, and forest zone) [26]. The sampling sites were selected based
on the precipitation gradient (Figure 1), which covered all of the primary regional climate conditions
and afforested vegetation types. The broadleaved plantations in the area are sequentially dominated by
C. korshinskii, H. rhamnoides, and R. pseudoacacia, spanning from the northwest to southeast. These trees
were widely planted around the Loess Plateau due to their robust drought resistance, high survival
rate, nitrogen fixation, and fast growth rate [6,12,23].

Figure 1. Location of sampling sites along the precipitation gradient in the Loess Plateau. Mean annual
precipitation was derived from a precipitation map based on 273 meteorological stations across the
entire Loess Plateau (Climate Database, National Meteorological Information).

2.2. Experimental Design and Soil Sampling

A paired experiment was conducted across the study region during the growing season (July
2016). Each site contained a plantation plot and a native grassland plot. The plantation was obtained
from the three aforementioned tree species, and the stand ages, determined via the tree-ring method,
were between 18–25 years. The native grasslands were dominated by bunge needlegrass (Stipa spp.)
and represented the initial control hydrology prior to afforestation. Five sites with each vegetation
type (15 sites in total), were surveyed (Figure 1). For each plantation plot, a vegetation investigation
was conducted within four 10 m × 10 m subplots. The plant height (m), canopy cover, and stand
density (plants/ha) within each subplot were quantified, respectively. At the R. pseudoacacia sites,
the diameter at breast height (DBH, cm) were also recorded. The vegetation characteristics for each
type of plantation are shown in Table 1.

To optimize data representativeness, each paired afforested/control plot had similar topographic
characteristics: south-facing, upper slope, and less than 3 km apart. The slope gradients and aspects
(clockwise from north) were determined for each plot using a compass, and both were recorded
in degrees. At each site, soil samples were collected from depths of 0–0.2 m. The soil texture
was determined using a laser diffraction instrument (Mastersizer 2000, Malvern Instruments Ltd.,
Malvern, UK). Subsequently, three proportions of clay (<0.002 mm), silt (0.002–0.02 mm), and sand
(>0.02 mm) contents were calculated. The soil organic matter (SOM) content was analyzed by the
dichromate oxidation method. Undisturbed soil cores were collected to measure soil bulk density
using a stainless-steel cutting ring (volume 100 mm3). The topographic and soil properties for each
type of plantation are shown in Table 2.

7
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Table 1. Vegetation characteristics for each type of plantation.

Vegetation
Type

Plantation Age Canopy Cover Height Stand Density DBH

(year) (%) (m) (plants/ha) (cm)

Korshinsk peashrub (C. korshinskii) 22 0.50 1.9 1580 NA
Sea buckthorn (H. rhamnoides) 24 0.74 1.8 2936 NA
Black locust (R. pseudoacacia) 20 0.83 9.8 1371 9.7

Note: DBH represents the diameter at breast height.

Table 2. Topographic and soil properties for each type of plantation.

Vegetation
Type

Topographic Properties Soil Properties

SG SA
SP

BD Clay Silt Sand SOM

(◦) (◦) (g/cm3) (%) (%) (%) (g/kg)

Korshinsk peashrub (C. korshinskii) 7 182 Upper 1.19 3.2 29.1 67.7 4.4
Sea buckthorn (H. rhamnoides) 4 186 Upper 1.15 4.2 33.6 62.2 5.9
Black locust (R. pseudoacacia) 10 198 Upper 1.13 5.1 47.8 47.1 6.5

Note: SG represents slope gradient; SA represents slope aspect; SP represents slope position; BD represents bulk
density; SOM represents soil organic matter.

The soil moisture content (SMC) at depths of 0–3.0 m was measured by the gravimetric method
(unit: g/g). To ensure the comparability in soil moisture content between the different sites, no rainfall
events occurred at least a week prior to soil sampling. Soil samples were extracted using a (Ø 5 cm)
drill at 0.2 m intervals, making 15 soil samples for each plot, for a total of 450 soil samples. These soil
samples were immediately sealed in airtight aluminum cylinders and weighed for the first time, and
then transported to the laboratory for 24 h drying at 105 ◦C using an oven-dry method.

2.3. Calculation of Degree of Soil Moisture Changes following Afforestation

The degree of soil moisture changes following afforestation in the paired experiment was
calculated using the log response ratio (LNRR) at each site [27]:

LNRR = ln (SMCP/SMCNG) (1)

where SMCP is soil moisture in a plantation plot, and SMCNG is soil moisture in the control grassland
plot. LNRR < 0 signifies that afforestation causes a decrease in soil moisture and LNRR > 0 denotes a
positive effect of afforestation on soil moisture.

The depth-averaged LNRR for each experimental site was calculated using Equation (2):

LNRRj =
1
i

i

∑
i=1

LNRRij (2)

where i is the number of measurement layers at site j and LNRRij is the log response ratio in layer i at
site j.

2.4. Statistical Analysis

First, paired-sample T-tests were applied to detect the differences in the vertical soil moisture
content for each afforested vegetation type, and in the control grassland. Second, redundancy analyses
were conducted to isolate the degree of soil moisture changes following afforestation due to the
precipitation gradient and afforested vegetation types. The intensity of soil moisture changes following
afforestation was calculated using LNRR (Equation (1), and the vegetation types were represented by
the absence or presence of dummy variables. The significance of the explanatory variables was tested
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using Monte Carlo simulations. Third, linear piecewise quantile regression was performed to explore
the response of LNRR to the mean annual precipitation (MAP) as the potential constraint [28].

3. Results

3.1. Comparison of Soil Moisture between each Afforested Vegetation and Control Grassland

Figure 2 reveals the averaged soil moisture content of the afforested vs. control sites for each
plantation type. The soil moisture content in C. korshinskii, H. rhamnoides, and R. pseudoacacia plantations
was lower at the measured soil depths in contrast to the grassland control. Specifically, a significant
difference of the soil moisture at depths of below 1.4 m was found between C. korshinskii plantations
and native grasslands (Figure 2a). Both H. rhamnoides and R. pseudoacacia plantations had a significantly
lower value of soil moisture content at depths of below 2.2 m (Figure 2b,c). Overall, this result indicated
that three plantation types had a significant impact on deep soil moisture. Further, the 1.4 m and
2.2 m soil depth were the boundaries for distinguishing this influence on the soil moisture profile.
Accordingly, we divided the soil profile into three layers for the subsequent analysis: Upper layer
(0–1.4 m), middle layer (1.4–2.2 m), and deep layer (2.2–3.0 m).

Figure 2. Soil moisture profiles for each vegetation type and the native grassland (NG) control.
(a) korshinsk peashrub (C. korshinskii, CK); (b) sea buckthorn (H. rhamnoides, HR); (c) black locust
(R. pseudoacacia, RP). The bars denote the standard deviation of the mean (n = 5). *, p < 0.05; **, p < 0.01.

3.2. Contribution of Precipitation and Afforested Vegetation Types to Degree of Soil Moisture Change

The proportion of the precipitation gradient and afforested vegetation types that contributed to
the degree of soil moisture changes following afforestation (LNRR) is depicted in Figure 3. Precipitation
was the more critical driver of the degree of soil moisture changes, over the vegetation types,
although their importance varied between soil layers. Both precipitation and vegetation types did not
significantly affect the LNRR in the upper layer (0–1.4 m). Furthermore, the vegetation types did not
reveal significant effects in the middle (1.4–2.2 m) or deep (2.2–3.0 m) layers. In contrast, precipitation
had significant effects on the LNRR at depths of below 1.4 m, and these effects revealed an increasing
trend with soil layers. In short, precipitation was confirmed as the dominant factor that influenced the
degree of soil moisture changes, with a major effect at depths of below 1.4 m.
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Figure 3. The proportion of mean annual precipitation (MAP) and vegetation types contributing to the
variance of the log response ratio (LNRR) at different soil depths, based on the redundancy analysis
(RDA). **, p < 0.01.

3.3. Degree of Soil Moisture Changes following Afforestation along Precipitation Gradient

The overall response processes of LNRR under the measured plantations were examined across
the precipitation gradient (Figure 4). It should be noted that depth-averaged LNRR was always less
than zero, indicating the degree of soil moisture decline relative to the baseline hydrology. The range
of LNRR in the upper layer (0–1.4 m) varied greatly with the precipitation gradient; however, no
obvious LNRR trend was detected (Figure 4a). Rather, LNRR below 1.4 m exhibited a decreasing trend
with decreasing precipitation gradients. Hereinto, the trend of LNRR in the middle layer (1.4–2.2 m)
remained stable, and then dropped off rapidly when MAP < 380 mm (Figure 4b). The LNRR in the
deep layer (2.2–3.0 m) remained stable and then decreased slightly with decreasing precipitation
gradients. The turning point of LNRR in the deep layer was at MAP = 520 mm (Figure 4c).

Figure 4. Changes in LNRR with the mean annual precipitation (MAP) gradient. (a) LNRR at 0–1.4 m;
(b) LNRR at 1.4–2.2 m; (c) LNRR at 2.2–3.0 m.

4. Discussion

4.1. Negative Effects of Afforestation on Vertical Soil Moisture

Both C. korshinskii and H. rhamnoides are native shrubs of China, while R. pseudoacacia is an
exotic broadleaved tree from Southeastern North America. Due to their economic benefits and
ecological value, they have gradually become dominant species that are widely planted across the
Loess Plateau [29,30]. However, the hydrological impacts of large-scale afforestation remain highly
controversial [19]. This study showed that C. korshinskii, H. rhamnoides, and R. pseudoacacia afforestation
induced decreased soil moisture in the deep soil layer (2.2–3.0 m) (Figure 2), which was consistent
with previous studies at watershed scales [31–33]. The rationale for this might be that the three trees
investigated in this study always had deep root systems, and therefore consumed large quantities
of deep soil moisture due to their high evapotranspiration and planting density (Table 1). For this
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study, the soil moisture in native grassland served as the baseline hydrology prior to afforestation.
Previous studies found that the root systems of native grassland were primarily distributed at depths of
0–0.5 m [34]. Compared with native grassland, these tree species distribute most root systems at depths
of 0–1.0 m [31], while they often extended their roots into deep soil layers. For example, the roots of
C. korshinskii reached depths of 6.4 m [35], with H. rhamnoides to 8.0 m [36] and R. pseudoacacia to more
than 7.0 m [37]. Precipitation is the only source of soil moisture in the Loess Plateau on account of deep
groundwater levels [6]. However, rainfall infiltration does not always compensate for soil moisture
consumption during the growing season [38]. Therefore, it was concluded that afforestation markedly
disrupted the balance of deep soil moisture due to developed deep root systems, thereby driving a
lack of soil moisture in the deep soil layer across the Loess Plateau.

On the other hand, the moisture in the upper soil layer (0–1.4 m) for the three plantations was
not obviously lower than that in the control grassland (Figure 2), which was consistent with recent
studies on the spatial variations of soil moisture under different land uses in the Loess Plateau [18].
Moisture in the upper soil layer might be more susceptible to additional hydro-geographical factors in
contrast to the deep soil layer, such as rain throughfall, canopy interception, and soil evaporation [39].
Compared with native grassland, plantations typically have obvious canopy structures, such as canopy
cover, as well as increased plant height and density (Table 1). However, these canopy structures could
lead to opposite effects for moisture in the upper soil layer. For example, under identical precipitation
intensity conditions, the amount of precipitation throughfall in plantations is less than the quantity in
grasslands due to canopy interception, which results in lower soil moisture in plantations [40]. On the
contrary, soil evaporation in plantations is lower than that in grassland due to the higher canopy cover
and lower soil temperature [41]. Thus, it was not surprising in this study that moisture in the upper
soil layer in some plots was slightly higher than that in the control plots. Similar results were also
reported in Northeastern China [17]. Finally, the herbaceous layer of plantations obviously does not
intensify moisture depletion in the upper soil layer, which has been confirmed by understory removal
experiments in the Loess Plateau [42]. This is because plantations can greatly decrease herbaceous layer
growth and diversity by altering the availability of light [43,44]. These opposing effects contribute
to inconspicuous differences in the upper layer soil moisture between plantations and the grassland
control. Based on the above discussion, it is reasonable that afforestation did not lead to significant
impacts on the moisture in the upper soil layer across the Loess Plateau.

4.2. Controls of Afforested Vegetation Types and Precipitation on Degree of Soil Moisture Decline following
Afforestation at Regional Scale

The results of redundancy analyses indicated that afforested vegetation types had a weak influence
on the degree of soil moisture decline following afforestation (Figure 3). Comparisons of soil moisture
under different land uses has been well investigated [7,18,45]. However, such species-dependent
impacts on the degree of soil moisture alterations following afforestation across a precipitation gradient
has rarely been explored previously. In this study, afforestation had significant impacts on deep soil
moisture below 1.4 m. However, the degree of soil moisture decline following afforestation did not
vary greatly with afforested vegetation types, which was inconsistent with our hypothesis that the
precipitation gradient and afforested vegetation types jointly determined the degree of soil moisture
changes at the regional scale. This suggested that the tree species (C. korshinskii, H. rhamnoides, and
R. pseudoacacia) investigated in this study could decrease the deep soil moisture to the same degree in
this region, which was consistent with previous research in a watershed of the Loess Plateau [22]

Compared with vegetation types, precipitation was the primary factor that influenced the degree
of soil-moisture decline (Figure 3). We noted that the degree of soil moisture changes in the upper
layer was independent of the precipitation gradient. One potential explanation was that soil moisture
in the upper layer was affected by multiple ecosystem processes in water-limited regions, as noted
above, and the precipitation gradient might not exert bottleneck for upper layer soil moisture in
plantations. In this case, access to water in the upper soil layer to maintain plantations was not
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obviously constrained by the precipitation gradient (Figure 4a). Conversely, the precipitation gradient
had significant effects on the degree of soil moisture decline below 1.4 m (Figure 3), suggesting that
precipitation restrictions intensified the degree of soil moisture decline following afforestation in the
Loess Plateau (Figure 4b,c). This worsening trend of soil moisture decline in dry areas may be explained
by low infiltration rates. As mentioned earlier, precipitation is the only source of soil moisture, while
the quantity and depth of rainfall infiltration is distinct across a precipitation gradient, which has been
reported in previous studies [46]. For example, the average rainfall infiltration depth in the Longtan
watershed (MAP = 386 mm) was found to be 1.0 m in a normal year [47], while this depth in the
Changwu watershed (MAP = 584 mm) reached 2.0 m in a drought year and 3.0 m in a rainy year [38].
Over a large scale, the precipitation varied greatly in the Loess Plateau. Plantations in dry areas had
deep roots, even below the rainfall infiltration depth [18], which excessively depleted deep soil water
without sufficient replenishment by rainfall. Furthermore, previous studies revealed that the soil
organic matter content and clay content decreased with decreasing precipitation gradients in the Loess
Plateau, while the bulk density increased [48,49], which further reduced the infiltration rate [50,51].
Similar changes in soil properties were also captured in this study. For example, the C. korshinskii
plantation was primarily distributed over relatively dry areas (mean MAP = 320 mm, Figure 1), with
the lowest soil organic matter content and clay content, but the highest bulk density between the three
plantations (Table 2). Based on the reasons above, water deficits initiated by afforestation intensified as
the precipitation gradient decreased. Therefore, precipitation restrictions significantly influenced the
degree of decline in soil moisture following afforestation.

The LNRR trends along the precipitation gradient suggested that afforestation increased the
cost of deep soil moisture with decreasing precipitation gradients (Figure 4). These precipitation
gradient-induced restriction effects on other ecological processes and functions (e.g., soil organic carbon,
total nitrogen) were detected in the Loess Plateau in recent studies [48,49,52]. For this study, LNRR
in the middle soil layer (1.4–2.2 m) dropped off sharply once the precipitation gradient decreased in
regions with MAP < 380 mm, while LNRR in the deep soil layer (2.2–3.0 m) slightly decreased in regions
with MAP < 520 mm. This also suggested that the precipitation restriction on the afforestation-induced
decline of soil moisture began to appear in relatively humid areas, and was exacerbated in the relatively
dry areas.

4.3. Implications for Future Restoration Strategies

With the implementation of large-scale restoration projects in the Loess Plateau, some local soil
erosion has been successfully controlled. However, high-density afforestation has excessively reduced
soil moisture, leading to the formation of dry soil layers across this region [7]. This has further reduced
the vegetative carrying capacity of soil water in the Loess Plateau, and also degraded some vegetation
communities [8]. The best proof of this is manifested as “the little old man trees” or “dwarfed trees”
in the Loess Plateau [53]. In addition, large-scale vegetation restoration projects have reduced river
runoff [25]. This has greatly exacerbated water scarcity required by the residential, agricultural, and
industrial sectors, potentially affecting more than 100 million people living in the region [24]. Finally,
the trade-off of multiple ecosystem functions following afforestation is not necessarily a zero-sum
game [54]. For example, soil moisture decline following afforestation might degenerate a forest
ecosystem to a grassland, thus accounting for further reductions in the present land carbon sink [9].
Therefore, the priority of ecological restoration is to find a balanced solution of afforestation and water
reduction and ultimately ensure that afforestation is ecologically and socially sustainable for this area.
Our study demonstrated that afforestation increased the cost of deep soil moisture as the precipitation
gradient decreased. Precipitation restrictions began to appear at MAP = 520 mm, and was aggravated
at MAP = 380 mm. These precipitation restrictions may be employed to divide the Loess Plateau into
distinct ecological regions. From the practical point of view, future restoration measures should be
carefully planned, particularly in the regions with MAP < 380 mm.
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Restoration projects often encounter conflicts between variable ecological functions (e.g., carbon
sequestration and water resources), which require the cautious deployment of restoration strategies
to balance multiple objectives. The differentiation of restoration strategies should be assigned to
these ecological regions in terms of localized precipitation conditions, taking the Loess Plateau as
an example. On the one hand, afforestation may be feasible in areas where the MAP is higher than
520 mm. The reduction of plant density and increasing species diversity based on prudent tree species
selection are critical strategies for this region [21]. Furthermore, new research has shown that planted
forests have a less positive effect on carbon sequestration; however, they lead to significant water yield
reduction in contrast to natural forests [55]. As such, the exotic trees in use should be replaced with less
water-demanding native trees to imitate natural forests. On the other hand, afforestation was banned in
areas where the MAP was less than 380 mm. Since grassland restoration is considered as an alternative
for vegetation restoration in water-limited regions [56], native grassland is strongly advocated to
maximize the benefits of ecosystem multifunctionality. For sustainable ecological restoration and
construction, further continuous monitoring research on afforestation impacts is urgently required to
support more effective restoration strategies, without endangering the availability of soil water in arid
and semi-arid areas.

5. Conclusions

This study demonstrated how afforestation reduced soil moisture across vertical and horizontal
soil cross sections at a regional scale. The results revealed that C. korshinskii, H. rhamnoides, and
R. pseudoacacia afforestation irrespectively induced soil moisture decline below 2.2 m across the Loess
Plateau. The degree of soil moisture decline did not vary between different afforested vegetation
types, but was greatly influenced by the precipitation gradient at the regional scale. With decreasing
precipitation gradients, afforestation increased the cost of deep soil moisture. Precipitation restrictions
began to appear at MAP = 520 mm, and was aggravated at MAP = 380 mm. These restriction points
could be used to divide the Loess Plateau into distinct ecological regions, which should be assigned
to the differentiation of restoration strategies. Quantifying the dependence of soil moisture changes
following afforestation on both the precipitation gradient and vegetation types will be beneficial for
adjusting current afforestation projects toward the optimization of future restoration strategies.
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Abstract: Recent human-interface wildfires around the world have raised concerns regarding the
reliability of freshwater supply flowing from severely burned watersheds. Degraded source water
quality can often be expected after severe wildfire and can pose challenges to drinking water
facilities by straining treatment response capacities, increasing operating costs, and jeopardizing
their ability to supply consumers. Identifying source watersheds that are dangerously exposed to
post-wildfire hydrologic changes is important for protecting community drinking-water supplies
from contamination risks that may lead to service disruptions. This study presents a spatial index of
watershed exposure to wildfires in the province of Alberta, Canada, where growing water demands
coupled with increasing fire activity threaten municipal drinking-water supplies. Using a multi-criteria
analysis design, we integrated information regarding provincial forest cover, fire danger, source
water volume, source-water origin (i.e., forested/un-forested), and population served. We found that
(1) >2/3 of the population of the province relies on drinking-water supplies originating in forested
watersheds, (2) forest cover is the most important variable controlling final exposure scores, and (3)
watersheds supplying small drinking water treatment plants are particularly exposed, especially in
central Alberta. The index can help regional authorities prioritize the allocation of risk management
resources to mitigate adverse impacts from wildfire. The flexible design of this tool readily allows its
deployment at larger national and continental scales to inform broader water security frameworks.
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1. Introduction

Increasing rates of global environmental change have contributed to widespread water-security
challenges [1]. For example, increased occurrence and severity of droughts, pronounced glacial melt,
sinking deltas, extraction of timber and other natural resources from forests, wetland urbanization,
depleted fisheries, and intensification of agriculture, along with increased water demand associated with
population growth, have all increased the vulnerability of the world’s water supply [2–4]. Unfortunately,
new challenges are also emerging. Over the past two decades a growing number of extreme wildfire
events have occurred in many parts of the world [5,6], which have increased concern about the
magnitude and longevity of effects on water resources and aquatic ecosystem health [7]. Burned
catchments may experience a range of hydrological and morphological perturbations depending on burn
severity, area burned, catchment physiography, and post-fire precipitation regimes [8]. Many studies
have illustrated post-fire impacts on soil hydraulic properties and runoff [9–11], sediment and nutrient
concentrations [12,13], and the occurrence of floods and debris flows [14]. Such perturbations can
threaten the reliability of downstream water supply for community needs [15,16], with some of these
impacts lasting for a decade or more [17,18].

In most jurisdictions, the provision of safe drinking water requires disinfection at a minimum;
in the case of surface water supplies, conventional treatment is typically comprised of a series
of physico-chemical processes described as “chemically-assisted filtration” that are followed by
disinfection [16,19]. The specific treatment process configuration for a community is determined,
in part, by the current and projected availability and quality of the source (i.e., raw) water supply [16].
However, severe wildfires can lead to increasingly variable and deteriorated drinking water source
quality, potentially leading to substantial challenges for drinking water treatment processes [16,20,21].
In particular, greater variability and increased concentrations of total suspended solids and turbidity,
dissolved organic carbon (DOC), and other nutrients such as phosphorus (that can promote algal
blooms) after a wildfire can challenge treatment process performance and increase operational
costs [16,18]. For instance, treatment of lower-quality source water coming from burned areas may
result in difficulties for treatment plants to meet chemical coagulant demand [16] and in greater
production of disinfection by-products [21], some of which are a public health concern (if they pass
into distributed water supplies) due to their alleged carcinogenic effects from prolonged exposure [22].
In the worst-case scenarios, poor source-water quality following wildfire can force treatment plants to
shut down or shift to other water sources so drinking-water delivery to consumers is maintained [23,24].

As such, in regions where community drinking-water supply originates in forests, it is increasingly
important to identify and evaluate the potential hazards to municipal treatment systems from post-fire
water contamination. Identifying locations where there is a greater probability of adverse effects on
key drinking-water sources from wildfire can facilitate coordination of forest management activities
and utility operations to mitigate threats from wildfire and ensure protection and distribution of safe
drinking water [25]. Moreover, this knowledge can contribute to enabling water treatment vulnerability
assessments, developing strategies to rapidly identify water contamination, and responding to the
unique challenges often associated with post-wildfire drinking-water treatment [26]. Such knowledge
will be critical in adapting to the growing pressures from global environmental change on forest
ecosystems and water resources, and consequently, on drinking-water systems [27].

Water and land managers currently lack adequate tools for assessing potential, wildfire-associated
risks to municipal drinking-water systems served by forested catchments. As a result, there have
been several efforts recently to use geospatial information to develop spatial indices for improving
assessments of wildfire hazard and exposure of municipal watersheds to wildfire [28–30]. In 2009,
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a spatial multi-criteria method was used in Eastern USA to quantify source water provision from
forested watersheds and rank them according to their exposure to multiple anthropogenic stressors [31].
This approach was later modified in the ‘Forests to Faucets (F2F)’ initiative by the US Forest Service
to highlight the importance of forests to downstream drinking-water supplies [32]. The primary
objectives of F2F were to explore spatial relationships between forested water sources, the number
of downstream consumers, and potential threats from urban development, insects and disease,
and wildfire potential [33,34]. While this model was a valuable initial effort, its direct applicability
outside of USA is constrained, mainly because of limitations in data availability—yet, the global
demand for spatially explicit information combining wildfire hazard and associated risks to community
water supply is growing [35].

Here, we provide a spatial index, the Source Exposure Index (SEI), based on a generic multi-criteria
framework to assess the exposure of forested watersheds to wildfire hazard. We used the definition
of exposure proposed by the United Nations as “the situation of people, infrastructure, housing,
production capacities, and other tangible human assets located in hazard-prone areas” [36]. Specifically,
we aggregated information pertaining to water availability, water demand, forest cover, and fire danger
in watersheds that supply surface water to 94 downstream communities in Alberta, Canada. The SEI
is conceptually similar to F2F but differs in the source of data and their integration. Our objectives
were to: (a) evaluate the exposure of source water supplying communities downstream of wildfire risk,
and (b) develop and propose the first module of a larger pan-Canadian wildfire-water risk assessment
framework. In contrast to previous efforts, our index identifies the spatial location of drinking-water
supply intakes and relates these to forested water sources and their wildfire danger history. We believe
that the flexibility of the index will facilitate its coupling with other water-resource indicators, as well
as its integration into a Canadian water-security framework assessing various environmental-change
scenarios and their potential impacts on national freshwater resources.

2. Materials and Methods

2.1. Study Area

The province of Alberta encompasses a large forested region (approximately 2/3 of the 661,848 km2

total provincial land area) in Boreal Plain and Montane Cordillera ecozones in the Northern and
Western regions [37]. The climate of Alberta reflects the generally cold, dry, continental conditions
characteristic of Northern interior regions East of the Canadian Rocky Mountains. Mean annual
precipitation (510 mm yr−1) varies spatially, reflecting the diverse physiography and forests across the
province. The highest annual precipitation (700–1400 mm yr−1) generally coincides with the highest
elevations (3747 m above sea level maximum) within the Rocky Mountains (Figure 1). Comparatively,
the lowest mean annual precipitation (325–400 mm yr−1) tends to occur in the lower elevation regions
(210 MASL minimum) in the Northeast [38]. The hydrologic regime across the entire region is generally
snowmelt-dominated with the greatest stream/river flows occurring during May–June, coincident with
the late snowmelt freshet and onset of early summer convective and frontal storm activity. Strong
variation in mean annual water yield across the province (29–936 mm yr−1, [39]) reflects the integrated
interaction between strong spatial gradients in elevation, temperature, precipitation, topography,
and geology.

Forest vegetation is characteristic of Northern Boreal and Northern temperate Rocky Mountain
regions. The Northern forests of the province are mixedwoods or conifer dominated, where the main
tree species in upland landscapes are Populus tremuloides Michx., P. balsamifera L., Picea glauca (Moench)
Voss, and Pinus banksiana Lamb. Extensive peatlands in the North are dominated by Picea mariana (Mill.)
B.S.P. (Pinaceae) and Larix laricina (Du Roi) K. Koch. Forests in the Western regions of the province are
dominated by mixed conifer (Picea engelmannii Parry ex Engelm. and Abies lasiocarpa (Hook.) Nutt.) in
the high elevation Rocky Mountain front-range, lodgepole pine (Pinus contorta Douglas ex Loudon) at
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mid-elevations, and broadleaf and mixedwood forest (Populus tremuloides, Pinus contorta, Picea glauca)
in the lower-elevation foothills.

 

Figure 1. Details of the study area, including: (a) the location of drinking-water treatment facilities
reliant on surface water supplies from forested watersheds in Alberta (symbol size indicates population
size class served by the utility) and historic spatial distribution of large fires (>200 ha) [40]; (b) the
location of Alberta in North America; (c) Alberta terrain (elevation); and (d) Alberta forest cover.

The fire regime of the province is characterized by low-frequency stand-replacing large fires that
mostly occur between early April and late September [41]. Over the 2006–2015 period, the average
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annual area burned was over 280,000 hectares mostly due to lightning-caused fires, although human
ignitions have become increasingly influential [42–44]. Historically, large fires occurred more frequently
in the Northern boreal region relative to the Southern areas of the province [45,46]. However, fire also
remains the dominant natural disturbance agent in the Southwestern headwaters of the Rocky Mountain
forest region [47] (Figure 1). Recent analyses of national fire records and future climate projections
suggest that fire activity in Alberta is likely to increase, with longer fire seasons and a greater potential
for large fires [48,49].

The majority (92%) of drinking water supply for Alberta municipalities is provided by surface
waters (rivers, lakes) [50], with the majority of large municipalities water-supply originating from
forested regions. However, with the exception of the Regional Municipality of Wood Buffalo (which
includes the city of Fort McMurray), most of the large municipalities are located in agricultural or
parkland regions of the province, which are downstream of forests. Municipal water consumption
has increased steadily with population growth (currently ~4.3 million residents) in recent decades.
Projected future population growth, along with limits on new water allocation, are expected to constrain
municipal development in the province, particularly in the Southern region [51,52].

2.2. Data Preparation

2.2.1. Community Water Systems

The first step in our assessment of drinking-water exposure to wildfire was to identify the source
watersheds for each community in the province [53]. Using data provided by the Government of
Alberta, we created an ad hoc watershed layer based on the geolocation of the intake for each municipal
drinking-water treatment plant reliant on surface water sources (Figure 1). We excluded utilities reliant
upon groundwater (including shallow groundwater) and groundwater under the direct influence of
surface water sources from this analysis because of the lack of information regarding wildfire impacts
on subsurface water supplies. In total, we identified 124 drinking water utilities using surface water
sources in the province.

The contributing area of each source watershed was delineated using ArcHydro for ArcGIS
10.X [54,55]. Given the focus of the analysis, we intersected each source watershed with a forest cover
layer and retained only the water utilities served entirely or partially by forested sources, which reduced
the number of utilities to 94 (Figure 1). Hereafter, we refer to our study catchments as watersheds of
interest (WOI). We then used data from the 2006 and 2011 Census of Canada to determine the total
population served by each drinking water utility, as well as the population served in each region
(Table 1).

Table 1. Datasets used in the Source Exposure Index (SEI). Mean and Standard Deviation (SD) are for
the raster grids extracted using the forested watersheds only.

Variable Proxy Source Year Unit Mean (SD)

Consumers Source watershed &
watershed importance

Government of Alberta,
Government of Canada 2013 Number of

people 26,000 (94,900)

Watersheds Distance to water intake Government of Alberta 2013 km2 15,000 (27,000)

Water yield Quantity of water supply
provided per watershed

Environment Canada,
University of Lethbridge 2013 m3 km−2 yr−1 116,000

(125,000)

Forest percent
cover

Protective forest cover
per watershed

Alberta Biodiversity
Monitoring Institute,
Environment Canada

2013 % 52.2
(33.3)

Fire Weather
Index

Extreme fire hazard
threatening water
protection forests

Environment Canada,
Canadian Forest Service 2015 Unitless 26.7

(9.2)
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2.2.2. Water Yield

The annual water yield, expressed in 1000 m3 km−2 yr−1 (equivalent to 1 mm yr−1), was derived
from a dataset by Kienzle and Mueller [56]. Daily streamflow records for Alberta’s unregulated rivers
were assembled from the Water Survey of Canada public database for the period 1971–2000 [39]
(Table 1). Missing winter flows were estimated by linear interpolation of daily streamflow between the
last and first day of available observations. The errors of these estimations were considered to be small
relative to the mean annual streamflow. Where watersheds are regulated, naturalized streamflow time
series were used, which were computed by Alberta Environment for the time period 1912–2001 [57] by
in-filling data gaps and correcting streamflow due to known anthropogenic influences, such as water
withdrawals, diversions, and reservoirs.

The original dataset provided streamflow data for 292 gauged sub-watersheds. Mean annual
water yield was determined by dividing the mean annual streamflow volumes by the respective
watershed areas [58], enabling comparisons of water production between watersheds. Streamflow
volumes could only be directly related to the respective watersheds in headwater catchments with no
upstream inflows. For nested watersheds with upstream gauging stations, flow volumes measured
at upper gauging stations (i.e., inflows) were subtracted from the measured volumes at downstream
stations and divided by the partial contributing watershed areas between stations. The resulting
watershed layer containing mean annual water yield values was converted to a one km2 spatial grid,
whose values were then averaged for each WOI (Figure 2a). Areas showing a negative water yield,
where water inputs to the watersheds were greater than the outflow, were given a 0.1 value to avoid
negative scores in the final index.

 

Figure 2. Grid inputs used in the Source Exposure Index, including: (a) the water yield per unit area,
(b) the percent forest cover per watershed, and (c) the mean of the 95th percentile of the fire danger
per watershed of interest. We only used raster grid values located in the watersheds of interest in the
calculation of the Source Exposure Index.

2.2.3. Forest Cover

Forest cover information was extracted from the Alberta Biodiversity Monitoring Institute (ABMI)
Wall-to-wall 2010 land cover vector map, which was derived from Landsat 30-m satellite imagery
and developed for regional-scale environmental assessments [59]. Based on the 11 land-cover classes
available in the dataset, we selected the classes providing information on coniferous, broadleaf,
and mixed forest types. We also included the shrubland cover class, as it often represents young or
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low-canopy forests and post-fire forest regeneration [59]. The polygons pertaining to those classes were
then dissolved into a single-value forest cover layer and converted to a raster grid. We compared the
ABMI land cover layer with large fire (≥200 ha) perimeters from the National Fire Database polygon
layer between 1980–2016 [40], as it is common in many land-cover products to find burned areas
classified as non-forested, especially in recently burned regions. Gaps (i.e., no data) in the forest cover
where large fire perimeters overlapped were coded as forest as a simple way to account for post-fire
vegetation recovery. We used this forest cover layer to calculate the percent forest cover for each WOI
(Figure 2b).

2.2.4. Fire Danger

The fire danger data used in this study consisted of raster grids of the Fire Weather Index (FWI)
System components. This system is one of two major components of the Canadian Fire Danger Rating
System (CFFDRS), the other being the Fire Behavior Prediction (FBP) System (not considered in this
study). The FWI System’s components are calculated from daily weather conditions (temperature,
relative humidity, wind speed, and 24-h precipitation); these may, in turn, be used in conjunction with
data representing flammable vegetation (i.e., fuels) and topography by the FBP System to calculate
quantitative measures of fire behavior (e.g., rate of spread, fire intensity). The FWI System is composed
of three fuel moisture codes and three fire behavior indices [60]. The three codes, the Fine Fuel
Moisture Code (FFMC), the DuffMoisture Code (DMC), and Drought Code (DC) represent the fuel
moisture of surface, intermediate, and deep soil layers, respectively. The Initial Spread Index (ISI) is a
wind-based indicator of fire danger, whereas the Buildup Index (BUI) is chiefly drought based. The Fire
Weather Index (FWI) is an integrated indicator of overall fire danger computed from the ISI and BUI.
The Canadian fire-weather database, an interpolated raster product of daily fire weather at a 3-km
resolution, was provided by the Canadian Forest Service from historical data, based on surface (i.e.,
weather station) observations between April 1 and September 30 from 1981 to 2010 [61]. The gridded
FWI System components were calculated from the gridded weather data using the fwiRaster function
from the “cffdrs” R package [62], which was developed to calculate the components of the Canadian
Forest Fire Danger Rating System [61].

Although the FWI System components are calculated solely from meteorological information,
they are linked to several facets of fire activity and fire behavior in Canada [63]. For instance, the FFMC,
which is sensitive to short-term (i.e., sub-daily) moisture fluctuations, is a strong predictor of fire
ignitions [64]. The DC, being an index of drought, is strongly related to monthly area burned [65].
The DMC has been used as an indicator of fire extinguishment [66]. The FWI, as an overall index of
fire danger (i.e., not to be confused with the FWI System), is a good predictor of fire activity, but has
also been used as a proxy to fire intensity, a measure of energy release that is, in turn, related to the
ecological impacts of fire and to biomass loss (i.e., fire severity) [67]. The FWI System thus provides a
suite of meaningful and easy-to-compute proxies to fire hazard.

We used the 95th percentile to capture the relative frequency of days conducive to high or extreme
wildfire behavior. Wildfires are often driven by extreme conditions and it is during those days of
particularly hot, dry, and windy conditions (captured by the FWI) that most of the area burns in the
boreal forest [68,69]. The 95th percentile of the FWI was calculated for each grid cell from the ensemble
of daily grids, representing extreme conditions that have been encountered less than 5% of the time
between 1981 and 2010. Grid cell values were then averaged for each WOI (Figure 2c).

2.3. Data aggregation

The Source Exposure Index (SEI) is a multi-criteria (i.e., composite) spatial index based on an
incremental, multi-step data aggregation process. In other words, the output of each step is the product
of the output of the previous step and the information provided from one of the gridded variables (e.g.,
water yield). We refer to the result (product) of each step as an interim indicator until the final index is
produced (Figure 3).
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Figure 3. Flowchart describing the incremental steps for the creation of the Source Exposure Index
(SEI), representing inputs, geoprocessing, and outputs. Adapted from Weidner and Todd (2011).
Note that interim indicators are created following an incremental design that builds on the output
of the previous step and updates it with the values of a new input. Blue parallelograms represent
additional inputs, rectangles represent processes, green parallelograms represent interim indicators,
and pink parallelogram represents the final composite index.

The SEI is primarily based on a simplified representation of the dilution processes that occur
along a river network due to the contribution of additional water from tributaries. This means that the
further upstream the disturbance occurs, the less likely the downstream water quality will be affected.
In other words, we considered contaminant concentration to be an inverse function of the distance
to the emission source. Dilution processes were represented for each WOI by first computing the
Euclidean distance from the water intake (i.e., the outlet) and then transforming the distance using a
decay function, so that locations directly upstream of the intake are given the most influence [34]:

Dn = 0.99(d) (1)

where Dn was the resulting decayed distance raster grid for a nth WOI and d was the Euclidean distance
raster grid values for that WOI.

We then added population (i.e., consumers) information to calculate the interim indicator TC,
which was the total number of water consumers within a given WOI. As water yield in a given
watershed may also be used in a downstream watershed, we had to account for the fraction of
downstream consumers wholly or partially reliant on upstream sources, as those water supplies could
also be affected by contamination from wildfire in the upstream catchment. The total number of
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consumers supplied by a given WOI was calculated as the sum of the people in the WOI and the
distance-weighted fraction of the consumers in downstream watersheds, computed as follow:

TC =
N∑

n=1

(Dn × Pn) (2)

where Pn was the population served within the nth downstream watershed Dn [34].
We then included water yield data (Q) to account for surface-water availability and calculated the

interim indicator IMP, which was a measure of upstream landscape importance to the provision of
surface drinking water to downstream consumers, as follows:

IMPn = (Qn) × TCn (3)

where Qn was the water available per unit area for the nth nested watershed. IMP provides information
on the distribution of the consumers in the region and the location of major source watersheds.
The result was scaled to 0–100 values using an equalization stretch.

We then calculated the interim indicator FIMP, which was the importance of upstream forested
landscape to drinking-water supply using the following equation:

FIMPn =
(IMPn) × (FORn)

100
(4)

where FOR was the percent forest cover per watershed. The output was a 0–100 grid layer showing the
importance of forests to the drinking-water supply.

Finally, we calculated the Source Exposure Index (SEI), which provides the overall integrated
index of the exposure of forested watersheds providing source water to downstream communities to
wildfire using the following equation:

SEI =
(FIMPn × FIDn)

100
(5)

where FID was the fire danger for a given watershed as provided by the FWI and reclassified to a
0–100 scale prior to inclusion in the calculation. We rescaled SEI to a 0–100 range using an equalization
stretch. The scaled SEI represented the final index, which accounts for the number of drinking-water
consumers in and downstream of each catchment, the dependence of downstream catchments on
upstream sources of water, the surface water resources available, the forested areas contributing to the
supply of this water, and the fire danger in each forested catchment.

We also performed a simple sensitivity analysis (SA) of the SEI to assess the changes in output
values associated with a controlled alteration of the input values [70]. Although SA can take many
different forms, we focused on ranking (i.e., importance) the four variables (i.e., population, water yield,
forest cover, and fire danger) to understand their influence on the spatial pattern of the index. First,
we used the “Band Collection Statistics” tool in ArcGIS to quantify the correlation between the
final index and the variables. Based on these results, variables with a correlation coefficient >0.5
were assigned a constant value—in this case, their mean value—and the index was computed again,
one constant variable at a time to decipher the influence of remaining variables on the final pattern of
the index.

3. Results

Forested watersheds are critically important for downstream water supply in the province of
Alberta, with 94 surface water utilities relying entirely or partially on water from forested regions.
Approximately 70% of these utilities serve smaller communities (<5000 people), while 30% serve a
large proportion of the Alberta population in major urban centers and through regionalization of
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drinking water supplies to nearby communities. In total, these 94 waterworks systems serve >2/3 or
~2.4 million of Alberta’s ~3.6 million people (2011 census). Moreover, on a flow/population weighted
basis, these data indicate that 50% of people in Alberta are completely reliant on drinking water from
forested sources.

Larger watersheds tended to have lower exposure values; a fact likely due to the greater influence
of dilution processes when watershed size increases (Figure 4a). Higher mean SEI scores (i.e., ≥50
and up to 99) occurred in source watersheds mostly located in the Rocky Mountains in Southern
Alberta, where watersheds tend to have a forest cover of ~60%, a fire danger >28, and water yields
>180 mm/year. Those highly-exposed watersheds supply 12 small (<5000 consumer) to very small
(<500 consumers) communities. Fifty-two watersheds have a mean SEI score ranging from 10 to 50,
with a forest cover ~61%, a fire danger >25, and water yields around ~100 mm/year. Seventy-seven
percent of these watersheds primarily serve small to very small communities across the north-central
region of the province. Finally, there are 30 watersheds with mean SEI values lower than 10, which are
located in the south-central and the south-east regions of the province, around the city of Edmonton
and east of the city of Calgary. Those watersheds have a forest cover ~34% on average, a fire danger >26,
water yields >115 mm/year, and 64% serve small to very-small communities. Overall, approximately
48% of source watersheds that supply water to large communities (>5000 people) have SEI scores
lower than 10 (Figure 5).

 

Figure 4. (a) Source Exposure Index for forested watersheds providing drinking water in Alberta.
Higher values indicate higher exposure levels. (b) Wildfire exposure index for forested watersheds
providing drinking water in Alberta as a result of the sensitivity analysis where the forest layer was set
to its mean value. Higher values indicate higher exposure levels.
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Figure 5. Distribution of Source Exposure Index scores for utilities serving variable number of
consumers, with very small, small, and large systems serving less than 500, 500 to 5000, and more than
5000 people, respectively.

The global sensitivity analysis of the relationship between the SEI and the input variables
suggested that the final values of the index were positively correlated to the average forest cover of
the watershed (r = 0.51), the water yield (r = 0.34), and the population served (r = 0.25), while being
negatively correlated to the average value of the FWI (r = −0.12) (Table 2). One can also note the inverse
relationship (r = −0.64) between fire danger and forest cover, which can be explained by opposing
spatial patterns between those variables: For the 11 watersheds displaying fire danger values >35,
the average forest cover was ~11%, which explains the limited influence on final exposure scores due
to the highest FWI values observed in the least-forested watersheds. The spatial pattern of the SEI
revealed a local effect of the number of consumers (Figure 6). Setting the forest cover input variable to
its mean allows checking for the dependence of other layers, which revealed that the population was,
indeed, the most important predictor of exposure, with a positive correlation ≈0.5 and higher index
values spatially related to areas of greater population concentration, particularly in the southern part
of Alberta (Figure 4b).

Table 2. Correlation coefficients between input variables and the exposure index. Values relative to the
total amount of downstream consumers (TC), a raster grid of population distribution, were added to
the analysis.

Layer Consumers Water Yield Forest Cover Fire Hazard SEI

Consumers (TC) 1

Water yield (Q) 0.09 1

Forest cover (FOR) −0.19 0.32 1

Fire danger (FID) −0.05 −0.63 −0.64 1

Exposure index (SEI) 0.25 0.34 0.51 −0.12 1
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Figure 6. Scatterplots showing the relationship between the SEI score per source watershed and the
three variables used to compute the index, namely the water yield, the forest cover, and the Fire Weather
Index. The size of the dots are scaled by number of consumers served per drinking-water treatment
plant, with very small, small, and large systems serving less than 500, 500 to 5000, and more than 5000
people, respectively. The shade of the dots helps to visualize change in the values of the different
variables, darker tones showing greater values than lighter tones.

4. Discussion

The Source Exposure Index was conceived as an adaptable and generic tool for the evaluation
of drinking-water supply exposure from wildfires. Our model relies on a minimum amount of data
related to the location of drinking-water utilities and their consumers, water yield per unit area, percent
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forest cover, and fire danger. Our approach created an exposure index based on the combination
of these variables within each forested watershed supplying drinking water in Alberta. Our results
show that drinking water source watersheds located in the southern region (i.e., Rocky Mountains) of
the province had higher exposure scores, that the forest cover and the total number of downstream
consumers drive the exposure scores, and that the source watersheds of smaller drinking-water systems
are more exposed comparatively to larger systems.

The creation of our index followed the same general logic as F2F, although fully reproducing this
latter method would have been difficult due to major differences in data availability and structure.
However, given the potential consequences that wildfires can have on drinking-water sources, it is
crucial to obtain such first-order estimates provided by the SEI, even if not all of the data is available.
This situation led to several differences between the two indices. First, the exposure model for Alberta
focuses on threats from wildfire only. Using the FWI as a fire hazard proxy instead of a probability
layer comparable to the US Wildland Fire Potential is the most important difference. The FWI System
provides a suite of meaningful and easy-to-compute indicators of fire hazard. Hydrologic information
was also treated differently; F2F used what was essentially the result of a water-budget model (i.e.,
precipitation-evapotranspiration) [71], whereas we used actual water yield information collected
from water monitoring gauges. Comparatively, our approach was based on historical measurements
of streamflow, which offer the potential to assess alternate scenarios. For example, once compiled,
we could use the base data to assess how the regional pattern of exposure changes during dry years
with exceptionally low annual flows.

4.1. Wildfires and Drinking-Water Security in Alberta

For the past 10 years, the province of Alberta has experienced ~1500 wildfires per year for
an average ~280,000 hectares in area burned each year [72]. However, there was large variability
in their effects, and while most fires remained of limited concern, some of these were particularly
impactful from a socio-economic perspective. For instance, the Flat Top Complex of 2011, though
not particularly large by Canadian standard, exhibited unpredictable behavior and destroyed more
than 400 structures in the Town of Slave Lake. Similarly, the Horse River fire of 2016 burned almost
600,000 hectares near the city of Fort McMurray, destroying or damaging nearly 2000 structures and
forcing the evacuation of 88,000 people, for an estimated ~$9-billion of insurable losses [73]. This fire
has resulted in significant municipal water-treatment costs, including a pre-cautionary three-month
boil water order and increased annual treatment chemical consumption of approximately 50% [74,75],
thereby illustrating existing wildfire risks to water supply in the province.

The province of Alberta relies on a number of environmental regulations that have put the
protection of drinking water source watersheds at the forefront of environmental management,
including: Alberta Environment’s Drinking Water Program [76], the Alberta Water Act [77], Water for
Life [78], and the Standards and Guidelines for Municipal Waterworks [79]. These policies and
regulatory frameworks aim at public health protection through the provision of safe drinking water.
The province of Alberta also relies on a number of land and wildfire management practices and
forest conservation policies, such as the Forest and Prairie Protection Act [80] and the Land Use
Framework [81] to protect communities and other values at risk from wildfires. The protection of
source watersheds is the third priority of the Alberta Fire Management Branch [82]. The environmental
regulatory context of Alberta therefore lends support to the use of the SEI as a tool to identify those
source watersheds with higher exposure to wildfires and where source water protection (SWP) planning
should account for post-fire water contamination.

SWP planning involves the identification of threats to source-water supplies, the evaluation of
risks, and the implementation of management actions to ensure that the risks to water quality and
quantity are prevented or minimized [83]. SWP plan development can be challenging. Delays in
SWP planning—especially in small systems (i.e., those serving 5000 consumers or less)—have been
attributed to the inherent technical complexity of such endeavors, challenges in engaging all relevant
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stakeholders, and the costs associated with evaluating and implementing mitigation measures [84–86].
The relatively scant analyses of cost-benefit suggest the potential to avoid tens to hundreds of millions
of dollars in costs through watershed protection against detrimental fire activity [87,88]. It should be
noted, however, that many of those estimates pertain to complete avoidance, rather than mitigation of
the impacts associated with severe wildfire, which is likely a more reasonable target for SWP-focused
actions. Notably, the SEI can be used as a decision-support tool for informing such decisions through
identification of watersheds and community water supplies with the greatest wildfire exposure.

4.2. Accounting for Wildfires in the Future of Canada’s Water Security

Wildfire is increasingly cited as an emerging source of risks to water security [89,90], including in the
Canadian water sector where future investments in wildfire risk resilience will be paramount [91]. Efforts
to develop a Canadian water security assessment framework, with a strong focus on drinking-water
safety will provide a national platform that heavily relies on the use of spatial environmental indicators,
such as the SEI [92,93]. The framework outlined herein could be applied at a national scale to
complement existing national water indicators [94,95] to specifically identify community watersheds
with the greatest exposure to wildfires. Other aspects of freshwater supply can be addressed using the
SEI with minor adaptation; for instance, the location of waterworks’ intakes can be substituted with
any value at risk, such as a reservoir, a lake used for recreation, or an endangered riverine ecosystem.

At least four of the forested watersheds in our data are a source of drinking water for First
Nations, Inuit, or Metis communities, with a SEI score ranging from 5 to 50. Chronic water insecurity
of First Nations, Inuit, or Metis communities of Canada, illustrated by the plethora of long-term
boil-water advisories, has been a source of tension for decades [96,97]. These difficulties to access clean
drinking-water expose Indigenous people to greater water-related health issues, on top of management
difficulties inherent to small distribution systems, as noted earlier [98]. Many Indigenous communities
are located in fire-prone forests [99], and though wildfire risks faced by those communities have
been increasingly addressed [100], there is to date no formal assessment of the additional threat
that wildfires would pose to existing water issues. Beyond potential drinking-water issues, it is
noteworthy that those communities also depend on water resources for food (e.g., fish) and other
uses (e.g., transportation, spiritual value). This creates additional concerns, as several studies have
shown increases in heavy metals following wildfires, occasionally rising to dangerous levels for human
health [101–104]. The SEI provides an easy-to-deploy tool to rapidly identify key regions where the
range of effects (e.g., water supply, water quantity, and aquatic ecology) from wildfires may threaten
the ensemble of freshwater ecosystem services that First Nations, Inuit, and Metis communities
depend upon.

Ongoing global change will likely put Canadian forests under higher pressure from human
activities and climatic variations, with wildfire activity and hydrologic extremes likely to increase in
frequency and severity [49,105–107]. Projected changes in precipitation patterns, water availability
and quality, and pressures on freshwater resources will also likely increase with Canada-wide human
expansion (e.g., urban sprawl, population growth, natural resource exploitation) and its need for
larger water amounts [27,91,108]. This combination will likely expose an increasing number of source
watersheds to wildfire hazard, which in turn may lead to increased treatment challenges and upsets,
and even boil-water advisories, service disruptions, or outages [109,110]. The flexibility of our index can
be advantageously used to combine the SEI with the increasing availability of regional environmental
change projection data (e.g., FWI forecasts) and water security indicators (e.g., Risk-Based Basin
Analysis) so that future land and water governance policies in Canada can better address the effects of
wildfires on particularly endangered source watersheds [93,95].

4.3. Limitation and Improvements

Our approach, though informative, does have some limitations. Firstly, solely using a distance
variable as a proxy to account for downstream dilution processes implies a linear and unique watershed
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response to wildfire [111]. It has been shown that the nature and the spatial arrangement of hydrologic
features in a watershed partially control its capacity to buffer, or on the contrary, to trigger or accelerate
post-fire hydrologic response. Integrating the diversity, the density, and the connectivity of existing
hydrologic features could help better represent the exposure of a watershed to wildfire [112,113].

Secondly, the FWI System is a weather-based index that does not explicitly incorporate information
on flammable vegetation (i.e., fuels), ignitions, and topography, which precludes the computation of
specific measures of fire behavior influencing post-fire hydrologic response (i.e., size and severity).
Combining FWI information with spatial data from the Canadian Fire Behavior Prediction System
could help refine exposure scores, but reliable fuels data required for FBP System computation is not
always available or up to date. This system indeed integrates forest fuel information and provides
metrics according to potential fire intensity that could be used as a proxy to fire severity, either as
depth of burn or biomass consumed, which is a critical factor of post-fire hydrologic response [114].

Finally, our index only characterizes the exposure of source watersheds, and does not provide
any insight regarding the impacts to water quality and treatability, or the vulnerability of specific
downstream drinking-water systems. Although Canadian (and North American) drinking-water
systems are generally equipped to face some of the source water challenges associated with severe
wildfires, the need for additional treatment infrastructure or elevated operational costs post-fire will
have to be eventually factored into a larger risk assessment tool [16,115].

5. Conclusions

We have presented a large-scale analysis of drinking-water source exposure to wildfire hazard in
Alberta, Canada. Our approach adapted a US framework and made it more generic, thus more broadly
applicable to other regions where hydrological resources are exposed to fire activity. Our results
show that the forest cover associated with the distribution of water consumers drove exposure levels,
making North-central Alberta and the Southern Rocky Mountains particularly exposed. Those results
are logical and well-illustrated by the consequences of recent extreme wildfires that occurred in the
province, such as the Horse River fire in Fort McMurray, whose impact on water supply was extensively
reported in the media [74,116]. They are also exemplified by the recent publication of source-water
protection plans integrating wildfire threats to the drinking-water supply for the largest cities in
Alberta [117,118]. However, not only are environmental conditions worsening due to global change,
but the exposure of communities is increasing by virtue of increasing consumer demand. Our exposure
model represents a customizable basis for a comprehensive national risk analysis of community water
systems to wildfires. With the foreseen increase in the number of wildfires that could cause negative
human impacts, such a simple tool can help quickly project environmental conditions using “what-if”
scenarios, thereby facilitating the identification of watersheds at risk, leading to the design of tailored
and cost-effective resilience strategies.
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Abstract: In the Lower Mekong River Basin (LMB), deforestation rates are some of the highest in
the world as land is converted primarily into intensive agriculture and plantations. While this has
been a key for the region’s economic development, rural populations dependent on the freshwater
water resources that support their fishing and agriculture industries are increasingly vulnerable to
the impacts of flood, drought and non-point source pollution. Impacts of deforestation on ecosystem
services (ES) including hydrological ES that control the availability and quality of fresh water across
the landscape, regulating floods and droughts, soil erosion and non-point source pollution are
known. Despite this understanding at the hillslope level, few studies have been able to quantify
the impact of wide-scale deforestation on larger tropical watersheds. This study introduces a new
methodology to quantify the impact of deforestation on water-based ES in the LMB with a focus on
Cambodia by combining spatial datasets on forest loss from remote sensing and spatially-explicit
hydrological modeling. Numerous global and regional remote sensing products are synthesized
to develop detailed land use change maps for 2001 to 2013 for the LMB, which are then used as
inputs into a hydrological model to develop unique spatial datasets that map ES changes due to
deforestation across the LMB. The results point to a clear correlation between forest loss and surface
runoff, with a weaker but upward trending relationship between forest loss and sediment yield.
This resulted in increased river discharge for 17 of the 22 watersheds, and increased sediment for
all 22 watersheds. While there is considerable variability between watersheds, these results could
be helpful for prioritizing interventions to decrease deforestation by highlighting which areas have
experienced the greatest change in water-based ES provision. These results are also presented in a
web-based platform called the Watershed Ecosystem Service Tool.

Keywords: land use change; forests; ecosystem services; hydrological modeling; Mekong; Cambodia

1. Introduction

1.1. The Importance of Water-Based Ecosystem Services Provided by Forests

It is well recognized that forests are important sinks for carbon dioxide (CO2), mitigating the
impacts of global climate change [1]. It is estimated that the greenhouse gas (GHG) emissions that
result from tropical deforestation contribute 7%–14% of total global anthropogenic CO2 emissions [2–4].
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However, carbon emissions are just one of the ecosystem services (ES) benefits of forests, and some
have suggested that hydrological services could be seen as more important for their impacts to local
communities, as vital resources for downstream industry and users, and even as large scale regulators
of regional climates through transpiration and cloud formation [5–8].

As a hydrological regulator, natural forests and their trees slow the flow of water across the earth’s
surface reducing runoff and enhancing soil infiltration that can in some cases increase groundwater
recharge [9–11]. Vegetation and roots control the erosion of soil and nutrients, and slow above ground
runoff which can increase ground water infiltration that filters and purifies the ground and surface
water [10,12]. At the same time, the slow percolation of water through the soil profile in a mature
forest often slows the rate of water returning to the river and can help maintain river base flows
during dry periods and avoid flash floods that are exacerbated by high runoff rates [12,13]. In contrast,
deforestation that results in the conversion of land to agriculture, plantation and other types of typical
development can often increase surface runoffwhich disturbs soils, causes water pollution, and creates
a large demand on groundwater resources [8,14]. During high rainfall events these types of land use
changes can lead to flashfloods, and lower groundwater recharge rates in the wet season can lead
to well water shortages in the dry season [13]. Increased runoff from agricultural lands can lead to
non-point source pollution from excessive nutrients from organic and inorganic fertilizer in the rivers
and lakes leading to eutrophication that can devastate fisheries, and at extreme levels be poisonous to
humans [8,14,15].

In Cambodia, which makes up a large portion of the Lower Mekong Basin (LMB), some of the key
ES provided by forests include the regulation of water flow and filtration, seasonal flooding and soil
nutrient cycling, carbon sequestration and biodiversity [16–18]. These ES are critical to the region’s
major industries, fishing and agriculture, which depend on seasonal wet season flows for lowland rice,
and for healthy fish stocks [16,19,20]. Cambodia’s inland freshwater fishery is one of the largest in
the world, yielding around 1.2 million tons of fish per year, employing about 2 million people, and is
vital for food security for the vast majority of Cambodians [21]. Agriculture, primarily lowland rice,
is the largest industry in Cambodia, making up 35% of GDP and employing around 56% of the labor
force [22]. Rice production is not only vital for domestic food security in the region, but is also 90% of
Cambodia’s economic exports, making it the cornerstone of its global income [21,23,24]. At the same
time a significant portion of rural Cambodians depend directly on forest products for things like fuel,
timber and non-timber forest production [25].

Agricultural production has grown over the last decade facilitating significant drops in poverty
from 48% in 2007 to 18% in 2012, and a doubling of per capita GDP between 1998 and 2007, making
Cambodia one of the fastest growing economies in the world [24]. About 90% of the poor are in
rural areas and most of the population remain highly vulnerable to poverty and are dependent
on the availability of natural resources from freshwater and forest for a significant portion of their
incomes [24,26]. Thus, forest and the ES that they provide support a significant portion of Cambodia’s
livelihoods and economy and act as an important buffer against the impacts of climate change.
At the same time this economic development has contributed to Cambodia having one of the highest
deforestation rates in the world [27,28]. Therefore, Cambodia and its people are at risk of losing vital
ES that support their economy, livelihoods and provide a buffer against the potential impacts of climate
change [23].

1.2. Quantifying the Impact of Deforestation at the Large Watershed Level

Within the LMB and around the world it is increasingly evident that the impacts of land use
changes on ES are costly to land owners, companies, and to society in general in the short term,
and especially over the long-term [29–32]. However, decision makers in developing countries often
lack the tools to assess at any scale the impact of land use change on ES, and to tie ES impacts together
within the larger landscape for a more holistic and integrated assessment [5,31]. This is especially true
for the dynamics between tropical deforestation and water-based ES given that few methodologies
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exist for studying this impact [31]. Studies that use stream gauge and other field measurements to
assess impacts cannot decouple variability in other factors through time, including rainfall, water
abstractions for human use and post-conversion land uses which make it difficult to isolate the impact
of forest loss alone [13]. One solution to this problem is hydrological modeling, which can create
scenarios that isolate land cover change from other changes on the landscape [33,34]. However,
hydrological modeling of tropical forest loss at the landscape level in the LMB has been limited by
the lack of a consistent, spatially-explicit land cover mapping series that allow for explicit linkages
between the loss of forest cover and change in hydrological indicators [33,35]. Where tropical land
cover change maps have been created, they are only for small watersheds and not replicated across
entire landscapes [36–38].

Over the last decade global remote sensing products have begun to map deforestation and land
cover annually with a high degree of accuracy, allowing for consistent wall-to-wall mapping of land
cover changes at the landscape level anywhere in the world [27,39,40]. These products have largely
been developed in the context of Reducing Emissions from Deforestation and Forest Degradation
(REDD) programs and have largely been utilized to measure greenhouse gas (GHG) emissions [41,42].
In large part this has been driven by the demand from the international community after the Kyoto
Protocol in 1997 and the establishment of the UNFCCC to mitigate the amount of GHG emission and
impacts of climate change [43]. However, less attention has been paid to using these products for
assessing impacts of hydrological conditions [5]. This is in part because of the complex and dynamic
nature of the hydrological cycle [44]; but today with improving hydrological modeling and remote
sensing data land surface modeling has evolved to a state where they can provide realistic depictions
of the water cycle over large scales with acceptable errors when driven by accurate meteorological
data [44–47]. This data has the potential to help quantify the impact of deforestation on water-based
ES over large areas and consistently across different parts of the world, showing which regions,
watersheds and sub-watersheds have been most impacted by tree cover loss. Decision-makers in
tropical countries could better understand what areas are more prone to larger floods and landslides
as a result of deforestation or prioritize areas to prevent further deforestation to mitigate negative
water-based impacts.

This study uses a global tree cover and tree-loss dataset from Hansen et al. (2013) [27] combined
with other global, regional and local spatial datasets on land use to create yearly land use/land cover
change (LULCC) maps across Cambodia. The Hansen et al. (2013) [27] dataset analyzed a time series
of images Landsat satellites to detect where forest has been lost each year between 2001 and 2013.
The dataset is the first global forest loss layer, which provides a unique opportunity to compare and
contrast the magnitude of forest loss across large landscapes and a relatively high resolution of 900 m2

pixels. The maps are used as inputs into the Soil and Water Assessment Tool (SWAT) hydrological
model to show spatially how deforestation impacts hydrological indicators of water-based ES across
the LMB. The SWAT results are validated using available ground data and compared against local and
regional peer-reviewed studies to help ensure results are accurately representing actual conditions.

The output of the study will provide a better understanding of the impacts of forest cover loss on
water-based ES in the LMB, and an assessment of the potential for using existing land cover change
data and hydrological modeling to understand those impacts.

2. Materials and Methods

The study required development of a land use/land cover change (LULCC) map for the LMB
from existing global and regional remote sensing productions, then separately running the land cover
maps for 2001 and 2013 through a hydrological model to assess the impacts that forest loss had on
water-based ES. Model calibration occurred through use of seven different hydrological gauging
stations in Cambodia, and through comparisons with regional peer-reviewed studies on erosion and
sediment loss rates. Forest loss and the impact to water-based ES was assessed through multiple
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regressions, and spatial analysis of SWAT derived sub-basins and the major watersheds that make up
the LMB.

2.1. Developing the Land Use/Land Cover Change Map

The development of annual LULCC maps relied on a compilation of maps from different published
sources. The process of development took a stepwise approach:

1. Establish a forest cover benchmark map for 2001: The benchmark map included a combination of
the following datasets:

(a) The 2001 forest cover dataset from Hansen et al., (2013) [27] at the 30 × 30-m Landsat
resolution. This dataset was used for all upland evergreen forests.

(b) A map of dry deciduous dipterocarp forest of Southeast Asia developed by Wohlfart et al.,
2014 [48].

(c) A wetland forest map developed by combining the Hansen et al. (2013) [27] 2001
forest cover map and the extent of the 2002 flood in Cambodia from the Mekong River
Commission [49].

2. Establish non-forest classes in the benchmark map: Non-forest classes from the European Space
Agency’s 300 m resolution Globe Land Cover (GLC) product for 2015 [50] were used to determine
land use in non-forest areas of the benchmark land cover/land use map.

3. Establishing land use changes over time: Deforestation was identified as forest loss from the
Hansen et al. (2013) forest loss dataset. The forest loss dataset provides annual forest loss from
2000 to 2013. The forest loss dataset was used to create a new land cover map for each year (see
“classifying deforestation areas”). It is with this dataset that annual LULCC maps were created.
Hansen’s forest loss methodology was updated after 2013 affecting comparability between the
data produced pre and post 2013. Therefore, this analysis focused only on the years up till 2013.

4. Classifying deforested areas: Deforested areas from the Hansen et al. (2013) forest loss dataset
were reclassified using a Boolean classification scheme in the following manner:

a. If a deforested area is inside an Economic Land Concession (ELC) granted by the Government
of Cambodia, the resulting non-forest class was converted to that ELC’s designated
development type. Each concession is designated for some type of development, for
example rubber, oil palm or rice. Therefore, if an area deforested inside an ELC that was
designated for rubber, the area was assessed to be converted to rubber. The ELC dataset
was produced by the Government of Cambodia and distributed by Open Development
Cambodia [51].

b. If a deforested area was not in an ELC, the GLC 2015 [50] map was consulted. If the
deforestation occurred over a non-forest GLC class, the area was assigned that GLC 2015
class. If the deforested area was occurred over a forested GLC class, the simplifying
assumption was made that the area was mosaic cropland (50% cropland and 50% forest).

These steps result in a LULCC maps that show land cover for every year from 2001 to 2013
(Figure 1).

A stakeholder review was conducted (workshop in March 2015 in Phnom Penh) to finalize and
agree classifications. During this review, it was determined that for the Cambodian context, the GLC
shrubland class should be changed to swidden farming (mosaic cropland) and grassland changed
to pasture.
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Figure 1. The general steps in the development of the land use/land cover change map for 2001 to 2013.

2.2. Developing Hydrological Data

To evaluate ES related to water such as freshwater provision and regulation, groundwater recharge
and soil erosion, the SWAT model was used. SWAT was run using the ArcSWAT interface (Available
online at: http://swat.tamu.edu/software/arcswat/). SWAT requires the user to input several spatial
data sources along with auxiliary tabular data (Table 1).

Table 1. Data sources for Soil and Water Assessment Tool model inputs.

Spatial Data Sources Source Citation

Land use/land cover Custom map developed This paper

Elevation/slope Shuttle Radar Topography Mission (SRTM) 90
m digital elevation model (DEM) Jarvis et al., (2008) [52]

Soil type Food and Agriculture Organization’s (FAO)
Digital Soil Map of the World FAO (2012), Sanchez et al., (2009) [53,54]

Weather station locations

Global Summary of the Day and Global
Historical Climatology Network rain gauge

locations, downloaded from the National
Climatic Data Center (NCDC)

Menne et al., (2012) [55]

Tabular data sources

Rain gauge records Selected gauges between 1986–2013,
downloaded from NCDC Menne et al., (2012) [56]

Weather station records
Climate Forecast System Reanalysis (CFSR)
data for relative humidity, solar radiation,

temperature and wind speed
Fuka et al., (2014) [57]

Management (Crop cycles,
irrigation, fertilizer)

Government publications and scientific
literature

MRC, (2003); Vibol and Towprayoon,
(2010) [58,59]

The (Shuttle Radar Topography Mission) SRTM DEM was used to delineate the Mekong watershed
below the town of Pakse, located a few hundred kilometers above the Cambodia border in Laos
(Figure 2). The Pakse gauge (a hydrological gauging station maintained by the Mekong River
Commission in the town of Pakse) was used to input actual discharge, sediment and nutrient loading
parameters into the SWAT model, and therefore enabled modeling below that point in the Mekong
River. SWAT performed a watershed segmentation, dividing the larger LMB into sub-watersheds
and river segments, or “reaches” to be modeled individually before routing upstream segments into
downstream segments. These segments, both watersheds and reaches were assigned an ID, allowing
for results to be viewed at different locations throughout the LMB.

SWAT output discharge was calibrated against Mekong River Commission (MRC) stream gauges
within Cambodia. This was a process of comparing actual gauging station data for discharge (flow)
and sediment concentration (mg L−1) to the SWAT results, then checking and editing the SWAT model
to fit the SWAT results as best as possible to the actual discharge and sediment. The calibration period
was 1993–2002 which was selected because it was the period with the most consistent and accurate data
available from the most number of MRC gauges. Discharge between the SWAT and MRC data was
compared at four stations (Chantangoy, Ban Kamphun, Kompong Thom, and Kompong Putra) using
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two statistical measures: the Nash–Sutcliffe efficiency (NSE) for daily discharge, and a goodness-of-fit
R2 statistic for monthly averages. The NSE was developed to assess the accuracy of modeled river
discharge by comparing the relative magnitude of the residual variance of the observed data versus
the simulated data [59]. The intervals are generally interpreted as follows; 0.75 <NSE < 1 is a “very
good” performance rating, 0.65 < NSE < 0.75 is a “good” performance rating, 0.50 < NSE < 0.65 is
a “satisfactory” performance rating, and NSE < 0.50 is an “unsatisfactory” performance rating [59].
The monthly R2 statistic was used to show where the model was performing well simulating the
monthly trends [59,60]. This helps show that even when the model’s daily NSE was performing poorly
it was still representative of the more general monthly trend. The R2 statistic gives the variance of the
data and assesses a goodness of fit with 1 indicating perfect fit.

 

Figure 2. Study area showing the SWAT-derived basin and sub-basins. The map also shows the location
of the Mekong River Commission gauges used in the modeling and calibration of the model.

For sediment concentration the MRC data was less consistent therefore the available gauge data
was summarized (average, min and max) by month over the same period. Also, not all the stations
where there was good discharge data had good sediment data, therefore sediment was calibrated at
Kompong Thom, Lumphat, Backprea, and Kompong Thmar (Figure 2). Sediment was assessed using
the R2 statistic.

The SWAT model was run twice with the developed LULCC maps from both 2001 and 2013.
Other than the LULCC maps, all other parameters in the model remained the same between the two
runs so that any changes in results could be directly associated with land cover change and not other
variables such as rainfall or development of river infrastructure such as dams. All results are therefore
representative of the land uses present in 2001 and 2013.

The effect of forest loss between 2001–2013 on the hydrological cycle and the associated water-based
ES was evaluated using SWAT outputs as indicators of these ES. Change was evaluated using surface
runoff as an indicator of flood mitigation and sediment yield as an indicator for erosion prevention.
In both cases, an increase in these indicators was considered a loss of ES provision, assuming that
higher surface runoff leads to more flooding and higher sediment yield is the result of increased erosion.
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Given that only limited gauges were available for model calibration, results were only measured in
percent change rather than absolute values.

Multiple regression analysis was performed to attempt to find variables in the SWAT model
that were driving percent change in water-based ES indicators besides general percent forest loss.
The percent change in runoff, discharge and sediment indicators were used to estimate which areas of
the LMB were most impacted by forest loss from the standpoint of hydrological ES. Percent change
indicators have been shown to consistently identify the same areas as high change even in uncalibrated
watersheds [61].

3. Results

3.1. Calibration of Hydrological Model

The hydrological model was validated at four locations for river flow and four locations for
sediment. On average the SWAT model predicted lower flows than the gauges, with some exceptions
during high flow periods (Figure 3). The model did better during lower flow events, and in most
cases showed a strong correlation with the seasonal fluctuations. While significant improvements
could be made on individual watersheds, the goal was to make the model run well across all
subwatersheds—mimicking flows—within the lower Mekong without adjusting too many parameters
so that the uncertainty and bias of model parameters affected the overall performance. Furthermore,
there are a number of dams and other types of hydrological infrastructure that are affecting flows that
were not accounted for in the model. This made it unfeasible for a tight calibration of the model without
parameterizing the model to account for the dams, which was not a focus of this study. However,
improvements could be made with more gauge data, better information on hydrological infrastructure,
and improving the model’s distribution of rainfall (e.g., some models are using NEXRAD radar for
more accurate spatial distribution of rainfall) [62].

(a) (b)

(c) (d)

R R

R R

Figure 3. Calibration of the SWAT model’s discharge (flow) at 4 Mekong River Commission gauging
stations ((a) Kompong Putrea, (b) Kompong Thom, (c) Ban Kamphun, (d) Chantangoy). The line charts
compare flow (m3 s−1) from the SWAT mode (dashed lines) with actual MRC Gauging stations flow
(solid line).
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Sediment concentrations were also calibrated at four MRC locations. Despite a few relatively low
R2 values, general seasonal fluctuations were well correlated, and most results from MRC gauges fell
within the range that was predicted in the SWAT (Figure 4).

(a) (b)

(c) (d)

R

R R

R

Figure 4. Calibration of the SWAT model’s sediment (Sed.) concentration at 4 MRC gauging stations
((a), Kompong Thom, (b) Lumphat, (c) Backprea, (d) Kompong Thmar). The charts compare SWAT
monthly average (black line) with min and max (gray), and actual MRC average (red point) with error
bars showing min and max.

3.2. Land Cover Change due to Forest Loss

Between 2001 and 2013 the LMB lost 13% of its forest area (18,953 km2), with an average annual loss
of 1.08% per year (1579 km2) (Figure 5 and Table 2). The majority of forest loss (82%) was conversion
to cropland (predominantly rice), which is divided into rainfed mosaic crop land (assumes a mix of
crop and fallow/forest land), rainfed crop land, and irrigated crop land. Tree plantations made up
11% of the forest loss, with the remaining 7% pasture and urban development. The major watersheds
with the most tree loss were the Tonle Se San and Tonle Srepok (each with about 2000 km2 loss) in the
eastern portion of the basin. However, these watersheds were among the largest in size and didn’t lose
the most forest in terms of percentage—only 15% and 11% respectively. The watersheds that lost the
greatest percentage of their forest area were the Prek Chklong in the south (35%) and the St. M. Boery
in the northwest of the basin (34%). The Prek Chklong and St. M. Boery saw their forest replaced
almost entirely by agricultural land uses, while the eastern watersheds of Tonle Se Kong, Se San and
Srepok also saw a majority of conversion to agriculture but had higher portions of conversion to tree
plantations and pasture.
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Figure 5. 2001 land cover map (this paper) with subsequent forest loss between 2001–2013 from
Hansen et al. (2013) [27]. Key watersheds are identified.

Table 2. Areas and percentages of forest loss and major drivers for select watersheds in the LMB.

Total LMB
Select Watersheds

Prek Chklong St. M. Borey Stung Sen Tonle Se Kong Tonle Se San

Total forest loss (km2) 18,953 1904 1125 1665 1723 2206
% forest loss 13% 35% 34% 13% 6% 15%

Forest to mosaic cropland 13,106 1405 510 1286 1136 1324
% of total forest loss 69% 74% 45% 77% 66% 60%

Forest to irrigated cropland 805 65 32 35 32 55
% of total forest loss 4% 3% 3% 2% 2% 3%

Forest to rainfed cropland 1784 269 582 60 66 120
% of total forest loss 9% 14% 52% 4% 4% 5%

Forest to urban 6 - 0 0 1 1
% of total forest loss 0% 0% 0% 0% 0% 0%

Forest to tree plantation 2001 162 - 275 61 335
% of total forest loss 11% 9% 0% 16% 4% 15%

Forest to pasture 1223 1 1 8 425 362
% of total forest loss 6% 0% 0% 0% 25% 16%

3.3. Correlation between Forest Loss and Hydrological Ecosystem Services

The effect of forest loss between 2001–2013 on water-based ES is presented in Figure 6 as percent
change in surface runoff and sediment yield. Increase in these indicators was considered a loss of ES
provision, assuming that higher surface runoff leads to more flooding and higher sediment yield is the
result of increased erosion.

For both indicators, there was a positive trend between percent of watershed deforested and
percent change in surface runoff and sediment yield. However, the correlation for surface runoffwas
much stronger with an R2 of 0.58 compared to 0.14 for sediment yield (Figure 6). The R2 of the sediment
yield relationship appears to be heavily affected by sub-basins with small amounts of absolute yield
that experienced large percent changes.
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(a) 

(b) 

Figure 6. Linear correlations between percent forest loss and percent change in indicators of water-based
ES. Each circle represents one sub-watershed within the Lower Mekong Basin, scaled by size of absolute
value (mm for surface runoff (a) and t/ha for sediment yield (b)).

Results from the multiple regression analysis showed that for surface runoff, the highest adjusted
R2 achieved was 0.79 by adding three variables: percent change in runoff curve number, rainfall and
slope (Table 3). For sediment yield, the highest R2 relationship observed was 0.16 using two variables:
percent change in Manning’s “n” for overland flow and absolute sediment yield (t/ha) from 2001.
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These results can be seen spatially across the SWAT derived sub-basins (Figure 7). The results
show that forest loss is highly correlated with increases in runoff and sediment yield, with 85% of
sub-basins with forest loss experiencing an increase in both runoff and sediment yield. However, as the
results in Figure 6 show this upward trend is highly variable between sub-basins depending on and
the biophysical characteristics mentioned above like runoff curve number, rainfall and slope. Figure 7
highlights ‘hot-spots’ where deforestation results in higher loss to water-based ES.

Figure 7. Percent change in several hydrological indicators due to forest loss in the lower Mekong
watershed from 2001–2013. The upper figure shows change in surface runoff and stream discharge,
while the lower figure shows sediment yield and flow.
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Figure 7 also shows that increased runoff and sediment yield results in increased river discharge
and sediment flow that accumulates downstream.

If we scale up the results to the larger watershed we eliminate the influence of sub-basin size,
and because the watersheds are an aggregation across many sub-basins the results are more muted,
reducing the extreme highs and lows; however the same trend remains—as deforestation increase so
does runoff and sediment yield, which impacts river discharge rates and sediment flows (Table 4).

Table 4. Results for 7 different watersheds in Cambodia showing the area of forest in 2001, percent
deforestation, and the resulting change in discharge and sediment between 2001 and 2013.

Watershed Area of Forest in 2001 (km2)
Deforested Change in Discharge Change in Sediment Yield

2001–2013

Prek Chklong 5478 35% 17% 135%
St. M. Borey 3481 34% 3% 29%

St. Chinit 5173 27% 15% 84%
Tonle Se San 16,277 15% 13% 59%

St. Sen 12,728 13% 5% 60%
Tonle Srepok 22,079 11% 14% 58%

Tonle Se Kong 29,450 6% 14% 71%

Across the LMB all watersheds experienced increases in sediment, and 17 of the 22 watersheds
had increased discharge. However, the results between watersheds are highly variable depending on
the biophysical factors of the watershed (Figure 8). For example, Table 4 shows the Prek Chklong and
St. M. Borey watersheds both lost more than 30% of their forest area, but St. M. Borey only had a 3%
increase in discharge and 29% increase in sediment yield, compared to Prek Chklok’s 17% increase in
discharge and 135% increase in sediment. These differences are the results of M. Borey having lower
overall forest area to start with, but also due to biophysical conditions in the watershed, predominantly
very low slopes. While variability is high between watersheds, it may be these differences that are
important for understanding which watershed are more or less sensitive to the impacts of deforestation
on water-based ES. It is also important to understand that percent change is relative to each watershed.
Some watersheds may have a small sediment yield to start with and a 100% increase is not going to be
extremely impactful. However, percent change does help us understand the magnitude and direction
of change, and therefore again highlights watersheds that maybe be more or less sensitive to forest loss.

Figure 8. Cont.
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Figure 8. Results by watershed for percent change in river discharge and sediment yield as a result of
land cover changes between 2001 and 2013.

4. Discussion

The results from the hydrological modeling show that as forest is converted to other land uses
there is generally an increase in surface runoff and sediment into the river, however the increases
vary greatly by location. These rates of erosion were roughly validated against published reports
for Southeast Asia from Douglas (1999) [63] and Sidle et al. (2006) [64]. These results follow general
hydrological theory that forests reduce surface runoff and erosion, slowing the flow of water across
the ground, promoting infiltration into the soil which is either captured by plants or allowed to filter
through the soil to ground water reservoirs or slowly returning to the stream [5,13,65]. The results from
this analysis show that existing remote sensing products combined with hydrological modeling can be
used across broad spatial scales to improve our understanding of the impacts deforestation has on
water-based ES. While the modeling could be improved with better data and more ground calibration,
the results are helpful for understanding the direction and magnitude of change of water-based ES for
different sub-basins and watersheds.

4.1. Correlation of Forest Loss and Change with Water-Based ES Provision

Modeling results point to a clear relationship between forest loss and surface runoffwith a high
correlation. This shows that runoff is highly impacted by loss of vegetation, with forest being replaced
mostly by agricultural land uses and to a lesser extent tree plantations and urban development, which
will likely have detrimental impacts on flood mitigation, and could impede the ability of efficient
hydrological management, for example for year-round irrigation. Slope clearly played a role in the
impact that forest loss had on surface runoff, with the hilly eastern portion of the LMB showing larger
percent change in surface runoff and especially higher river discharge than average. This points to the
need for greater efforts to protect forested areas with high slopes.

While there was a correlation between an increase in forest loss and an increase in sediment
yield, it was very weak even with multivariable regression. This points to the need for further model
calibration with sediment variables, which are often scarcely monitored in the field. Clearly the range
of absolute values in sediment yield affected the percent change correlation as well, with many small
watersheds with very low sediment yield showing massive increases in percent change with relatively
low absolute change in tonnes per hectare. These results may also point to the importance of soil type
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on sediment yield and erosion, something that is not altered with land use change. Some soils may
mitigate the impact of land use change, while others exacerbate it.

4.2. Hotspots of Water-Based ES Deterioration

The results point to certain watersheds within the LMB that experienced very high changes in
surface runoff and sediment yield, pointing to land use change having a large detrimental effect on
water-based ES provision. These locations were mostly in areas in upper watersheds along agricultural
frontiers. In these areas forest loss from agricultural development (including plantations) is a mix of
small farmers and development of large Economic Land Concessions (ELCs).

The ‘Three S’ rivers in the northeast of Cambodia, that include the Se San, Sre Pok, and Sekong
rivers, constitute a significant part of the LMB (Figure 5). These rivers come together just before
merging with the Mekong river near the town of Stung Treng a region described as a “rural agricultural
frontier” where livelihoods center on fish production, rice, vegetable and cash crop farming, livestock,
and a number of non-timber forest products [66]. A recent major development in the area is the
400 megawatt Sesan II Dam located at the confluence of the Se San and Sekong rivers. Results from this
analysis show that Between 2001 and 2013 the Se San lost 15% of its forest area, the Srepok 11%, and the
Sekong 6%. As a result, the model shows increases in river discharge of between 13–14% and sediment
flow increase of 59% for the Se San, 58% for the Srepok and 71% for the Se Kong. The loss of these
water-based ES was primarily due to forest loss in sub-basins in the mountainous upper watersheds
where slopes were steeper, and rainfall is some of the highest in the region.

South of the Three S rivers is the Prek Chklong watershed, dominated by the agriculture crops of
cassava, rubber, maize, and rice. The agriculture land includes local farmers, but also a large portion of
the watershed (16% of the watershed—113,000ha) was granted to large agricultural and plantation
ELCs (Results from the WESTool https://www.winrock.org/westool/). The agricultural development in
the Prek Chklong watershed resulted in the loss of 35% of its forest between 2001 and 2013 (the highest
of any watershed in Cambodia). Results indicate that this development increased river discharge by
17% on average, and sediment flow by 135%. These results do not tell us what the actual impact is on
the ground (e.g., impacts on infrastructure or fish populations), however they do highlight substantial
increases in both discharge and sediment that could help land manages identify this as a priority
watershed for further studies on.

The upper watersheds of the Tonle Sap are also where a large amount of agricultural expansion
is occurring. Between 2001 and 2013 the Tonle Sap lost 17% of its forest area (Results from the
WESTool https://www.winrock.org/westool/). Two examples of this are the St. Sen and St. Chinit
watersheds. Important infrastructure in the watersheds includes the Chinit Reservoir which feeds the
largest irrigation program in Cambodia [67]. Between 2001 and 2013 the upper Sen watershed lost
approximately 13% of its forest and the Chinit 27%. This resulted in a 60% increase in sediment in
the Sen and an 84% increase in the Chinit, with average flows increasing by 5% and 15% respectively.
These changes can have serious detrimental impacts to reservoir and irrigation systems on the lower
reaches of the river.

Many of the hotspots are located in or around protected areas. This included the newly established
Snuol and Keo Seima Wildlife Sanctuary, and the Prey Long Wildlife Sanctuary. This points to two
important observations: (1) that recent efforts at establishing wildlife sanctuary are timely, well placed,
and if effective could have substantial hydrological ES benefits; and (2) that Cambodia’s protected
areas are under considerable threat. Results from this analysis indicate that between 2001 and 2013
there was a 12% loss of forests across Cambodia’s 20 Wildlife Sanctuary’s (covering approximately
20% of the total area of Cambodia) (Results from the WESTool https://www.winrock.org/westool/).
This supports results from Collins and Mitchard (2017) [68] that Cambodia had one of the highest
deforestation rates in protected areas in the world.

53



Forests 2019, 10, 413

These ‘hot spot’ areas may be priority locations for reforestation efforts or forest conservation,
given that the forests that have been lost not only have contributed to climate change through CO2

emissions but also clearly held great value for local hydrological ES.

4.3. Not All Forest Loss or Hydrological Impacts Are Significant or Detrimental

Not all watersheds with deforestation experienced high rates of water-based ES loss. This is
primarily a result of low slopes; however soil and rainfall also are important factors. These areas,
in contrast to the ‘hot-spots,’ may be areas where development could be more sustainable and therefore
prioritized over more sensitive areas. Also, the larger rivers with bigger watersheds saw muted
impacts, as the drastic impacts in upper watersheds were diluted as the runoff and sediment traveled
downstream, mixing with runoff and sediment from less impacted areas. The main stem of the Mekong
river especially showed very little change. This is largely due to the unmodeled impact of the upper
Mekong Basin. Further basin-wide analysis could be completed to better understand the impact of
land use change on cities and population centers that are located on the banks of the Mekong. Despite
the muted impacts of larger rivers there were still substantial impacts. The Tonle Sap River experienced
a 4% increase in river discharge and a 42% increase in sediment yield. These increases near Phnom
Penh could lead to loss of ES provision, for example in the form of higher costs for water treatment at
the Phnom Penh treatment plant.

Despite the utility of percent change indicators in showing the impact of land use change on
hydrological indicators, it is important to point out that high percent changes in modeling cannot be
directly interpreted as increases in flooding and erosion—the reality of hydrology is dependent on the
specific rainfall events that occur. Therefore, future flooding or drought will in large part be regulated
by increases or decreases in precipitation. These potential changes in climate were not considered in
this study. However, the results do point to the fact that extreme rainfall events in the wet season
will be exacerbated by forest loss and therefore could cause greater flooding and erosion in some
areas. Therefore, the modeling performed in this study provides an important unbiased indication of
the effect of only one variable (land use change) on hydrological ES provision that could be used for
prioritization in forest protection and reforestation efforts, rather than a prediction of future flooding
or erosion events.

Furthermore, flooding and sedimentation in the LMB is not always considered a bad thing.
Normal flooding and sediment, especially in the Tonle Sap River and Lake area, provide vital waters
for flooding rice crops and nutrients for fisheries. Therefore, it is possible that many areas of the LMB
could welcome a small increase in surface runoff or sediment flow in their rivers, given the changes are
gradual and within historical boundaries.

4.4. The WESTool: An Online Platform for Disbursement of Data and Results

In order to share the results of this study with those in the LMB that could most benefit from the
associated data, the Watershed Ecosystem Service Tool (WESTool) https://www.winrock.org/westool/,
was built. WESTool is a platform that compiles the hydrological outputs of the SWAT analyses, land
cover maps along with supplemental local field data, remote sensing products, and climate change
data for Cambodia into an easy to use web-based interface. The WESTool attempts to bridge the gap
between technological advancements, and the non-technical users that need tools to make responsible
land use decisions. The Tool is at the national and watershed scale, allowing decision-makers in
Cambodia to zoom into a small watershed or perform a more macro national study. The benefit of this
is that the results can be used for detailed land use planning in Cambodia. Users can see the impacts
that deforestation have had on watersheds, sub-basins or even other areas of interest that do not align
with SWAT-delineated watersheds like protected areas or provinces. The WESTool helps them answer
questions about land use changes and their impacts on the major ES related to water.
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5. Conclusions

This study shows a novel way of combining big datasets that use remote sensing for forest
monitoring purposes—primarily Hansen et al. 2013 and Globe Land Cover [50]—with hydrological
modeling to show the impacts that forest loss has on water-based ES across large landscapes.
The methodology, applied to the lower Mekong Basin, gave results showing that the impacts are highly
variable across space and depend on many factors such as percent of forest lost, slope, rainfall and the
post-conversion land use. Such a combination of remote sensing products and hydrological modeling
could be used to understand and quantify ES for many other locations besides Cambodia and the LMB,
given many of the data sources are global or readily available at a national scale in many countries.
Such results could help national, regional and local stakeholders prioritize areas of intervention,
from REDD+ (Reduces Emissions from Deforestation and Degradation) strategies to watershed plans.
The results also give further quantitative value to certain forests, helping decision-makers make
difficult choices about which forests to focus on for protection or where to prioritize limited resources
for reforestation efforts.

Further research is suggested for the LMB, including more rigorous SWAT model calibration using
sediment, nutrient and groundwater variables that may allow for a more comprehensive analysis of
more hydrological ES including nutrient runoff and groundwater recharge.

To further engage stakeholders within the LMB, the results of this study for Cambodia are
presented in WESTool (https://www.winrock.org/westool/), a platform that compiles local field data,
remote sensing products, and large-scale hydrological modeling for Cambodia into an easy to use
web-based interface. As such, this methodology along with the WESTool seek to fill a niche that
numerous scientists and policy makers have called for, to provide an integrated assessment tool for
decision-making on climate change adaptation, mitigation, land use and water management [5,31].
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Abstract: Over the past 40 years, south-central Chile has experienced important land-use-induced
land cover changes, with massive conversion from native forests (NF) to Pinus radiata D.Don and
Eucalyptus spp. exotic forest plantations (FP). Several case studies have related this conversion to a
reduction in water supply within small catchments (<100 ha). In this work, we explore the impacts of
NF and FP on streamflow by using a large-sample catchment dataset recently developed for Chile.
We select 25 large forested catchments (>20,000 ha) in south-central Chile (35◦ S–41◦ S), analyze their
land cover and precipitation spatial distributions, and fit a regression model to quantify the influence
of NF, FP, grassland (GRA) and shrubland (SHR) partitions on annual runoff. To assess potential effects
of land cover changes on water supply, we use the fitted model (R2 = 0.84) in synthetic experiments
where NF, GRA and SHR covers within the catchments are replaced by patches of FP. We show that
annual runoff consistently decreases with increments of FP, although the magnitude of the change
(ranging from 2.2% to 7.2% mean annual runoff decrease for 10,000 ha increment in FP) depends on
several factors, including the initial land cover partition within the basin, the replaced land cover
class, the area of the catchment, and the type of catchment (drier or humid). Finally, in the context of
the mitigation strategies pledged in the Chilean NDC (Nationally Determined Contributions defined
after the Paris Agreement), which include the afforestation of 100,000 ha (mainly native forest) by
2030, we quantify the impacts on water supply due to the afforestation of 100,000 ha with different
combinations of NF and FP. We show that annual runoff is highly sensitive to the relative area of FP
to NF: ratios of FP to NF areas of 10%, 50% and 90% would lead to 3%, −18% and −40% changes in
mean annual runoff, respectively. Our results can be used in the discussion of public policies and
decision-making involving forests and land cover changes, as they provide scientifically-based tools
to quantify expected impacts on water resources. In particular, this knowledge is relevant for decision
making regarding mitigation strategies pledged in the Chilean NDC.

Keywords: native forest; forest plantation; shrubland; grassland; water provision; water supply;
land use and land cover change; NDC; Chile

1. Introduction

A key challenge faced by Earth system scientists is to provide evidence that help to understand
and quantify the trade-offs between the anthropic exploitation of natural resources as well as the
resilience and capacity of these ecosystems for providing goods and services for human development [1].
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Natural forests are amongst the most exploited ecosystems, given the value of their derived products for
human development (e.g., timber production) and their potential replacement for agricultural purposes.
In addition to economic goods, these ecosystems provide vital ecosystem services, such as water
quality regulation, water flow regulation, preservation of habitats and biodiversity, and regulation of
carbon cycle [1,2].

From a global perspective and due to the trees’ carbon uptake capacity, forests play a leading role
in limiting the carbon dioxide accumulation in the atmosphere and its impacts on climate. Indeed, an
increase of 9.5 million km2 in forests by 2050 (relative to 2010) is amongst the mitigation strategies
to limit global warming to 1.5 ◦C [3]. In theory, this global consensus should be favorable for the
protection and recovery of natural forests. However, the climate change mitigation plans in some
countries include also the plantation of fast-growing commercial trees within their pledged areas [4].
While these forest plantations may support local economies and profits for the forest industry, they
release the stored CO2 back into the atmosphere after harvesting (rotation times varying around 12 to
22 years, depending on the tree species) [4]. Further, the (different) impacts of forest plantations and
natural forests on the hydrological cycle is still an ongoing field of research. This is an important factor
to consider given the water supply risks associated with global warming [5].

The role of forests on the hydrological cycle has attracted considerable attention from scientists
and the general public over the last two centuries [6]. Over the last decades, an increased number of
studies examining the trade-offs among water and wood production have focused on South America,
which hosts some of the most diverse forest ecosystems while containing mostly developing countries
(whose economies rely on the exploitation of these resources) [7–10]. There are, however, important
limitations in understanding the interaction between forest, water and development in the region.
Firstly, the insights gained from a long-history of northern hemisphere studies cannot be transferred
to South America, since natural forests in the latter are diverse and the industrial forest plantations
(fast-growing non-native species) are managed on very short rotations [7] (18 to 22 years for Pinus
spp. and 12 to 18 for Eucalyptus spp.). While an increase of tree cover is, in general, associated with
decreased water provision in the northern hemisphere [1,6], case studies in South America have shown
that these conclusions might be too lax when we differentiate natural forests from industrial forest
plantations within the total tree-covered area. It has been shown that the replacement of native forests
by other types of land cover, such as industrial forest plantations (monocultures of Eucalyptus and
Pinus spp. mainly used for timber harvesting), cropland and grassland, reduces water provision and
water quality [8,10,11]. On the other hand, increased areas of forest plantations have been associated
with reduced streamflow, especially during the dry season [8,10,12–19]. These results may be partly
explained by the high evapotranspiration rates of exotic forest plantations, which may exceed 90% of
precipitation [15,20–23].

The land-use-induced land cover change (LULCC) in Chile has been characterized by the expansion
of forest plantations in detriment of native forests, shrublands and grasslands, from 250,000 ha in
1974 to nearly 3 million ha in 2016 [24]. This expansion was triggered by an increased international
demand for pulp and other forest commodities in the 1970s, to which Chile responded by promoting
favorable economic conditions for investments in timber industry. In fact, a decree-law (DL701, [25])
was implemented in the second year of the military dictatorship (1973 to 1990), establishing subsidies
for forest plantations. These subsidies were maintained until 2014 [24,26].

As mentioned above, there have been some scientific advances towards the quantification of
the inter-relation between natural vegetation, forest plantation and water supply. However, a critical
challenge remains in transferring this knowledge into public policy and decision making that can
effectively lead to achieving a sustainable development.

In this work we do not directly address the challenge of transferring scientific insights into policy
and decision making (a task that is probably better achieved outside a scientific publication), however,
we develop our analyses thinking of this final goal. Specifically, we aim at providing robust—and
easy to interpret—scientific evidence about the impacts of forest plantation expansion on water
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supply. We address this from a large-sample perspective, moving from the classical paired-catchment
framework (that requires data from long-term experimental basins with before-after and control-impact
designs, which are scarce, and generally involves small catchments [27]) or a physically-based modelling
approach (which requires high resolution quality data), towards a comparative approach, which relies
on extracting insights from the diversity of catchment characteristics (including hydrologic, climatic,
topographic and geomorphologic characteristics). This space-for-time approach complements the
insights from placed-based experiments by seeking conclusions and dominant patterns from analyses
based on less detailed data over a large number of watersheds [6,28] (note that catchment, basin and
watersheds are used indistinctively within the manuscript). Furthermore, we focus on large catchments
(>200,000 ha), which have been poorly documented in the context of LULCC and their impacts on
water provision.

We focus our analysis in south-central Chile (35◦ S–41◦ S), the region that concentrates most of
the country’s population and land use activities (agriculture and forestry). This region also holds
natural forest ecosystems (Valdivian Ecoregion) that have been declared by the Global 200 initiative
as a worldwide biodiversity hotspot with highest conservation priority [29]. We analyze the water
balance from 25 catchments covered by different combinations of natural vegetation (native forest, NF;
grassland, GRA; and shrubland, SHR) and forest plantation (FP), by fitting a linear regression model
to quantify the contribution to annual runoff from the portions of the catchments covered by each
land cover class. The fitted model is then used to evaluate variations in water supply as a response to
synthetic land cover transitions, where NF, GRA and SHR covers within the catchments are replaced
by patches of FP. Additionally, we quantify the impacts on water supply due to the afforestation of
100,000 ha with different combinations of NF and FP, which is one of the mitigation strategies pledged
in the Chilean NDC (Nationally Determined Contributions defined for the ratification of the Paris
Agreement [30]) to be accomplished by 2030 [30]. We provide tools to quantify the impacts of natural
vegetation and forest plantation on water resources, which can be used in the discussion of public
policies and decision-making involving forests and land cover changes.

2. Data and Study Area

Time series of daily streamflow and daily precipitation were obtained from the CAMELS-CL
(catchment attributes and meteorology for large sample studies—Chile) dataset [31], which can be
downloaded from the CAMELS-CL explorer (http://camels.cr2.cl). This dataset provides catchment
boundaries and catchment-averaged hydro-meteorological time series for 516 basins across Chile for
the period 1979 to 2016, and 70 catchment attributes characterizing the topography, geology, climate,
hydrology, land cover, and human intervention within the basins. Missing monthly streamflow records
for a given station were filled by correlation with neighbor stations. The filling was done when the
stations had a minimum of 30 coincident years, and a coefficient of determination above 0.8 between
the monthly streamflow time series (similar procedure than in [32]).

In addition to the catchment-scale data, we processed two raw gridded datasets data used in [31]:
the daily 5-km resolution CR2MET precipitation dataset, available from the Center for Climate and
Resilience Research server (http://www.cr2.cl/datos-productos-grillados), and the 30-m resolution land
cover map developed by [33], available at http://www.gep.uchile.cl/Landcover_CHILE.html.

The study period to analyze annual runoff is defined from April 2000 to March 2015 (hydrological
years—April to March—are considered in the analysis). This period is chosen due to land cover
information [33], which relies on Landsat imagery from 2014. Since the catchment dataset provided
by [31] does not include land cover information at different times, we assume that the 2014 land cover
classification is constant within the study period, and restrict the analysis up to 15 years prior the land
cover information date. This decision considers that the typical rotation times of forest plantations are
12 to 22 years, while aiming at leveraging the trade-off between record length (necessary for statistical
analysis) with a realistic land cover characterization for the study period (based on two years of
information).
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From the 516 CAMELS-CL catchments, we selected those that fulfilled the following criteria:
having more than 20% of their areas covered by forests (forest plantation or native forest); having less
than 5% of the catchment covered by cropland (to avoid agriculture effects on streamflow); each of
the land cover classes included as predictors in the statistical analysis should cover at least 5% of the
catchment (to ensure a representative sample); and having no presence of large dams (as reported
in [31]) within the catchment (information provided by [31]). A subset of 25 catchments fulfilled these
criteria and were analyzed in this study.

Figure 1 shows the selected catchments, which cover five administrative districts over the study
region (35◦ S–41◦ S). The study basins feature diverse land cover classes (panel a, obtained from the
land cover map provided by [33]) and climatic conditions (panels b and c). The watersheds areas range
from 211 km2 to 11,137 km2, with mean elevations ranging from 137 m a.s.l. to 1264 m a.s.l. and
mean slopes ranging from 74 m km−1 to 239 m km−1. Although there is a greater presence of forest
plantations towards the coastal region north of 39◦S (Figure 1a), several CAMELS-CL catchments
within this region were not selected given the high percentage of cropland within those basins.

 
Figure 1. Twenty-five study catchments with land cover classes (panel a), mean annual precipitation
(panel b) and mean annual temperature (panel c).

To visualize the land cover composition of the study catchments, Figure 2 shows the percentages
of the basin area covered by the main land cover classes of the study region. It can be seen that the
selected catchments feature a mosaic of land cover types, with greater presence of shrubland and forest
plantation in the north, and larger areas of native forest towards the south.
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Figure 2. Land cover composition of study catchments (NF: native forest; FP: forest plantation; GRA:
grassland; SHR: shrubland, IMP: impervious). The catchments are ordered from north to south.
Watersheds identifier (gauge_id) and basin area obtained from CAMELS-CL attributes are provided at
the y-axis.

The mean hydrologic behavior of the study catchments is illustrated in Figure 3, where the
mean monthly streamflow (expressed as a fraction to the annual streamflow) is plotted for each basin.
The streamflow seasonality indicates a prevailing pluvial regime governing the hydrologic response
in most catchments. This suggests that snow accumulation and melting processes in high-elevation
catchments (20% of the basins have mean elevations above 1000 m a.s.l.) do not dominate their main
hydrologic response. The selected catchments are therefore comparable in terms of the governing
hydrologic regime.

Figure 3. Streamflow seasonality.
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3. Methods

3.1. Linear Regresion Model

The objective of this work is to quantify and evaluate the effects of natural vegetation and forest
plantation on the mean hydrologic response of a catchment. We address this by setting up a linear
model representing the annual water balance within the catchments. The annual runoff within a
catchment (Q) can be expressed as:

Q =
∑

LCi Qi, (1)

where LCi is the fraction of the different land cover classes within a catchment (i.e.,
∑

LCi = 1).
Under the assumption that runoff generation mechanisms are similar within a same land cover class,
the annual runoff generated within class “i” can be expressed as:

Qi = ai + biPi, (2)

where ai and bi are regression coefficients, and Pi is the annual precipitation associated to land cover
class “i”. Pi is obtained by intersecting the land cover map with the annual rainfall gridded data.
Since the latter has a native resolution of 5 km, we downscaled it into a 30-m-grid (the resolution of the
land cover map) through bilinear interpolation, and then performed the intersection with land cover.
In this way, the total runoffwithin the study catchments, for a specific year, can be expressed as:

Q′ = a +
4∑

i=1

biLCi Pi. (3)

where a =
∑

ai and bi (i = 1 to 4) are the regression coefficients associated to land covers NF, FP,
GRA and SHR, respectively. Given that the impervious (IMP) and barren areas within the catchments
are negligible for most catchments (IMP class in Figure 2), they are not included as predictors in
Equation (3). For those catchments with IMP fractions above zero, we assume that the annual
precipitation fell over that land cover class (IMP PIMP) contributes to runoff without losses, thus Q′ in
Equation (3) corresponds to Q − IMP PIMP.

With this water balance representation, we account for the spatial distribution of land cover and
precipitation within the basin. This aims at disentangling the aggregated effect on runoff generation
coming from land cover classes correlated with precipitation, which may occur due to a natural
configuration of the landscape combined with anthropic land cover interventions. In Equation (3), each
catchment–year pair provides an observation for the total sample, which results in a sample size of 206.

The model predictors and other catchment characteristics are explored by analyzing their pair-wise
correlations. The quality of the fitted model is assessed with the coefficient of determination (R2) and
the mean absolute percentage error (MAPE). In addition, the model residuals are tested for the normal
distribution hypotheses using the Shapiro–Wilk normality test from the ‘stats’ package in R [34].

3.2. LULCC Experiment

In this experiment, we used the linear model described in Section 3.1 to evaluate hypothetical
cases of LULCC within a catchment. Following the main LULCC pathways in this region over the last
decades [35], we designed an experiment where areas of NF, GRA and SHR within a catchment are
incrementally replaced by FP. We defined FP increments varying from 1000 to 4000 ha. If a FP increment
is greater than the total area of the replaced land cover class, the experiment stops in that catchment.
The range of FP increments is adopted based on the initial areas of NF, GRA, and SHR within the
catchments. The choice of the units of the FP increments (absolute areas instead of percentages of
catchment area) is arbitrary, but do not affect the results as long as their interpretation is coherent with
the definition.
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To explore potential differences of LULCC impacts due to climatic conditions, the catchments
were classified based on their aridity index (provided in [31]). The aridity index (mean annual potential
evapotranspiration normalized by mean annual precipitation) represents the relation between energy
availability and water availability. We selected two groups of catchments: group A, with 13 drier
catchments with aridity indices ranging from 0.7 to 1.5; and group B, with 12 more humid catchments
with aridity indices between 0.45 and 0.6.

Based on the changes in annual runoff due to FP increments (varying from 1000 to 4000 ha),
we calculate the rate of mean change in annual runoff for a hectare of replaced land cover. This is done
for each land cover replaced and each catchment group (A and B) and for all catchments.

3.3. NDC Afforestation Experiment

A second experiment was designed upon the results from the first experiment. Based on the rates
of change in annual runoff per hectare of FP increment, we quantified the impacts on water supply
resulted from an afforestation effort equivalent to that pledged in the Chilean NDC (100,000 ha of
planted trees, [30]). This experiment also includes the plantation of NF at the expense of other land
cover classes (for all tested combinations explained below, there is a percentage of the afforestation
area planted with NF). To compute the rates of change in annual runoff per hectare of NF increment,
we implemented a similar LULCC experiment as defined in Section 3.2, but under a scenario of
NF increments.

At present, the Chilean NDC declares that the afforestation will be mainly with native species,
but its actual proportion has not been defined. Based on this, for this exercise we tested different
combinations of FP and NF (FP to NF ratios increasing from 0 to 1, with a step of 0.1) to fulfill a total
area of 100,000 ha. For all cases, GRA and SHR areas are evenly replaced by the FP and NF portions of
the total tree-covered area. For example, a FP to NF ratio of 0.4 corresponds to a mitigation strategy
implemented by the plantation of 40,000 ha of FP (replacing 20,000 ha of GRA and 20,000 ha of SHR)
and 60,000 ha of NF (replacing 30,000 ha of GRA and 30,000 ha of SHR).

4. Results

4.1. Modelling Annual Runoff

The annual runoff co-variability with the catchment precipitation, topographic and land cover
characteristics is presented in Figure 4. To simplify visualization, annual runoff and precipitation
are represented by their mean annual values. A heatmap with similar patterns was obtained when
using Spearman correlation coefficients, thus we assume that a linear model is suitable for explaining
monotonic relationships between annual runoff and catchment attributes.

Figure 4 indicates that mean annual runoff has a positive, statistically significant correlation with
mean annual precipitation, mean elevation, mean slope, and the impervious and native forest fractions
within the catchment. A statistically significant positive relation of precipitation with both elevation
and slope is also obtained, in line with the expected orographic effect exerted by the Andes and Coastal
ranges. There is also high correlation between precipitation and the catchment land cover, such as
NF, FP and IMP, which alerts for potentially misleading relations. The high collinearity between the
variables assessed poses a challenge for isolating causal relationships between these land cover classes
and the catchment annual runoff.

For example, higher annual runoff is observed in catchments with larger fractions of NF, but we
need to disentangle how much of the increased runoff is explained by having more NF and how much
is explained by the fact that NF is usually located in higher parts of the catchment, with steeper slopes,
and thus higher precipitation (and vice versa for FP). This confounding effect is illustrated in Figure 5,
where we see that annual runoff is highly correlated with annual precipitation, while higher (lower)
values of both variables are also associated with higher NF (higher FP).
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Figure 4. Correlation matrix of the pair-wise Pearson correlation coefficients between catchment
attributes (Qa: mean annual runoff; P: mean annual precipitation; ELV: mean basin elevation; SLP: mean
basin slope). The blank cells in the heatmap correspond to non-statistically significant correlations at
95% confidence interval.

Another aspect to highlight in Figure 5 is that several points lie above the 1:1, implying that
there is more water leaving the basin than that entering as precipitation (i.e., the water balance is not
closed). This problem has already been reported and has been explained by a consistent precipitation
underestimation over mountain regions by different precipitation products (including the CR2MET
product used here) [31].

Figure 5. Scatter plots between annual runoff and annual precipitation. The plots are colored by the
fraction of the catchment covered by NF (panel a) and FP (panel b).

To further explore the relation between precipitation and topographic characteristics (all features
that modulate runoff generation mechanisms), Figure 6 shows the scatter plot between mean annual
precipitation (P), mean slope (SLP) and mean elevation (ELV), for FP (panel a) and NF (panel b).
These plots confirm the high correlation between P, SLP, and ELV within a same land cover type. In fact,
if we fit linear regressions to explain P as a function of SLP and ELV (for FP and NF covers), we get that
these topographic predictors explain 80% and 92% of the variance in P, for FP and NF, respectively.
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Figure 6. Correlation between mean slope (SLP), mean elevation (ELV) and mean annual precipitation
(P), for FP (panel a) and NF (panel b). All variables are multiplied by the corresponding land cover
fraction within the basin.

The collinearity between precipitation (representing also topographic characteristics) and land
cover classes is addressed by accounting for their spatial distribution within the catchments when
computing the model predictors in Equation (3). The procedure is shown in the example in Figure 7.
With this, we avoid compensation artifacts (given the correlation between precipitation and land cover)
of the fitted regression coefficients in Equation (3). Further, this water balance representation—as
formulated in Equation (3)—also accounts for topographic characteristics, and their difference within
land covers.
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b) Annual precipitation (mm)
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e) Forest plantation mask f) Masked precipitation (mm)

Figure 7. Example of data processing for catchment 8362001 (741 km2). Panels (a) and (b) show the
catchment land cover and annual precipitation (year 2013), respectively. The bottom panels correspond
to the land cover and precipitation masks for NF (c, d) and FP (e, f).
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The fitted model from Equation (3) is presented in Figure 8. The model explains 84% of the
variance in annual runoff, with a MAPE of 29%. The statistic W from the Shapiro–Wilk test equals 0.97
(p-value = 0.0002), therefore, the null hypothesis for the normality of residuals is not rejected.

Figure 8. Modelling results. Panel (a) presents the scatter plot between the predicted and observed
annual runoff (the R2 and MAPE are indicated). Panel (b) shows the calibrated regression coefficients
for each predictor.

4.2. LULCC Experiment Results

The predicted changes in annual runoff under scenarios where NF, GRA and SHR covers are
replaced by patches of FP (varying from 1000 to 4000 ha) are presented in Figure 9. The boxplots in
Figure 9 reveal a consistent decrease in annual runoff due to the expansion of FP at the expense of
other land cover classes. The magnitude of the change depends on several factors, including the initial
land cover partition, the spatial distribution of the replaced land cover class and its corresponding
annual precipitation, the catchment area, and the type of catchment (A or B).

To visualize the dependency to one of these factors, the points plotted on top of the boxplots
are colored according to the corresponding catchment area. From this information, we can see
larger predicted changes in water supply for smaller catchments; an expected result given the higher
proportion of the catchment being replaced in the LULCC experiment.

This scattered visualization of the data also permits identification of those catchments where the
LULCC experiment stops at a certain level of increased FP area (e.g., panel a indicates up to 2000 ha of
NF can be replaced by FP in the smallest catchment). Although the dispersion is large, higher decreases
in mean annual water yields are observed in drier catchments, for all replaced classes. The rate of
annual runoff change (slope of median values from the boxplot in Figure 9), expressed as units of
percentage change per 10,000 ha of increased FP, are summarized in Table 1.
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Figure 9. Predicted changes (relative to the annual runoff prediction without land-use-induced land
cover change (LULCC)) in annual runoff under scenarios where NF (panels a, b), GRA (panels c, d) and
SHR (panels e, f) covers are replaced by patches of FP, for group A and group B catchments, respectively.
The map shows the catchments classified as group A (drier) and group B (humid). The color bar
represents the catchment area. Areas above 100,000 ha (only two humid basins) are colored in red.

Table 1. Predicted water supply change due to the expansion of FP, expressed as percentage of annual
runoff change per 10,000 ha of increased FP.

Replaced Land Cover Class Group A: Drier Catchments Group B: Humid Catchments All Catchments

NF −6.9 −4.4 −5.6
GRA −7.2 −4.2 −5.8
SHR −3.8 −2.2 −3.0

As a requirement for Section 4.3, a similar LULCC exercise was implemented for the case where
FP, GRA and SHR covers were replaced by NF (not shown here). The summary of changes in annual
runoff for this case is presented in Table 2.
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Table 2. Predicted water supply change due to the expansion of NF, expressed as percentage of annual
runoff change per 10,000 ha of increased NF.

Replaced Land Cover Class Group A: Drier Catchments Group B: Humid Catchments All Catchments

FP 5.6 3.2 4.5
GRA −0.8 −0.4 −0.6
SHR 2.7 1.6 2.2

4.3. NDC Afforestation Results

The changes in annual runoff due to the replacement of GRA and SHR by FP (Table 1) and by NF
(Table 2) are used to evaluate the expected changes in water supply due to the different combinations
of NF and FP adopted for fulfilling the 100,000 ha afforestation area pledged in the Chilean NDC.
The results, presented in Figure 10, indicate that water supply is highly sensitive to the relative area of
FP to NF adopted to fulfill the mitigation strategy. For example, FP to NF ratios of 10%, 50% and 90%
would lead to 3%, −18% and −40% changes in the mean annual runoff, respectively.

Figure 10. Variation in water supply under different tree cover combinations adopted to fulfill the
Chilean NDC afforestation commitment (grey area represents the 25th to 75th percentiles). The dotted
lines are hypothetical lines to visualize potential revenues from the forest industry (red line) and
potential carbon sequestration by year 2050 from the different types of trees (blue line). Forestry revenues
and carbon stock by 2050 are relative values respect to an attainable maximum. The interception
between both curves at a given FP to NF ratio is arbitrary.

5. Discussion

5.1. Overall Approach

The results of this study rely on the outputs from a linear regression model. Such a model
(as any statistical model) gauges correlations between predictors and the response variable that, in
many cases, do not account for causality. Future work should explore the use of models based on
hydrological processes.

The physical basis of the empirical model proposed in this work is rooted on the annual water
balance within a catchment and on the contribution of different land cover fractions to the total
generated runoff. Despite this simplified representation of the water balance, the model provides
a good representation of the annual runoff generated within forested catchments (Section 4.1), and
the water consumption (or runoff generation) derived for the different land cover classes do have a
physical plausible explanation.
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Given the annual precipitation received by each land cover patch within the watershed,
GRA appears as the land cover with the highest runoff generation, followed by NF, SHR and
finally FP (see regression coefficients in Figure 8b). It should be noted that the model is not forced to
intercept zero, therefore the regression coefficients should not be directly interpreted as the classical
annual runoff coefficients (also known as runoff ratios [31]) for each land cover class. The higher runoff
generation indicated for GRA is consistent with its lower evapotranspiration rates compared with
the other classes [15,36]. The higher water consumption in FP compared to NF is also consistent
with higher evapotranspiration rates and lower soil water storage documented for FP compared with
NF [15,20–23]. The interpretation of SHR regression coefficients might be subject to pixel classification
errors (as discussed in Section 5.2).

While the model represents the overall catchment response (based on the total fractions of FP, NF,
GRA and SHR within the catchments), local runoff generation mechanisms may change depending
on the location of these land cover types within the basin, besides the effect of internal precipitation
variation. In fact, water consumption of a same land cover class may change depending on its
topographic position, since topography modulates water availability within the soil (lowlands may
feature higher water availability than sharp sloped areas). On the other hand, land covers located in
lowlands are subject to higher atmospheric demand due to highest air temperature and less humidity
condition, leading to higher potential evapotranspiration and vapor pressure deficits, therefore more
actual evapotranspiration is expected in those areas. That process can more intensively affect soil water
depletion and hence summer flows.

Further, soil characteristics are affected by the land cover, particularly in watersheds where forest
industrial activity is intensive. The extensive clear-cut strategy and the use of machinery for forest
harvesting can cause soil compaction and the reduction of macropores, which reduces soil water
holding capacity [37]. Soil compaction and lower soil water storage associated with FP (compared to
NF) may induce lower infiltration (less water contributing to baseflow), and therefore higher surface
runoff. If storm events were analyzed, this effect should appear in the results. At the annual scale used
here, the higher surface runoff from FP at specific events probably gets compensated by higher losses
by evaporation from the surface, lower baseflow during no recharge periods or the summer season,
and higher water consumption (higher evapotranspiration).

A way to account for these effects could be to formulate model predictors for different elevation
or precipitation bands within the catchments (at the expense of decreasing model parsimony). Further,
future work could also incorporate predictors accounting for soil spatial information for each land
cover class.

Another important limitation of the empirical approach followed in this study is that the
CAMELS-CL dataset does not provide a historical pathway of land cover within the catchments
assessed here (we used a fixed national land cover map of 2014). To the best of our knowledge, such
information is not available from other sources either (it should be noted that we require a land cover
classification scheme coherent with [33], which differentiates NF from FP).

As explained in Section 2, to deal with the missing temporal land cover information, we assumed
that the 2014 land cover provides an adequate representation of the previous 15 years, and thus we
computed water balances for the period 2000–2015. This assumption should be valid for NF pixels,
unless they correspond to stands younger than 15 years. In such cases, the pixel is probably classified as
“mixed forest”, and therefore added to the FP class (details of this land cover aggregation is provided
in [31]). In the case of FP pixels, the assumption relies on having adult FP stands (rotation cuts are
usually performed at 12 to 22 years). For young FP trees, there is a chance that these were classified as
SHR (see discussion in Section 5.2). This point relates to another issue with the land cover data: the
land cover map does not provide the age of forests. These limitations restrict our understanding of the
relationship between land cover (particularly, NF and FP) and streamflow generation processes. In fact,
there is evidence on the different water consumption among stands of different ages [38], and therefore,
we could expect that streamflow generation mechanisms change with time in these forested basins.
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5.2. Impacts of the Expansion of Forest Plantation on Water Supply

The LULCC experiment indicates that for all catchment types, the expansion of FP has a higher
impact when NF and GRA are replaced. This can be explained by the higher water consumption
of FP compared to NF and GRA. The difference between FP and GRA is expected given the lower
evapotranspiration rates associated to GRA [15]. The higher losses in FP compared to NF suggested by
these results would support previous place-based findings reporting higher evapotranspiration rates
and lower soil water storage capacity in FP [36].

When SHR is replaced by FP, the change in water supply is not as strong as when NF or GRA are
replaced. Despite higher evapotranspiration rates documented for FP as compared to SHR [15,36],
Figures 9g and 8h suggest small differences in water consumptions from these two classes. We argue
that this effect can be in part attributed to the potential presence of FP within SHR pixels. This mix
may occur since young (less than five years) FP trees observed in Landsat images may be classified as
SHR pixels. Furthermore, those SHR pixels might have been adult FP harvested in the previous five
years. This limitation does not allow to clearly disentangle the effects of FP and SHR. To overcome this,
we could use a time series of land cover within the catchment.

Figure 9 indicates that there is a strong dependency of LULCC results on the size of the catchment.
For a given area of replaced land cover, the decrease in water supply is higher for smaller catchments.
This is consistent with the higher percentage of the area that such an FP increment represents.
Additionally, there is more dispersion of points within a same catchment (different basins can be
distinguished by the color bar) for smaller catchment areas. The dispersion within a same catchment is
due to the different annual precipitation each point represents. To visualize this effect, the color bar
used in Figure 9 can be computed based on the annual precipitation, instead of on the catchment area.
These results (not shown here) indicate that drier years induce larger decreases in water supply.

In summary, the changes in annual runoff depend on several factors, in particular, the size of
the catchment, the type of catchment (drier or humid), and the annual precipitation. This should
be considered when interpreting the results presented here, as well as the results from any LULCC
experiment. Indeed, the complex interdependency between runoff, land cover and precipitation, makes
the results from different studies difficult to compare.

5.3. Impacts of NDC Mitigation Strategy on Water Supply

Regarding the NDC experiment, we should stress that it provides hypothetical scenarios, where the
estimated changes in water supply are subject to limitations inherent to the study framework.
Model predictions have uncertainties coming from the simplified representation of the water balance,
the estimated parameters, and errors in the observed data. In addition, the model is fitted by using
information from 25 catchments, which are not representative of the complete southern region of
the country (Section 2 summarizes the catchment selection criteria), and do not necessarily coincide
with the characteristics of the landscape to be used in the real NDC afforestation plan. Furthermore,
the rates of annual runoff change for increments of FP and NF were computed as the mean change for
all catchments (Tables 1 and 2), which is a practical generalization, although it does not account for the
higher sensitivity reported for small catchments.

Acknowledging these limitations, the scheme in Figure 10 provides valuable information that
might be used for incorporating a water perspective in the decision of what proportion of typical
exotic species (pines and eucalypts) versus native forests to use in order to meet the NDC pledged area.
At present, this national commitment declares that the afforestation will be mainly with native species,
but its actual proportion has not been defined.

In addition, other data could be added to the scheme as a way of incorporating other aspects
into the discussion. These aspects may include water demand, national economic growth, promoting
development in poor areas, biodiversity conservation, as well as the amount of stocked carbon.
To visualize a couple of these aspects, we added hypothetical lines in Figure 10, one related to potential
forest industry revenues based on the planted area (and subsequent harvesting) of FP, and a second
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one related to the total amount of carbon sequestration at year 2050. The decrease in carbon stock
with higher FP (higher FP to NF ratio) suggested in Figure 10 is based on the fact that the carbon
stored within FP trees will be released back into the atmosphere at harvesting times (given the typical
rotation times, harvesting is likely to occur before 2015), while NF trees continue growing and storing
carbon [4]. These schematic lines are provided only with the purpose of visualizing the potential value
of this exercise when the mitigation strategy is evaluated and discussed from different perspectives.

6. Conclusions

The work presented here corresponds to the first large sample study (25 basins) analyzing the
impacts of vegetation cover on water supply, focusing on large catchments (>200,000 ha) in Chile.
We proposed an empirical model to represent the annual water balance within a catchment based on
the contribution of different land cover fractions to the total generated runoff. We highlighted the main
limitations of the approach and recommended strategies to overcome them. These included the use
of historical and future land use and land cover pathways, and moving towards a model based on
hydrological processes.

The evidence provided here is consistent with previous finding focusing on small experimental
watersheds. We showed that annual runoff consistently decreases with increments of FP (at the expense
of natural vegetation land covers including NF, GRA and SHR). We highlighted that the magnitude of
the change depends on several factors (e.g., initial land cover partition within the basin, the replaced
land cover class and the annual precipitation), but most importantly, that it depends on the catchment
area. In general, water supply in smaller catchments (areas below 50,000 ha) is more sensitive to land
cover changes, and the decrease in annual runoff is further exacerbated during dry years.

In line with current global challenges to dampen global warming, we quantified the impacts on
water supply due to different combinations of NF and FP to fulfill the afforestation area pledged in
the Chilean NDC (100,000 ha). At present, this national commitment declares that the afforestation
will be mainly with native species, but its actual proportion has not been defined. If the FP to NF
ratio is set as 0.5, we predict a 18% average decrease (ranging from 7% to 27% decreases for the 75th
and 25th percentiles, respectively) in mean annual runoff generated at catchments in central-south
Chile. This decrease of water availability would be aggravated if the afforestation is performed within
small catchments. In addition, such decreases in water supply would be exacerbated within dry
periods, such as the megadrought experienced in the region over the last decade [32,39]. According to
climate projections, such dry conditions constitute a probable scenario for the following decades over
the region [40]. Therefore, we argue that water availability—under a changing climate—must be
incorporated in the discussion of the NDC afforestation strategy, along with other aspects such as
carbon stock and economic growth (as proposed in Figure 10).

Overall, the evidence presented here highlight the vulnerability of water supply under LULCC
scenarios, especially within the context of climate change. Our results can be used to incorporate a water
perspective into public policy and decision making that can effectively lead to achieving a sustainable
development. Such development should leverage economic benefits from forests management, the
long-term sustainability of the natural systems, and the fulfillment of climate change mitigation goals.
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Abstract: The objectives of this study were to assess land use changes and their hydrological impacts
in the Nenjiang River Basin (NRB). The Soil and Water Assessment Tool (SWAT) model was employed
to evaluate the impacts of land use changes. The Cellular Automata-Markov model was used to
predict a land use map in 2038. Streamflow under each land use state was simulated by the SWAT
model. The results showed that there was a significant expansion of agriculture area at the expense of
large areas of grassland, wetland, and forest during 1975–2000. The land use changes during the
period of 1975 to 2000 had decreased the water yield (3.5%), surface runoff (1.7%), and baseflow (19%)
while they increased the annual evapotranspiration (2.1%). For impacts of individual land use type,
the forest proved to have reduced streamflow in the flood season (10%–28%) and increased surface
runoff in the drought season (20%–38%). Conversely, grassland, dry land, and paddy land scenarios
resulted in increase of streamflow during summer months by 7%–37% and a decrease of streamflow
in the cold seasons by 11.7%–59.7%. When the entire basin was changed to wetland, streamflow
reduced over the whole year, with the largest reduction during January to March. The 2038 land
use condition is expected to increase the annual water yield, surface runoff and wet season flow,
and reduce evapotranspiration and baseflow. These results could help to improve sustainable land
use management and water utilization in the NRB.

Keywords: land use change; SWAT model; Nenjiang River; hydrology; forest; wetland

1. Introduction

Converting land to other uses is one of the main forms of global change and may potentially
have significant effects on the ecosystem and climate, including local hydrology and water resources.
Therefore, investigating the processes and consequences of land use change is crucial for land managers,
ecologists, and hydrologists [1,2]. Over the past decades, the land use change impacts on hydrology
and water resources have attracted the attention of researchers across the globe [3–5]. Most have
focused on the impacts of land use change on annual mean discharge and extreme hydrological
events [6,7]. For instance, Siriwardena et al. [8] found that the clearing of forest vegetation from 83% to
38% increased the runoff by approximately 40% in Comet Catchment of Australia. Niehoff et al. [9]
conducted research on flood prediction using both the Land Use Change modelling Kit (LUCK) and a
physically based hydrological model (WaSiM-ETH), and the results indicated that land use has an
impact on storm–runoff generation especially for convective storm events. Gwate et al. [10] found
that the expansion of cultivated land (92%) and decrease of wooded land (35%) and grasslands (9.8%)
between 2004 and 2013 increased the streamflow in Quaternary Catchment, South Africa. Profound
land use changes and their effects on the hydrological cycle and water volume in China have also been

Forests 2019, 10, 476; doi:10.3390/f10060476 www.mdpi.com/journal/forests77



Forests 2019, 10, 476

reported in previous studies [11,12]. These changes represent a significant challenge to watershed
water resource management. Although there has been abundant research on the impacts of land use
changes on hydrology, the evidence from various studies may differ due to the variation in catchment
characteristics coupled with land use changes [13–15]. For example, Beighley et al. [16] found that
urbanization increased peak discharges and runoff volume but decreased streamflow variability and
baseflow, whereas David et al. [17] and Kim et al. [18] indicated that an increase in the impervious area
led to contrasting effects on baseflow and streamflow. Shi et al. [19] found that an increase in grassland
had a positive relationship with surface runoff in the upstream region of the Luanhe River Basin, but a
negative relationship in the downstream region.

The Nenjiang River Basin (NRB) lies in northeastern China. There are numbers of land use types
in the area, but, in particular, the NRB is a major agricultural area and one of the most important
wetland regions in China. Over the past few years, the NRB has experienced dramatic changes in land
use patterns due to global warming and intensive human activities (e.g. agriculture, urban expansion,
and water engineering construction) [20]. For example, Tang et al. [21] analyzed the land use maps and
images of the basin and concluded that the most significant land use change in the basin appeared to
be the spread of farmland, the destruction of forests, and the loss of grassland. Forests experienced the
largest decrease among all landscape types, ascending from 45,003.07 km2 in 1954 to 36,972.56 km2 in
2010, and the gaining area of farmland as 11452.68 km2 mainly transformed from forest and grassland.
Yuan et al. [22] showed that the natural wetland in the Songhua River Basin, where the NRB is located,
had declined from 6.35 × 104 km2 to 5.94 × 104 km2 between 1995 and 2008, whereas the area of
artificial wetland increased from 2.96 × 104 km2 to 3.77 × 104 km2 during the period. These studies
addressed land use change characteristics based on certain land use types or in a small part of the
basin. However, no study has investigated the transformations between different land use types in a
holistic way to identify changes across the basin.

Streamflows are critical to agricultural and ecological water demands in the NRB, and notable
variations have been revealed in streamflow across the basin [23,24]. Several studies have investigated
the spatiotemporal variability of streamflow and its driving factors in the NRB. Most of them focused
on the hydrological response to climate change rather than land use change. Therefore, this study
addressed this knowledge gap by using land use data that covered different periods of time and used a
hydrological model to predict how these changes may affect the hydrology of the NRB. The objectives
of this study were to (1) identify the changing characteristics of land use in the NRB and (2) assess how
hydrological components respond to land use changes in the basin.

2. Materials and Methods

2.1. Study Area

The source of the Nenjiang River is in the Great Khingan Mountains. It forms one of the largest
tributaries of the Songhua River in northeast China (Figure 1) and has a drainage area of 297,000 km2.
The annual precipitation and annual mean temperature during 1960–2009 of the NRB is 455 mm and
3.2 ◦C, respectively, and the annual streamflow in the basin is 2.28 billion cubic meters. The NRB
topography in the upstream rivers is significantly different from that found in the lower basin areas.
The upstream region is mostly covered by dense forest, but this transitions from mountains to plains
in the midstream region. The area in the lower basin is mainly occupied by grassland, cropland,
and wetland due to the flat terrain and fertile soil. The NRB contains numerous wetlands and
is regarded as one of the most important wetland regions in China. There are many important
wetland nature reserves (e.g., Zhalong, Xianghai, and Momoge), which sustain diverse ecosystems.
In recent decades, the NRB has experienced extensive land use changes due to the growing population,
deteriorating weather conditions, and government land use policies. All these factors may have
significant impacts on hydrology.
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Figure 1. Location of the Nenjiang River Basin.

2.2. Data Collection

Daily precipitation, mean, maximum and minimum temperature, wind speed, sunshine hours,
and relative humidity data were collected from 17 meteorological stations across the NRB (Figure 1).
All meteorological data were obtained from the China Meteorological Administration (CMA).
The dataset covered the period 1960–2009. Monthly discharge data during the same period were also
gathered from five hydrological gauging stations (Figure 1), which were located in the mainstream
part of the basin. The data were provided by the Hydrology Bureaus (HBs) of Inner Mongolia,
and Heilongjiang and Jilin Provinces. The quality of the meteorological and hydrological data was
highly controlled by the CMA and HBs before they were released.

In addition, the Soil and Water Assessment Tool (SWAT) model requires geographical data. In this
study, the 1:1,000,000 Digital Elevation Model (DEM) data and soil data for the NRB (Figure 2) were
selected and converted into 1 km × 1 km raster datasets to develop the SWAT model. The soil data
were obtained from the Soil Database, which is supported by the Institute of Soil Science, Chinese
Academy of Sciences (CAS). The 1 km × 1 km soil map was created from digital soil maps that were
based on different soil particulate sizes. Land use data for 1975, 2000, and 2010 were provided by the
CAS with a spatial resolution of 1 km × 1 km.
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Figure 2. Multiple Input data for SWAT (Soil and Water Assessment Tool) model development in
this study.

2.3. Land Use/Land Cover Prediction

In this study, Cellular Automata-Markov (CA-Markov) model was used to predict the 2038 LULC
(Land use/land cover) condition. CA-Markov is a robust model that combines the advantages of the
Markov chain and Cellular automata.

The Markov model describes the land use change from one period to another, based upon which it
predicts the future trends in the LULC change. The following formula can be used to predict the LULC:

St+i = PijSt (1)

where St and St+1 are the states of the land use structure at t and t + i, respectively, and Pij is the state
transition matrix.

Cellular automata represent a type of grid-dynamic model with strong space-computing power.
The CA-Markov model can be expressed as follows:

St+i = f (St,N) (2)

where S is a finite, discrete states set of cells; N is the cellular neighborhood; t and t + i are different
moments; and f is the cell transformation rule of the local space.

Therefore, the model can simulate the spatiotemporal LULC evolution of complex systems and
has been widely applied in many countries [25–28].

The detailed parameters and steps of the LULC prediction, using the CA-Markov model, are as
follows: (1) Data format conversion and reclassification are performed to obtain fixed land use types.
(2) The state transition probability matrix and the transfer area matrix are obtained through the Markov
module. (3) A transition suitability image set is established. (4) The CA filter and the number of
cycles is determined. (5) Assessment of the accuracies of the prediction images are according to the
actual images.

We employed the 2010 classified map as a basis LULC image and the 2000 and 2010 maps
for assembly transition probability matrix to predict the 2038 LUCC condition. The Kappa
coefficients (higher than 0.75) indicated that the model performed pretty good in simulating the
2038 LUCC condition.
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2.4. Model Description

SWAT was used to create a streamflow simulation for the NRB. It is a physically based hydrological
model [28] that has been widely used and has been proven to be effective in investigating the impacts
of climate and land use on water quantity and quality [29–32]. The SWAT was developed using various
input data, such as topography, land use, soil properties, and weather data for the basin. The DEM
was used to delineate the watershed, and then the area was divided into multiple sub-basins and
hydrological response units (HRUs). The HRU was based on the unique combinations of land features,
soil type, and slope classification within a sub-basin. Therefore, the SWAT is physically distributed
and can effectively predict runoff changes under different land use conditions. Previous empirical
analysis [7,11] was able to predict the comprehensive effects of land use change on runoff, but it was
hard to clarify the specific impact of each individual land use type. Therefore, we have used the SWAT
to address this challenge by setting up appropriate land use scenarios.

In this study, a 10% threshold for land use, soil type, and the slope was set, and the NRB was
divided into 94 sub-basins and 884 HRUs. The Penman-Monteith method was used to estimate the
evapotranspiration, and soil conservation service curve number (SCS-CN) and the Muskingum method
were used to simulate the runoff generating and routing processes, respectively, in the SWAT model.

The runoff simulation in the NRB was divided into two periods. The calibration period was fixed
as 1980–1994, and the validation period was 1995–2009. The Latin Hypercube One-Factor-at-a-Time
(LH-OAT) technique was used to identify significantly sensitive parameters. The sensitivity analysis
recognized 11 significant parameters that affected runoff. These were CN2 (Initial SCS runoff curve
number for moisture condition II), ESCO (Soil evaporation compensation factor), CH_K2 (Effective
hydraulic conductivity in main channel alluvium), SURLAG (Surface runoff lag coefficient), GW_DELAY
(Delay time for aquifer recharge), ALPHA_BF (Baseflow alpha factor), GWQMN (Threshold depth of
water in the shallow aquifer required for return flow to occur), GW_REVAP (Groundwater “revap”
coefficient), REVAPMN (Threshold depth of water in the shallow aquifer for evaporation), SOL_AWC
(Available water capacity of the soil layer), and SOL_K (Saturated hydraulic conductivity). Descriptions
of these parameters can be found in our previous publication [33]. The sensitive parameters were then
calibrated using the monthly discharge data for 1980–1994 from five hydrological gauging stations.
We used monthly data because there was a lack of daily streamflow data. The calibration was carried
out using the SUFI-2 optimization technique. Then the model was validated using the observed data
for 1995–2009. The Nash-Suttcliffe coefficient of efficiency (Ens) [34], the relative error (Er) [35], and the
coefficient of determination (R2), were used to evaluate whether the SWAT could simulate runoff in the
NRB. For detailed information please refer to [33].

Annual change rates and the transition matrix for land use types were used to identify land
use change over different periods in the NRB. In order to clarify the specific impacts of land use
changes on hydrology, nine land use scenarios were assumed, and hydrological variables, such as
evapotranspiration, surface runoff, baseflow, and total water yield, were simulated for each land use
scenario. Furthermore, a flow duration curve (FDC) was also used to investigate the land use change
impacts on streamflow regime.

3. Results and Discussion

3.1. Model Performance

Simulation outputs for the calibration period (January 1980 to December 1994) and the validation
period (January 1995 to December 2009) are shown in Figure 3. The simulated and observed discharge
data matched well. All Ens and R2 values were above 0.5, and most Er values were in the ± 10%
range (Table 1), which suggested satisfactory model performance [35]. However, there were certain
differences between the simulated and observed streamflow. This could be attributed to the fact
that many uncertainties may be involved in the calculation of recession by the model, such as
the simplification of the complex channel network and the altered outlets, as indicated by the
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underestimation of outflows. The limited amount of observed hydrometeorological data and limited
resolution (i.e., 1 km × 1 km) of regional physical geographic input (such as DEM, land use, and soil)
also decreased the accuracy of the simulation. Generally, the good match between simulation and
observation, the high Ens and R2 values, and the low absolute values for Er indicated that streamflow
can be described by the calibrated model.

 
Figure 3. Observed and simulated monthly streamflow hydrographs (Dalai station) for the calibration
period (a) and the validation period (b).

Table 1. Model evaluations for the calibration and validation periods.

Hydrological
Gauging Stations

Drainage Area
(km2)

Calibration (1980–1994) Validation (1995–2009)

Ens R2 Er Ens R2 Er

Shihuiyao 17,205 0.55 0.58 −0.73 0.53 0.56 9.43
Liujiatun 19,665 0.67 0.72 −7.60 0.73 0.74 −8.03

Tongmeng 108,029 0.73 0.77 −3.60 0.77 0.77 0.39
Jiangqiao 162,569 0.78 0.83 −1.50 0.75 0.76 8.73

Dalai 221,715 0.70 0.75 −1.88 0.68 0.72 17.81
1 Ens is the Nash-Suttcliffe coefficient of efficiency, R2 is the coefficient of determination, and Er is the relative error.

3.2. Land Use Changes in the NRB

Land use in the NRB was categorized into eight types: forest, dry land, paddy land, urban,
grassland, water, bare land, and wetland (Figure 4). Table 2 shows the total area occupied by each
land use type across the NRB in 1975, 2000 and 2010. Forest, dry land, grassland, and wetland are
the four dominant land use types, each of which accounts for more than 10% of the landscape in
1975. In general, it was found that there is an increasing human influence in the NRB through the
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development of cropland and urban area, but a decrease in forest, grassland and wetland area since
the 1970s. The land use change was more obvious during 1975–2000. Both paddy land and dry land
area showed a rapid expansion from 1975 to 2000 with an annual increasing rate of 137 km2/a and
656 km2/a, respectively. The total cropland area in the NRB increased by 23.5% during this period.
According to the analysis of land use transition (Table 3), new paddy land predominantly gained from
dry land (2078 km2) and wetland (1090 km2), but paddy land was rarely converted to other types.
Similarly, 16 400 km2 of grassland, forest, and wetland in total was converted to dry land. However,
less than 5% dry land was converted to other land uses. In contrast, although other types of land
use were converted to grassland and forest, there were significant losses in forest and grassland areas
(428 km2 and 384 km2 per year) due to their conversion to other land cover types (i.e., paddy land
and dry land). For example, grassland gained nearly 5500 km2 from forest, wetland and dry land,
but there was still a 20% reduction in total (Tables 3 and 4). Wetland area lost about 14.5%, but received
some new area from forest and grassland, which resulted in a final reduction of 9% in total (Table 4).
Both urban and bare land accounted for small portions of the total area, but they increased by 20–30%
because of their high preservation rates and conversions from dry land and grassland. The urban area
in the NRB increased from 1130 km2 in 1975 to 1840 km2 in 2000 during this period. Figure 4 shows the
spatial distribution of land use change in the NRB. From the figure we can find that large area of forest
in the upstream and grassland and wetland in the downstream was transformed into dry land during
the period of 1975–2000. It also indicated that development of the agricultural area in the catchment
was at the expense of forest area, grassland area, and wetland area, resulting in a major loss in natural
green area. Similar trends continued in the following years, but the annual rates of changes in all the
land use types decreased a lot.

 

Figure 4. Land use in 1975 (a), 2000 (b) and 2010 (c) in the Nenjiang River Basin.
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Table 2. Land use changes during the periods 1975–2000, and 2000–2010 across the Nenjiang River
Basin, northeast China.

1975 2000 2010 1975–2000 2000–2010

Area
(103 km2)

Area
Changes
(103 km2)

Annual
Rate of

Change 1

(km2/a)

Area
Changes
(103 km2)

Annual
Rate of

Change 1

(km2/a)

Paddy
land 1.88 5.31 5.80 3.43 137.20 0.49 49.00

Dry land 82.50 98.90 100.10 16.40 656.00 1.20 120.00
Forest 113.00 102.3 102.50 −10.70 −428.00 0.20 20.00

Grassland 49.10 39.50 38.70 −9.60 −384.00 −0.80 −80.00
Water 5.92 6.39 5.60 0.47 18.80 −0.79 −79.00
Urban 1.13 1.84 2.00 0.71 28.40 0.16 16.00

Bare land 9.46 11.60 11.70 2.14 85.60 0.10 10.00
Wetland 30.50 27.80 27.70 −2.70 −108.00 −0.10 −10.00

1 Annual Rate of Change (km2/a) = Area changes divided by the number of years in the period.

Table 3. Matrix of land use change in the Nenjiang River Basin from 1975 to 2000.

2000
1975 (103 km2)

Paddy Land Dry Land Forest Grassland Water Urban Bare Land Wetland Total

Paddy land 1.821 2.078 0.037 0.275 0.003 0.004 0.003 1.090 5.311
Dry land 0.052 78.480 8.029 10.350 0.057 0.01 0.047 1.888 98.920
Forest 0.000 0.350 100.300 1.453 0.000 0.001 0.002 0.224 102.300
Grassland 0.002 0.704 4.091 33.700 0.02 0.002 0.397 0.587 39.510
Water 0.002 0.034 0.009 0.101 5.758 0.000 0.045 0.443 6.392
Urban 0.004 0.500 0.034 0.160 0.003 1.111 0.009 0.022 1.843
Bare land 0.001 0.177 0.058 2.304 0.051 0.002 8.824 0.156 11.570
Wetland 0.000 0.143 0.626 0.748 0.034 0.000 0.133 26.070 27.760

Total 1.882 82.470 113.100 49.100 5.926 1.130 9.460 30.480 293.600

Table 4. Matrix of relative land use change in the Nenjiang River Basin from 1975 to 2000.

2000
1975

Paddy Land Dry Land Forest Grassland Water Urban Bare Land Wetland

Paddy land 96.76 2.52 0.03 0.56 0.05 0.35 0.03 3.58
Dry land 2.76 95.17 7.10 21.09 0.96 0.88 0.50 6.19
Forest 0.00 0.42 88.61 2.96 0.00 0.09 0.02 0.73
Grassland 0.11 0.85 3.62 68.65 0.34 0.18 4.20 1.93
Water 0.11 0.04 0.01 0.21 97.17 0.00 0.48 1.45
Urban 0.21 0.61 0.03 0.33 0.05 98.32 0.10 0.07
Bare land 0.05 0.21 0.05 4.69 0.86 0.18 93.28 0.51
Wetland 0.00 0.17 0.55 1.52 0.57 0.00 1.41 85.53

The result of this study was consistent with some previous studies, and the changes of land use
in the NRB may be largely due to local socioeconomic development and population growth [36,37].
According to [38], population and gross domestic product (GDP) have dramatically increased over the
past few years. To meet the higher requirements for food from both the local basin and other areas in
China, the Chinese government is promoting northeastern China, where NRB is located, as the major
crop production base for China in the near future. Therefore, the cropland, especially paddy land,
has greatly increased with the implementation of this policy. In addition, the results for the transition
matrix demonstrated that cropland had a high persistence at around 95–97% and gained area mainly
from grassland, forest, and wetland, which resulted in a reduction of 7%, 21.6%, and 9.8%, respectively,
in these areas between 1975 and 2000. This highly agrees with the results of Tang et al. [21], indicating
that there had been a large transition from forest to farmland between 1976 and 2000.
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Wetland is a unique ecosystem and plays important roles in both hydrology and ecology [39].
In this study, we found wetland area in the NRB has decreased between 1975 and 2000. This is in
agreement with Wang et al. [38], who reported that there had been marsh shrinkage in the Songnen
plain (lower part of the NRB), which possesses most of the wetlands in the basin. But we also found
that lost wetland was mostly transformed into cropland (1090 km2 to paddy land and 1880 km2 to
dry land). As investigated, hydropower projects were built in the basin from the 1970s to the 1990s.
This might change the natural hydrological processes and water supplies to the wetlands and accelerate
the degradation and fragmentation of the wetland [40]. In addition, the NRB experienced significant
climate warming over the past 50 years [24,41]. The warmer climate resulted in less water supply
to wetland and grassland areas, which will contribute to wetland and grassland loss, and land use
conversion from wetland to grassland or bare land [41].

3.3. Hydrological Impacts of Land Use Change in the NRB

3.3.1. Combined Hydrological Impacts of Land Use Change under the Historical Landuse Scenarios

To identify the hydrological impacts of land use changes in the NRB, the classified (1975 and 2000)
maps were used independently in the calibrated SWAT model while all other model inputs were kept
similar. The evaluation included surface runoff, baseflow, evapotranspiration, and total water yields in
the basin between 2000 and 2009.

The impacts of land use changes on the annual average surface runoff, lateral flow, groundwater
flow, water yield, and ET are provided in Table 5. Correspondingly, the increase of croplands, urban
and water areas, and the reduction of forest, grassland and wetland have resulted in the average
evapotranspiration increase from 354.4 mm for land use in 1975 to 361.8 mm for land use 2000, increased
by 2.1%. On the contrary, average annual value of water yield and surface runoff decreased by 3.5%
and 1.7%, respectively. The annual basin baseflow had a larger decrease of 19.0% from 22.5 mm for
land use in 1975 to 18.9 mm for land use in 2000.

Table 5. Changes to the annual average values of hydrological variables under the historical land use
scenarios in the Nenjiang River Basin.

Evapotranspiration (mm) Surface Runoff (mm) Baseflow (mm) Water Yield (mm)

Landuse in 1975 354.4 85.4 22.5 104.0
Landuse in 2000 361.8 84.0 18.9 100.5

The intra-annual runoff distributions were similar to each other for land use conditions of 1975
and 2000. Although the effects of land use changes on streamflow can also been observed in the
monthly average values (Figure 5). Generally, monthly streamflow decreased in almost every month
for land use in 2000 compared to that under land use in 1975. However, the reduction is greater in
dry season (i.e., November to March) streamflow (3.5–13.4%) than in wet season (i.e., July to October)
streamflow (0.2–8.5%).

Many studies have reported that land use change can significantly affect discharge by modifying
the pattern, magnitude, frequency, and quality of water runoff [3,42,43]. In this study, land use in 1975
was found to produce more surface runoff and baseflow but less evapotranspiration than land use in
2000 due to the combined effects of the increase of croplands, urban and water areas, and reduction of
forest, grassland and wetland. By comparison, increment of monthly streamflow was larger in the dry
season than in wet season. This conforms to the conclusion by Bruijnzeel [44], noting that deforestation
and cropland expansion leads to changes in soil hydro-physical conditions in tropical forests, which
subsequently results in reduced low flows due to reduced infiltration and groundwater recharge.
Other studies [45,46] also found similar results with increased dry season flows due to deforestation
and they attributed this increase to a reduction in ET.
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Figure 5. Intra-annual changes in streamflow under historical land use scenarios across the Nenjiang
River Basin.

3.3.2. Individual Hydrological Impacts of Land Use Changes

Although the SWAT model results under historical land use conditions showed the changes in the
hydrological components, the individual impacts of land use changes need to be further determined.
Therefore, five extreme land use conditions were applied in this section (i.e., All Forest, All Grassland,
All Dry land, All Paddy land, and All Wetland) to explore the hydrological impacts of dominant land
use types in the NRB.

Simulation outputs by the SWAT model (Table 6) indicated annual evapotranspiration in the
basin did not change to any great extent under different land use scenarios. Overall, the annual
evapotranspiration values for the extreme condition scenarios were in the order: all wetland condition,
all forest condition, all grassland condition, all dry land condition, and all paddy land condition. When
all of the basin was converted to wetland, it resulted in the largest evapotranspiration probably due to
its large water area. And the all forest land use condition got larger evapotranspiration (368.2 mm)
than the rest of other scenarios; this is because vegetation in cultivated and grassland ecosystems
generally have lower leaf area indices and shallow root depths in comparison to forest landscapes,
which reduced evapotranspiration.

Table 6. Changes of the hydrological variables under the extreme land use scenarios in the Nenjiang
River Basin.

Landuse
Evapotranspiration Surface Runoff Baseflow Water Yield

(mm) (mm) (mm) (mm)

All Forest 368.2 59.2 28.8 84.4
All Grassland 352.9 92.7 11.3 98.3
All Dry land 347.0 106.9 10.5 110.9

All Paddy land 344.4 101.5 7.5 105.1
All Wetland 372.5 71.9 7.5 75.4

The surface runoff was small when the entire basin was converted to wetland (71.9 mm) or forest
(59.2 mm). It was reduced by 29.6% and 14.4%, respectively, compared to the condition of land use
in 2000. On the one hand, this may be due to the large evapotranspiration (372.5 mm and 368.2 mm,
respectively), while on the other hand, the results showed strong water storage capacity of wetland
and forest. In contrast, all the other scenarios produced surface runoff increases, especially when all of
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the basin is covered by dry land, which showed the largest surface runoff increase (27.3%) compared to
the condition of land use in 2000.

The all forest land use condition produced the largest baseflow (28.8 mm) among different
scenarios. This suggested that forests cannot only absorb water through leaves and roots, but also have
greater infiltration of rainfall into the shallow and deep aquifer. The baseflow values were smallest for
both all paddy land and wetland conditions (7.5 mm), which may be related to the large water storage
capacity of long-term saturated paddy land and wetland soils. Annual average values of baseflow for
all grassland condition and all dryland condition were respectively 11.3 mm and 10.5 mm. The results
indicated that converting more forest and grassland area to dry land in the NRB may likely lead to an
increase in surface runoff and a decrease in baseflow.

The intra-annual streamflow characteristics for the extreme scenarios were quite different from
each other (Figure 6). Compared to the condition of land use in 2000, the streamflow increased by
7–37% during summer months (June to September) when the basin was covered by grassland, dry
land, and paddy land, but streamflow in the cold seasons under these scenarios showed a dramatic
reduction. On the contrary, when all the land use was changed into forest, the streamflow in the flood
season decreased considerably, while it was increased to some extent in the dry season when comparing
with the condition of land use in 2000. In particular, the streamflow from July to September decreased
by 10–28%, whereas the streamflow from December to February increased by 20–38%. The results
properly reflected that forests can redistribute the streamflow over a year, and that they can hold water
and reduce streamflow in the flood season. In contrast, they recharge the streamflow in the dry season.
The results also showed that when the land use type for the entire basin was changed to wetland,
streamflow was reduced over the whole year, and the reduction was largest from January to March.
This indicated that although wetlands can adjust the intra-annual distribution of streamflow, they may
also sharply reduce the dry-season streamflow due to their considerable water capacity if the wetland
area is large enough.

 
Figure 6. Intra-annual changes in streamflow under extreme land use scenarios across the Nenjiang
River Basin.
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To further explore the impacts of land use changes on streamflow regime, the simulated monthly
discharge under the different scenarios were ranked and the respective discharge values under different
hydrological conditions were calculated (Table 7). A duration curve was generated based on these
values (Figure 7). The results showed that the all wetland scenario produced the lowest discharge
among all the extreme scenarios under the different hydrological conditions, which corresponded with
the change characteristics for the intra-annual runoff distribution. During the flood period, wetlands
can significantly retain the floods and reduce runoff because of their large water capacity. In the dry
season, when there is little rain, some precipitation or runoffmay still be held by wetlands and generate
runoff. Therefore, all the discharge values under the different hydrological conditions were lowest for
all wetland scenario compared to the other scenarios.

Table 7. Discharge (m3/s) values under the different hydrological conditions in the Nenjiang River Basin.

Flow Duration
Discharge (m3/s)

All Forest All Grassland All Dry land All Paddy land All Wetland

5% 1878 2558 2757 2645 1897
25% 749 773 920 796 664
50% 430 356 418 385 316
75% 257 172 190 151 146
95% 139 85 90 69 58

 
Figure 7. Flow duration curves under the different land use scenarios in the Nenjiang River.

For the other four extreme scenarios, the cultivated land (dry land and paddy land) had the largest
flow in the wet season, followed by grassland, whereas forest had the smallest flow, i.e.„ the capacity of
forest to reduce flood peak and runoff was higher than that of grassland and dry land. The increase in
canopy and litter interception, and evapotranspiration in all forest land use scenario meant that surface
runoffwas small. This suggested that these processes played an important role in flood reduction.

In this study, forest proved to considerably decrease flow in the flood season but led to a small
flow increase in the dry season. This result is consistent with many previous studies. Forest canopies
can intercept water and release it through evaporation, and they have a high rate of water loss through
plant uptake. Furthermore, forests have a strong and healthy root system that can considerably
improve soil conditions and consequently enhance soil infiltration, which makes forests conducive to
storing water that can be used during the dry periods [47,48].

According to our simulation result, cropland produced the largest surface runoffs and the lowest
baseflow among all the scenarios. And there was an increase in the steepness of the FDCs for the
streamflow regime. The different effects of forest and crops on hydrologic regulation found in this

88



Forests 2019, 10, 476

study are similar with some previous studies [49–52], which indicated that forests generally have larger
storage capacity than shallow-root systems plants such as crops.

The NRB is a typical wetland area in China and wetland is generally experiencing shrinkage
and fragmentation [38]. Numerous studies have shown the hydrological functions of wetlands in
regulating floods and baseflow conditions [53–55]. Our results highly conform to previous studies.
Additionally, this study showed a runoff reduction in both the high and low flow periods for all
wetland condition compared to 2000 land use condition. The reduction in runoff is largest from January
to March. This may be due to the difference of soil characteristics of wetland and any of the other
land use types. The soil in the wetland is saturated if the water supply is high enough. Consequently,
a large amount of discharge was used to fulfill the water demand by the wetland and its soils, which
resulted in reduced discharge, especially in the dry season (e.g. January to March, in this study) when
the water supply is low.

3.4. Prediction of Hydrological Process under Future Land Use Condition

Cellular Automata-Markov (CA-Markov) model was applied to predict the 2038 LULC condition
based on 2000 and 2010 land use maps in the NRB (Figure 8). Compared to the land use condition in
2000, the land use in the NRB mainly remained stable, especially for forest and wetland. Grassland,
dry land, and water showed a reduction of 3.7%, 3.0%, and 9.6% in area, respectively. While paddy
land, urban, and bare land areas increased by 10.5%, 15.9%, and 35%.

 
Figure 8. Land use in 2038 in the Nenjiang River Basin.

According to the simulation of SWAT model, the average annual water yield in the NRB during
2000–2009 would increase from 100.5 mm under current land use condition (landuse in 2000) to
104.6 mm under the potential land use condition in 2038 (Table 8). The average value of annual surface
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runoff got a larger increase (4.8%) from 84.0 mm to 88.1 mm under the same meteorological conditions.
On the contrary, baseflow in NRB showed a decrease of 3.2% from 18.9 mm to 18.3 mm. This may be
potentially due to lower soil water interception of the paddy land, urban, and bare land compared to
grassland and dry land. Specifically, urbanization restricts interactions between the stream and land
while leading to increased runoff and subsequent higher peak flows, reductions in baseflows. In bare
lands, where vegetation is absent, surface runoff is always higher and groundwater flow is lower.
Meanwhile, the average annual evapotranspiration decreased from 361.8 mm to 356.1 mm due to the
decrease of grassland, dry land, and water area in 2038 land use condition. The above hydrological
process and reduction in evapotranspiration are probably the main reasons for the increase in surface
runoff and decrease in baseflow in the future.

Table 8. Comparison of hydrological components under current (2000) and potential (2038) land use
scenarios in the Nenjiang River Basin.

Evapotranspiration Surface Runoff Baseflow Water Yield

(mm) (mm) (mm) (mm)

Landuse in 2000 361.8 84.0 18.9 100.5
Landuse in 2038 356.1 88.1 18.3 104.6

The intra-annual streamflow distribution pattern under 2038 land use condition was similar with
that under 2000 land use condition (Figure 9). Compared to the streamflow under land use in 2000,
streamflow in wet season showed an increase under land use condition of 2038. While, streamflow in
dry season under these two land use conditions was close to each other, especially from November
to March.

 
Figure 9. Comparison of intra-annual changes in streamflow under current (2000) and potential (2038)
land use scenarios in the Nenjiang River Basin.

3.5. Limitations of this Study

The findings of this study can be used to improve land use planning and water resources
management in the basin. However, there are still some limitations and uncertainties in the current
study. First, a SWAT model was employed to help assess the hydrological response to land use
change scenarios. Although it was calibrated using the historical discharge data and is regarded
to have a reasonable accuracy level, it does not easily show whether the parameters reflect the real
hydrological conditions. Furthermore, the model output can be substantially affected by the model
inputs and methods selected for simulation, such as stream routing, calibration, and sensitivity analysis.
For example, geographical data is necessary for the model to generate watershed and distributed HRUs.
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In this study, the input geographical data was converted to 1 km × 1 km raster, which is somehow
coarse, in order to reduce the calculating progress. This may probably affect the accuracy of the
model. Another potential limitation is that this study implicitly assumed that the calibrated parameters
remained valid for different land use scenarios, which might not be true. However, investigating these
uncertainties in the hydrological simulation is beyond the scope of our present study. It needs to be
explored in future studies.

Hydrological alteration is usually a result of the effects of various factors, including anthropogenic
interventions such as land use changes as well as climate variability. However, this study only
considered the impacts of land use change on hydrological components in the NRB. Therefore, further
studies should incorporate both land use and climate changes into the scenarios in order to make
reliable assessments of their hydrological impacts.

4. Conclusions

This study analyzed the land use change and its hydrological effects in the NRB. The expansions
of agriculture and urban area and the reduction of forest, grassland, and wetland during the period
of 1975–2000 were observed. The land use changes had decreased the water yield, surface runoff,
and baseflow while increasing the annual evapotranspiration. Individual impacts of each land use type
on the streamflow varied considerably. Forest and wetland showed a stronger regulation of runoff,
whereas runoff appeared to be higher when grassland, dry land, or urban areas expanded. The effects
of land use changes on streamflow are very significant in both the annual and monthly average values.
Forests can reduce the peak flow in the flood season and retain the surface runoff for further utilization
during the drought season. Conversely, an increase in grassland and dry land areas may lead to a
rise in flood season discharge, but a reduction in the drought season. There will be an increase in
paddy land, urban, and bare land areas but a reduction in grassland, dry land, and water areas in 2038.
The 2038 land use condition is expected to increase the annual water yield, surface runoff and wet
season flow, and reduce evapotranspiration and baseflow. Understanding these effects can improve
future land use planning and water resources management in the basin by regulating the proper land
use to maintain the hydrological balance.
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Abstract: Forested catchments generally present conserved aquatic ecosystems without anthropogenic
disturbances; however, forest management operations can degrade these environments, including
their water quality. Despite the potential degradation, few studies have analyzed the effects of forest
management in subtropical regions, especially in forest plantations with intensive management, such
as Eucalyptus plantations in Brazil. The intensive management of those plantations is characterized
by fast-growing, short rotation cycles, and high productivity. This study aimed to assess the effects of
Eucalyptus plantations harvesting on the concentration and exportation of nutrients and suspended
solids in subtropical streams. Results showed that clear-cut harvesting and subsequent forest
management operations do not alter most of the concentration of nitrate, potassium, calcium, and
magnesium. The concentration of suspended solids increased during the first year after timber
harvesting in all studied catchments, however, the increases were statistically significant in only two
catchments. In the first year after harvest, it was observed an increment of water yield/precipitation
ratio at three catchments, which also increased export of nutrients and suspended solids. Our results
showed that harvesting of fast-growing Eucalyptus forest plantations partially affected sediment
exports and did not compromise water quality in the studied catchments. However, the catchment
land-use design, especially related to road density and land-use composition, showed significant
relationship with sediment exportation.

Keywords: timber harvesting; forest operations; nutrient concentrations; load; water quality

1. Introduction

Water quality of a stream is determined by a range of current and historical influences on catchment,
from natural or anthropogenic origin, and is an important indicator of aquatic ecosystem health [1].
Streams draining forested landscapes usually have higher water quality than streams draining other
land uses, such as agricultural fields [2–8]. The high quality of water provided by forested landscapes
is partly attributed to a better soil infiltration and a variety of physical and biogeochemical ecosystem
processes in the soil that filter particles and chemicals from the water [9].

From 1990 to 2015, native forests areas around the world were reduced from 4.28 to 3.99 billion
of hectares [10]. On the other hand, forest plantation areas increased from 167.5 to 277.9 million
of hectares [10]. Forest plantations play an important role in providing roundwood for industrial
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and energy generation in several countries around the world [10,11]. In the last decade, forest
plantations accounted for one-third of the world’s industrial demand for roundwood and projections
indicate that in 2040, half the world’s demand for this type of raw material will be supplied by forest
plantations [11,12].

In Brazil, 5.7 million hectares are occupied by Eucalyptus plantations [13]. Most of these forests are
under intensive management, with short rotation cycles (from 6 to 8 years) and presents one of the
highest productivity in the world (from 25 to 60 m3 ha−1 year −1) [14]. As a consequence of intensive
management, harvesting and other forest management operations can cause shifts in the concentrations
and export rates of nutrients and solids, altering the water quality on streams [1–4,9,15–17].

Although extensive reviews have addressed the effects of forest management on water quality
in different locations, most of these reviews have compiled studies from temperate regions, such as
North America and other temperate regions of the world, or in specific countries such as New Zealand
and Australia [1–4,7,9,15,17–22]. However, studies or reviews analyzing the effects of forest plantation
management on water quality in tropical and subtropical ecosystems are still rare [2,23].

In tropical regions, the impact on water quality is expected to be higher due to intensive forest
management and the use of large amounts of fertilizers [2,23]. In addition, tropical and subtropical
regions have more intensive hydrological and biogeochemical cycles due to higher temperatures
compared to temperate regions, resulting in larger variations in streamflow and nutrient exports [24].
Short rotation management in Brazil usually keeps soil exposed during a period after harvesting and
subsequent operations (e.g., residue management, soil preparation, fertilization, liming etc.) [14] which
increases the chances of nutrients and solids being transported to streams during rainfall events. In
addition, soil infiltration capacity may be impaired by some machine operations involved in harvesting,
resulting in compacted soil areas [25].

The main sources of suspended solids in forestry operations are roads and harvested areas.
Intensive forestry operations depend on the construction and maintenance of roads which allow access
to silvicultural areas. However, unpaved roads are the major source of sediment loads from harvested
catchments due to erosion and runoff [20,22,26,27].

Forest cover removal by harvesting usually reduces evapotranspiration and precipitation
interception, increasing the water reaching the soil at catchments [18,28–30]. Thus, even if there
are no changes in nutrient and suspended solids concentrations, usually the exported values would
increase due to the higher amount of water delivered to streams.

In this study we assessed effects of the intensive management of Eucalyptus plantations on
the concentration and export of nitrate, potassium, calcium, magnesium, and suspended solids in
subtropical catchments, aiming to understand effects of forest harvesting on water resources. Forest
management characteristics are discussed in order to understand how they could attenuate or increase
observed effects.

2. Materials and Methods

2.1. Study Areas

In this study, we select four catchments located in the state of São Paulo, southeastern Brazil
(Figure 1). Catchments are located in private company areas, which were managed for commercial
purposes, following usual short rotation forest operations, inherent to the pulpwood production
process. The catchments were studied for two years, as follows: One year before forest harvesting (BH)
and one year after harvesting (AH).
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Figure 1. Location of the four catchments (C1, C2, C3 and C4) in the state of São Paulo, Southeast Brazil.

According to Köppen’s climatic classification for Brazil [31], catchments C1 and C2 were classified
as “Cwa” (humid subtropical with dry winter and hot summer), catchment C3 as “Cfa” (humid
subtropical of oceanic climate, without dry season and with hot summer) and catchment C4 as “Cfa”
and “Cfb” (humid subtropical of oceanic climate, without dry season and with temperate summer).
The mean annual precipitation for the catchments was 1487 mm (C1), 1453 mm (C2), 1268 mm (C3),
and 1425 mm (C4) [31].

Soil mapping of catchments was provided by forestry companies and classified according to
United States Department of Agriculture (USDA) soil taxonomy as follows: Entisols Quartzipsamments,
predominant in C1 (82%) and C3 (58%), and Inceptisols, predominant in C2 (64%) and C4 (59%)
catchments (Table 1). Entisols Quartzipsamments are recently formed soils, freely drained, and
they have more than 90% of resistant minerals; Inceptisols are young soils that commonly occur
on landscapes where erosional processes are active, exposing unweathered materials [32]. Physical
characteristics and land use proportions before and after harvesting of the catchments can be observed
in Table 1. Immediately after harvesting, the land-use was modified in the catchments C1 and C2 by
increasing conservation areas and reducing plantation areas. Forest harvesting was totally mechanized,
and after that, a new forest was planted at the catchments C1, C2, and C3, while at C4 catchment, the
growth of the shoots was carried out (coppice system).

2.2. Hydrological Data and Water Quality

A V-notch weir was built in the outlet of each catchment to collect discharge data. An automatic
sensor (Table 2) was installed in each gauge station to measure and record the water level and
precipitation (both at 15-minute intervals). The continuous water level records were used to calculate
streamflow data by a specific equation developed for each weir. After that, annual water yield (Q) and
annual precipitation (P) were calculated for BH and AH years.
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Table 1. Main characteristics and distribution of land use on catchments C1, C2, C3 and C4.

Characteristic
Catchments

C1 C2 C3 C4

Total area (ha) 470.1 86.6 533.7 125.7
Average slope (%) 6.8 14.3 9.6 22.5
Forest age (years) 6 7 7 6

Stream flow perennial intermittent perennial perennial
Main soil type (%) Entisols(1) (82%) Inceptisols (64%) Entisols(1) (58%) Inceptisols (59%)

Land use (%) BH(2) AH(3) BH(2) AH(3) BH(2) BH(2)

Forest plantation 91.5 80.6 87.1 58.3 65.8 59.3
Conservation areas 7.6 18.4 12.7 41.5 32.5 39.9

Others uses 0.9 0.9 0.2 0.2 1.8 0.8
Harvested area 91.5 - 87.1 - 65.8 40.0

Road density (m ha−1) 49.6 45.2 81.5 72.3 45.4 64.6

Note. (1) Entisols (Quartzipsamments); (2) BH = before harvesting; (3) AH = after harvesting.

Table 2. Harvesting dates, type of weirs, water level and rain gauge equipment, and number of water
samples collected at catchments.

Catchment
Harvesting

Date
Type of Weir

Electronic Equipment Water Samples

Water Level/Precipitation BH(1) AH(2)

C1 11/2009 90◦ Campbell Scientific (models CS540 and
CR510)/Texas Electronics (model TR525MR3) 45 48

C2 07/2008 50◦ Campbell Scientific (models CS450 and
CR500)/Hydrological Services 15 30

C3 10/2008 35◦ Solinst (model 3001)/Solinst 46 49

C4 06/2009 20◦ Campbell Scientific (models CS450 and
CR510)/Hydrological Services 51 52

Note. (1) BH = before harvesting; (2) AH = after harvesting

In addition, water samples were collected manually at a weekly frequency at the gauge station of
each catchment during the previous year (BH) and the year after (AH) the forest harvest, covering all
months of the year (except for months of intermittence of the catchment C2). The information about
V-notch weir type, equipment, management information and the number of water samples collected
each year are presented in Table 2.

Water samples were collected in 500 mL plastic bottles, after triple washing with water from the
stream, and kept refrigerated until laboratory analysis. The concentrations of nitrate (NO3−), potassium
(K+), calcium (Ca2+), magnesium (Mg2+), and total suspended solids (TSS) were determined. Nitrate
concentrations were determined by the colorimetric method upon the reaction with brucine sulfate
(APHA, 2005). Potassium concentrations were obtained by flame photometer (Flame Photometer
Micronal B220, AJ Micronal, São Paulo, Brazil). Calcium and magnesium concentrations were
determined by atomic absorption spectrophotometer (PerkinElmer Analyst 100, PerkinElmer, Waltham,
MA, USA) and the concentrations of total suspended solids were obtained by differences of pre-weighted
glass microfiber filters (Whatman GF/C, Merck KGaA, Darmstadt, Germany).

2.3. Data Analysis

Annual water availability of the catchments was assessed by the relation between annual water
yield (Q) and annual precipitation (P) (Q:P). At an annual scale, the Q:P ratio is considered a key
parameter to quantify the effects of land use changes on streamflow [8].

Catchments C2 and C4 presented nitrate concentrations below the detection limit (C2 one sample
in AH; C4 seven samples in BH and five samples in AH). In these cases, half of the minimum detection
limit corresponding to nitrate was considered [33]. The non-parametric test of Mann–Whitney was
used to assess statistical differences in nutrient and total suspended solids concentrations between BH
and AH years. The test was used after the verification of non-normal distribution and homoscedasticity
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(Shapiro–Wilk and Levene tests, respectively) of the data. The differences were considered as significant
when p < 0.05.

Nutrients and solids exported annually were calculated by the concentrations of nitrate, potassium,
calcium, magnesium, and suspended solids and daily average discharge values. For this, nutrient
and sediment concentrations of a given water sample were constant until the next water collected
sample. The daily exports were integrated into the time of annual exports (kg year−1) and divided by
the corresponding area of each catchment (kg ha−1 year−1).

In order to assess the relationship between annual exports and characteristics of forest management,
a correlation analysis was used to relate AH exports and, the density of roads (m ha−1), harvested area
(%) and native vegetation (%). The linear correlations were evaluated using the Ordinary Least Square
(OLS) algorithm. Squared Pearson correlation coefficient (r2) was calculated. All statistical analyses
were performed in Past software (version 3.12, Øyvind Hammer, Natural History Museum, University
of Oslo, Oslo, Norway).

3. Results

3.1. Catchment Water Availability

Catchments C1, C2, and C4 showed lower annual precipitation in the AH year compared with BH
year (respectively, −33%, −17% and −9%). However, the Q:P ratio was higher in AH (respectively, 57%,
17%, and 72%) in relation to BH year, which means that a higher amount of precipitation was converted
into streamflow in these catchments (Table 3). Catchment C3 showed higher precipitation at AH year
compared to BH year (Table 3), however, both years presented precipitation below the regional climatic
average of 1268 mm [31], and this fact may have contributed to the reduction of the Q:P ratio (−37%).

Table 3. Annual precipitation (P), water yield (Q) and Q:P ratio one year before (BH) and one year after
(AH) forest harvesting at C1, C2, C3 and C4 catchments.

Catchment
Precipitation (P) (mm) Water Yield (Q) (mm) Q:P

BH AH %(1) BH AH %(1) BH AH %(1)

C1 1700.1 1138.6 −33 130.7 137.0 5 0.08 0.12 57
C2 1702.8 1414.2 −17 253.1 244.9 −3 0.15 0.17 17
C3 983.5 1124.1 14 126.3 90.4 −28 0.13 0.08 −37
C4 1576.5 1428.3 −9 415.1 648.1 56 0.26 0.45 72

Note. (1) Differences, in percentage, between annual values obtained in BH and AH years.

3.2. Nutrient and Suspended Solids Concentrations

The lowest nitrate concentrations were recorded in C4 catchment and the highest concentrations
in C1 catchment (Figure 2). C2 catchment showed the highest concentrations of potassium, calcium,
magnesium, and total suspended solids (Figure 2), probably due to its intermittent flow characteristic.
Lowest concentrations of potassium, calcium, and magnesium were recorded in C1 catchment and the
lowest concentrations of total suspended solids in C3 catchment (Figure 2).
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Figure 2. Concentration (mg L−1) of nitrate (NO3
−), potassium (K+), calcium (Ca2+), magnesium (Mg2+)

and total suspended solids (TSS) obtained one year before (BH) and one year after (AH) harvesting in
catchments C1, C2, C3, and C4. * denote statistically significant differences between BH and AH years
according to the Mann–Whitney test (p < 0.05). Outliers are represented by black dots.
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The comparisons between nutrient and suspended solids concentrations in the year before (BH)
and the year after harvesting (AH) showed significant differences (p < 0.05) in the studied catchments
(Figure 2). Increment of magnesium (catchment C2), calcium (catchment C2), and suspended solids
(catchment C1 and C4) were observed as effect of harvesting. Conversely, reduction after harvesting
were observed for nitrate (catchment C4), potassium (catchment C1), calcium (catchment C3 and C4),
and magnesium (catchment C1).

3.3. Nutrient and Suspended Solids Exportations

The catchment C2 presented increment of annual exports for all nutrients and suspended solids
in AH year compared to BH year (Table 4). Although annual precipitation and water yield of the C2
catchment were lower (respectively, −7% and −3%) in AH year than in BH year, the Q:P ratio was
17% higher (Table 3). In contrast, the C3 catchment showed a reduction of exported nutrients and
suspended solids in AH year compared to BH year (Table 4), following the trend of the annual values
of water yield and Q:P ratio (Table 3).

Table 4. Exportation (kg ha−1 year−1) of nitrate (NO3−), potassium (K+), calcium (Ca2+), magnesium
(Mg2+) and total suspended solids (TSS) one year before (BH) and one year after (AH) harvesting at
catchments C1, C2, C3 and C4.

Parameters

Exports by Catchment kg ha−1 year−1 (% of Change)

C1 C2 C3 C4

BH(1) AH(2) BH(1) AH(2) BH(1) AH(2) BH(1) AH(2)

Nitrate 2.8 3.5 (22%) 3.5 5.6 (59%) 1.7 1.5 (−14%) 2.9 2.5 (−14%)

Potassium 0.5 0.3 (−44%) 5.1 6.9 (36%) 1.4 1.0 (−29%) 2.7 3.8 (41%)

Calcium 0.4 0.4 (0%) 9.6 12.7 (33%) 1.3 0.8 (−38%) 2.5 3.3 (32%)

Magnesium 0.3 0.3 (0%) 2.6 3.8 (46%) 0.6 0.4 (−33%) 1.1 1.4 (32%)

Total suspended
solids 9.0 18.3 (104%) 113.7 151.5 (33%) 11.4 8.5 (−25%) 49.8 106.3 (113%)

Note. (1) BH = before harvesting; (2) AH = after harvesting

The C4 catchment showed higher exportation of most nutrients (except nitrate) and increment of
suspended solids (Table 4). The C1 catchment showed annual exports increment only of nitrate (22%)
and suspended solids (104%) (Table 4). C1 and C4 water yield and Q:P ratio were higher in AH year
compared with BH year even considering the lower precipitation observed at after harvesting year
(Table 3).

3.4. Relationship between Forest Management and Exportation

Significant positive relationships (p < 0.05) between road density and exports of potassium
(r2 = 0.95) and total suspended solids (r2 = 0.99) were observed at the first year after forest harvesting
(AH) (Figure 3). No relationship was found between nutrient exports and the percentage of areas of
native vegetation or percentage of harvested area at studied catchments (Figure 3).
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Figure 3. Exportation (kg ha−1 year−1) of nitrate (NO3−), potassium (K+), calcium (Ca2+), magnesium
(Mg2+), and total suspended solids (TSS) obtained in the year after harvesting (AH) in relation to
characteristics of forest management (road density, conservation areas and harvested area) of catchments
C1, C2, C3, and C4. * denote relation statistically significant (p < 0.05).
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4. Discussion

Nutrient and suspended solids concentrations observed in BH and AH years showed that the
harvest and the subsequent forest operations did not alter most of the assessed parameters. These
results are similar to those obtained in other studies showing that forest management operations in
temperate regions partially change the water quality [2–4,16,17].

Results of this study also demonstrated that harvesting did not change nitrate concentrations
in the catchments, in contrast to the results from temperate catchments [2,15,34]. The increment
of nitrate concentrations after harvest can occur if the demand for nitrate by the vegetation is the
dominant process that influences the presence of nitrate in stream water [17]. Eucalyptus plantations
are characterized by a high demand for nutrients and high absorption capacity of soil nutrients [35–37],
which could explain the stability of nitrate concentrations in the studied streams. In addition, it is
estimated that in the first year Eucalyptus plantations demand 115 kg ha−1 of nitrogen, 52 kg ha−1 of
potassium, 55 kg ha−1 calcium, and 23 kg ha−1 of magnesium [38], which would reduce the delivery of
these nutrients to aquatic ecosystems.

Another major concern regarding the effects of forest operations on water quality is related to
soil erosion and sedimentation [3,4,15]. All studied catchments showed an increment of suspended
solids at AH year (statistically significant at C1 and C4 catchments), the same also observed by other
studies [4,15,21,39]. According to [17], fast vegetation growth after harvesting is able to stabilize water
quality parameters in a short time. Therefore, Eucalyptus plantations are extremely efficient, since the
closure of tree canopies occurs between the first and second year of age, depending on the growth
rate [14]. Considering that there are still no established ecological limits on acceptable changes in
nutrient and solids concentrations due to silvicultural activities [3,40], in order to assess the effects on
water quality it is recommended the stream monitoring before and after the activity (disturbance) in
Eucalyptus plantations [17].

Nutrient exportation varied depending on the catchment characteristics but the increment of
sediment exports was observed in all studied catchments. Increment of nutrient and suspended solids
exports after harvesting have been described in several studies and they are usually attributed to
streamflow increment in response interception and evapotranspiration reduction [3,4,18,41–43]. Soil
compaction and less soil infiltration caused by mechanized equipment were also cited as responsible
for streamflow increment [18,21,42].

Variations observed on the exportation of nutrients or suspended solids between catchments are
expected to be different due characteristics of soils, rainfall, topography, and land use [4,7–9]. An
example can be observed on C3 catchment, which showed opposite dynamics compared with other
studies catchments: a reduction of exportation and water yield in BH year compared to AH year. In
this case, a major factor is related to precipitation observed at C3 catchment, which was below the
regional average.

Soil and relief could also explain variations observed on exportations of suspended solids results,
which follow the order C2 > C4 > C1 > C3. Catchments C2 and C4 have a predominance of Inceptisols
in their areas, which are characterized by shallow soils, whereas C1 and C3 catchments have a
predominance of Entisols (Quartzipsamments), which are characterized by depth and well drained
soils (sandy soils). Deep soils tend to better redistribute precipitation and reduce lateral flow generation
in comparison to shallow soils [8]. In addition, C2 and C4 catchments present higher slope, and steeper
terrains usually present higher rates of erosion and, consequently, sediment exports [9].

Comparing the amplitude of suspended solids exported by the four catchments in the studied
period (values between 8.5 and 151.5 Kg ha−1 year−1), it is observed that these values are extremely
low when compared to those previously found in the literature [18,21,44]. In São Paulo State it was
observed annual exports of suspended solids before harvesting of 28.7 kg ha−1 year−1 and after
harvesting, 60.6 kg ha−1 year−1, representing increment of 111% [39], similarly also observed by [45],
where annual exports of suspended solids before harvesting was 19.8 kg ha−1 year−1 and after harvest,
41.5 kg ha−1 year−1 (increase of 110%). The same increment was observed at this study on catchments
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C2 (104%) and C4 (113%). Exportation could be considered low when compared to studies conducted
in the United States, were an increment of suspended solids ranging from 0% to more than 8000% were
observed [7]. In Brazil, the maintenance of riparian vegetation around streams and springs is mandatory
by law [46] and, for this reason, all studied catchments have conservation areas with native vegetation
occupying from 7.6% to 39.9% of catchment. Several studies highlight the importance of riparian
buffer strips along streams as a practice that can effectively mitigate the effects of forest operations on
water quality [1,6,15–18,21,47,48]. This fact demonstrates the importance of intensifying studies on
Eucalyptus plantations management in Brazil, in order to understand its effects on water quality.

Regarding the characteristics of forest management influencing nutrient exports, road density
was related to potassium and suspended solids exports in AH year. Several studies have demonstrated
roads effects on suspended solids at forest management areas, being considered as a permanent source
of suspended solids for streams [4,9,15,21,26]. The descending order of suspended solids exports (C2 >
C4 > C1 > C3) is coincident to the road density order observed of catchments. Therefore, road density
reduction could contribute to the reduction of suspended solids delivered to the streams [26,49].

Changes in drainage patterns caused by roads reduce infiltration and, at steep areas combined
with soil runoff, could increase the potential for detachment and transport of solids [4]. The infiltration
capacity of roads is usually low and the lack of maintenance may result in higher runoff and sediment
exports during precipitation events [26]. Solid particles can also transport nutrients adsorbed to them
directly into the streams, increasing the amount of these nutrients exported [4], which justifies the
positive relations between road density and exports of potassium, calcium, and magnesium. The
absence of a linear relationship between nutrient exports and the percentage of harvested area has
already been detected in some studies [34,50], being justified by the wide variety of factors and
processes which control the dynamics of nutrients and suspended solids in streams.

Although not significant, the relationship between the proportion of native vegetation at catchment
and exportation of nutrients and solids in streams was positive in the catchments studied. Besides
this result seeming inconsistent, road density is related to the percentage of native vegetation, which
means that the decreasing order of road density of catchments (C2 > C4 > C3 > C1) is the same for the
percentage of areas for conservation. This fact is common in Brazil since the construction of roads
around conservation areas is widely adopted for the prevention of forest fires. The prevention of forest
fires is an indisputably important practice, but in some regions of the country this practice could be
applied punctually and not in a generalized way, due to the low occurrence of fires. Although the
areas set aside for conservation, mainly those located around the rivers and springs, have an important
role in the protection of the water resources and the density of roads can counteract this function,
diminishing its effectiveness.

5. Conclusions

This study demonstrated that Eucalyptus forest plantation harvesting shifts the concentrations and
exports of nutrients and sediments in streams. The magnitude of these alterations can be aggravated
or attenuated by natural characteristics of the catchments, such as type of soil and slope, and forest
management choices, such as road density and land-use planning. Effects reduction depends on the
adjustment of forest management to local physical characteristics.
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Abstract: The joint “International Forests and Water Conference 2018” highlighted among its
main conclusions the need to involve the viewpoint and participation of local communities in the
management and monitoring of forest watersheds. This topic constitutes a strategic and transverse
challenge for the sciences and public policies in the current context of global climate change.
As a contribution to this challenge, the aim of this research was to qualitatively describe and analyze
a territorial intervention model based on two case studies. Both involve stakeholders from the
public sector, forest companies, and rural communities within the framework of implementing a
participatory process at a local scale. The first case study was based on the collective creation of
a set of indicators for local water monitoring. The second case, through the incorporation of the
social and local dimension, culminated in the collective creation of a forest watershed management
guide. The research hypothesis was that the inclusion of stakeholders and local knowledge in
forest watershed management is essential to create and/or strengthen local abilities that ensure
the involvement of communities in water governance, surpassing the current informative and
consultative approaches. The research methodology was qualitative, and the data collection strategies
were focused on the compilation of the process, the participatory work, and gathering diverse local
knowledge. The data analysis included content tabulation, including both local indicators and ones
extracted from the guide. In both cases, the systematization process and the main empirical findings
were included. Among the findings, it was observed that both the pilot of local indicators and
the design of the forest watershed management guide confirmed that the main challenge of local
participation is the effective inclusion of local knowledge in water governance. This ethical and
methodological challenge must be approached more rigorously and with more commitment.

Keywords: water management; participatory monitoring; forest watersheds; social capital; water
governance

1. Introduction

Chile contains some of the driest areas in the world, yet human activities in these areas require
large volumes of water. The result is regions experiencing high water scarcity leading to environmental
degradation, conflicts, and reduced industrial productivity [1].

This situation is a serious matter in Chile as the rural population can only access drinking water
by constituting a community organization that allows its management. This is the only way the
population can access resources for infrastructure that guarantee the attainment of quality drinking

Forests 2019, 10, 580; doi:10.3390/f100705805 www.mdpi.com/journal/forests109



Forests 2019, 10, 580

water. The concept of “communities” in this study means rural settlements with small scale local
economy that mainly produce wine and fresh produce. They occasionally sell their products on the
formal market individually or collectively and have cultural traditions associated to the land. In the
last few decades, water availability has been progressively worsening in Chile. This situation has
caused conflicts affecting farming productivity systems and rural life. This phenomenon has advanced
simultaneously with water rights privatization (1980), expansion of large-scale production activities,
and depopulation of rural areas [2].

Industrial forest plantations are objects of socioenvironmental conflicts, especially in the so-called
“countries of the South” [3,4]. Stakeholders and communities from different territories have reported
that large-scale forest activity in Chile has had many consequences. Those concerning the impact of
plantations in watersheds and their effects on local economies are highlighted [5].

Best management practices (BMPs) represent a compilation of technically feasible and politically
acceptable ways of addressing the potential negative environmental impacts that can be associated with
forest management and timber harvesting activities [6]. In Chile, forest operations and regeneration
must be monitored as presented and authorized in the management plan [7]. BMPs for Chile’s forests
do provide detailed prescriptive processes for various forest impacts and aspects [8]

The main questions of applied research addressed in this study are associated with the obstacles
and challenges for the design and implementation of water governance processes in Chile. Principally,
failing to recognize different viewpoints and local knowledge regarding water affects its management
and governance. This is especially the case where institutional views (private and public) are imposed
in territories inhabited by communities from other economic and sociocultural spheres.

This research analyzed two case studies that serve as a critical reference for the methodological
design of local participation within the framework of rural development processes in forest ecosystems.
The first case study was based on the collective creation of a set of indicators for local water monitoring.
The second case, through the incorporation of the social local dimension, culminated in the collective
creation of a forest watershed management guide.

Therefore, through the local pilot and the forest watershed management guide, this research
proposes to recognize the local perspectives and legitimize them using indicators that demonstrate the
construction of knowledge and practices related to water.

In agreement with the proposals of Vargas [9] regarding the water situation in Latin America and
those of Guzman [10] regarding the case in Mexico, the objective of this process is to guarantee the
participation of all water users in its governance. Additionally, we expect that companies and local
governments face the challenge to comprehend and recognize local evaluation from socio-ecological
approaches and environmental knowledge.

The basis for the suggested analysis of local participation in water management comes from
two sources. The comprehension of local perspectives related to environmental rationality, and the
contemporary debates regarding best forest management practices.

For all the above reasons, this research hypothesis suggests that the stakeholders’ participatory
processes and local knowledge in forest watershed management guarantee the incorporation of
communities in water governance, surpassing the current informative and consultative approaches.
Consequently, the objective of the present research is to critically evaluate the issue of community
and local knowledge systems’ participation in the management of forest watersheds based on two
applied research experiences in water management, and to identify the factors that can influence the
lack of consideration of local participation as an effective tool for the development of the community.
This objective becomes very relevant in the current situation of the country because a new bill on
integrated watershed management has been introduced into Parliament (Chile, October 2018). This will
require important regulatory changes regarding water in rural areas.

The methodology used was the critical examination of the design and pilot application of two
experiences involving local participation: local water monitoring and the incorporation of the social
variable in a forest watershed management guide. The process of both initiatives involves an exercise
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of applied research and an interdisciplinary study focused mainly on (a) the design and participatory
implementation of a local water monitoring process and its pilot application (case 1) and (b) including
the social variable in the process of creating a forest watershed management guide in water supply
basins involving different stakeholders (case 2).

Consequently, the main contributions of this research are the critical review of current approaches
on local participation in water management and the design of tools that ensure the visibility of local
knowledge and practices.

2. Materials and Methods

This research analyzed two case studies that serve as a critical reference for the methodological
design of local participation within the framework of rural development processes in forest ecosystems.
These cases include the design process of a local monitoring pilot and a forest watershed management
guide. In both cases, the team from the Forest Institute of Chile and University of Concepción—with
specialists from the forest and social sciences—designed and implemented an approach to local
stakeholders, who have an impact on the water issues in the area (community, municipality, other
public organizations, and forest companies). This approach was based on the premise that there are
many different evaluative strategies regarding watershed management. They come from different
cultural, economic, and institutional approaches that are represented by their inhabitants, municipalities,
public organizations, and forest companies, respectively. In this scenario, big forest companies are
the dominant economic power and forestry is the principal land use activity—a situation that is not
always seen as compatible with other land uses such as agriculture and viticulture within the same
area. This dominance causes socioeconomic and cultural impacts in the territory.

2.1. Theoretical Framework

2.1.1. Case 1

From the first source, the definition of socio-ecological systems [11] is used, which states that
issues such as “water vulnerability” can be understood from the coupling of social and ecological
subsystems [12] and the complex interaction among different types of users, knowledge, leadership, and
social capitals present in the same territory. From this perspective, participation is initially understood
as the action or the fact of “taking part in, having a part in, being a part of” [13]. Consequently,
participatory monitoring is understood as an articulation of diverse stakeholders—from different
economic and social backgrounds—emphasizing the value of relationships, interactions, and feedback
that are created among them. In order to establish governance, this should be done under social
capital conditions and recognition, which can be built and rehearsed through processes promoted by
these types of approaches. Addressing this challenge becomes urgent given the vulnerability of Chile
regarding climate change [14].

This scenario—where community participation has a more visible role in ecosystem management—
poses some important scientific and political challenges, such as recognizing the factors affecting the
success or failure of these initiatives. Therefore, addressing the topic of participatory management of
forest watersheds—as complex socio-ecological systems—involves acknowledging a big paradox in
Chile. Although water is a private resource in our country, in rural culture and productive localities,
this resource is still considered a common resource.

Consequently, the transformations in water availability and the evidence of its progressive scarcity
in the last few years have led local stakeholders to imagine new ways of preserving and protecting
this resource. Via these new ways, it becomes evident that what Leff [15] defines as “environmental
knowledge” would be the basis of local environmental management.

The environmental knowledge of the communities is where the consciousness of their environment
is merged with the knowledge about the properties and ways to sustainably manage their resources,
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their symbolic formation, and the sense of their social practices, where different processes are integrated
in the exchange of environmental knowledge [15].

2.1.2. Case 2

The second source used in this analysis came from the literature on best management practices
(BMPs) within the forest sector. BMPs are practical measures implemented to mitigate the impacts of
human activities on water resources [16]. Most of the states, provinces, and local governments of every
country, as well as land management agencies and private companies, have developed their ‘own’
BMPs. These recommendations are based on scientific studies and legal guidelines tailored to each
country, as many decisions regarding natural resource management at site level are based on a range
of different factors according to local contexts.

One of the strategies used within the BMP framework has been the design and application of
manuals and/or guides that help the dissemination of the approach and specific measures. Regarding
water management, the best management guides worldwide have focused their interest mainly
on water quality [17], but there are fewer references to best management guides to approach the
issue of water quantity. Most guides have been created so that the forest companies participate
“voluntarily” in the application of these practices, with the exception of guides developed in South
Africa (environmental guidelines for commercial forestry plantations in South Africa) and Australia
(water quality, biodiversity, and codes of practice in relation to harvesting forest plantations in
streamside management zones), where some of its guidelines have turned into laws. Another exception
is the documentation developed by the U.S. Forest Service, an entity that manages a significant number
of plantations and forests. Similarly, guides developed in New Zealand were mainly focused on water
quality and the protection of riverside areas [18,19].

Nowadays, private corporations and public organizations face the challenge of updating their
tools to guarantee the participation of the population in development processes. In the case of the
companies, it was observed that although they apply internal protocols to implement information and
consultation processes, they are not enough or fail to guarantee the absence of conflict [20]. The public
institutions lack coordination mechanisms that ensure governance where communities can assume a
more active role in social-environmental processes [21].

2.2. Description of Case Study

2.2.1. Case Study 1

Characterization of Study Areas

The area of the study was the Batuco micro-basin, located in the commune of Ránquil, in an area
called inner dryland (a territory without irrigation located in the eastern side of the Chilean Coastal
Range) known as Itata Valley in the Ñuble Region, Itata Province in South-Central Chile.

The Batuco micro-basin (Figure 1) is mostly located in the Itata Bajo sub-sub-basin. Because of
the heavy erosion affecting the Coastal Range, the river located in the Itata Bajo sub-sub-basin suffers
heavy siltation of its course and river estuary [22].

The main flow of the micro-basin goes from south to north to the water intake area, which is
where the water pumps supplying the community of Batuco are located. In the higher area of the
micro-basin located at the south, there are agro-forest plantations that belong to small-scale forest
owners. In the middle and lower part, there are forest plantations (Pinus radiata D. Don. and Eucalyptus
globulus Labill) that belong to middle-scale forest owners and the big forest company (Figure 2).
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Figure 1. Location of Batuco micro-basin (red) in Itata Bajo sub-sub-basin (light brown). Source:
compiled by authors of MOP [22] and www.bosquesyagua.cl.

Figure 2. Water supply system (light blue), water intake area (red dot), and supply pumps (yellow
square) of Batuco Water Committee, Global Positioning System (GPS) points (yellow triangle). Source:
Compiled by authors from www.bosquesyagua.cl and field study.
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Characterization of the Consulted Population

Ránquil is a highly rural commune, comprised mainly of forest plantations, and has been declared
a socio-economically underdeveloped zone (Zona de Rezago Socioecónomico) [23]. The water supply
of the community of Batuco—in terms of quality and quantity—depends greatly on the temperature
and the water regime, as well as the agriculture and forestry practices carried out in upstream areas.
In terms of production, the local population works on agriculture and viticulture at a small scale.

Of the 284 people living in the Batuco area, only two have access to drinking water and one-third
of the population does not have a sewage system [24]. The study began with a total of 30 people, and
was subsequently reduced to twelve. A total of 35 monitoring forms were validated and analyzed from
September to December of 2016. Considering the qualitative nature of the methodology, the sample is
significant as it illustrates how local community members understand water, its importance, and its
corresponding risks and expectations.

2.2.2. Description of the Process

Local Participation in Monitoring of the Batuco-Ránquil Micro-Basin

Local water monitoring was understood as a social process that emphasizes the local cultural
worldview regarding water. This vision comes from the criteria built and shared by the people living
in a territory currently facing water scarcity. These criteria help to create and reproduce environmental
knowledge. The design of the participatory process in Batuco involved using environmental knowledge
as the main viewpoint towards the beginning of the networking process, dialog, and participatory
construction. For all the effects, environmental knowledge was the framework used to establish
and comprehend the worldview regarding water and its management from daily life experiences.
Consequently, this perspective contributed legitimacy and coherence to the identified indicators and
their scope according to the local living experience.

The work plan suggested by the team of specialists from the Forest Institute of Chile and the
University of Concepción was consensual and adapted to the time and language determined by the
local organization. The work plan included five phases:

Phase 1: Setting agreements. After an exchange of ideas regarding the benefits and implications of
the process, the members of the Water Committee of Batuco decided to accept the challenge. Then, the
first work plan was proposed and agreed upon during the months of September to December of 2016.
Interviews with the representatives of the Committee and dialog with the assembly permitted the
development of this stage. Alongside the agreement setting process, there were conversations among
the other stakeholders present in the basin; that is, the municipality, forest company, medium-scale forest
owners, neighborhood organizations, and farmers from the Chicura area (higher area of the basin).

Phase 2: Creation of indicators. The members of the Committee were invited to identify and share
the criteria they used to evaluate the water availability and supply on a daily basis. These criteria
were defined as local indicators as they constitute the shared references surrounding water in the local
environmental knowledge systems. The methodology used was a meeting held at the organization
headquarters; people were invited to a motivational storytelling session and collective meditation
to reflect on the history of water in the territory. The sharing of personal and family stories evoked
memories and emotions. Afterwards, these were transformed into criteria that would become the
local indicators. In order to identify these criteria, special attention was paid to the emphasis given to
specific variables and to the causal relationships established by the behavior of those variables and
water availability.

Phase 3: Validation of indicators and creation of the monitoring form. A preliminary version of
the local monitoring form was created based on twenty-two indicators lifted from phase two. After the
term “form” was deemed the most appropriate for the local language, then its contents were reviewed,
and its application was prepared. In this phase, the indicators were specified and adjusted to the local
language, attempting to confirm their understanding and avoid any confusion.
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Phase 4: Setting agreements for the application and systematization. To test the form, each family
was asked to complete the form weekly and then deliver it to the president of the Committee, who was
trained to systematize the data in order to obtain results. The methodology used included meetings
and interviews with key stakeholders, as well as meetings with the Committee’s leader and board.

Phase 5: Pilot application. In this phase, a total of 35 forms were completed. Members of the
organization who participated in the process and all the phases completed the form once a week and
then delivered it to the president of the Committee, according to the agreement.

Initially, the pilot included the presentation of the obtained results in a large meeting with the rest
of the stakeholders—who were part of the local socio-ecological system—including the municipality
and the forest company. Although this phase was not completed, because of scheduling issues and
stakeholders’ desire to meet separately, the presentation of this experience and its results could help
to recognize the importance of local environmental knowledge in sustainable forest management,
specifically regarding the participatory management of the local socio-ecological water system.

2.2.3. Case Study 2

Incorporating the social variable in the creation of a forest watershed management guide, called
“Guide for Best Management Practices in Forest Watershed Management”. The following is a description
of the three stages of the process of the incorporation of the social variable in a proposal of best forest
management practices to protect the water resources in water supply watersheds.

Characterization of the Consulted Stakeholders

Involved the participation of local stakeholders, as well as professionals and specialists from
public organizations, academics, and forest companies. There were 61 participants in total (28% forest
companies, 18% academics, 16% local stakeholders, 15% small- and medium-scale forest owners, 13%
public service, and 10% forest union associations).

Description of the Process

Stage 1: Consultation with key stakeholders. The objective of the process included analyzing a
draft of a BMP guides created by the Forest Institute of Chile based on the review of international
and domestic BMP guidelines to incorporate social demands from stakeholders regarding forest
management in water supply watersheds. The process was carried out during 2015 and 2016.

The participation of relevant stakeholders was ensured, including forest companies, small- and
medium-scale forest owners, forest contractors, members of the academia, public services, local
government, and communities.

Stage 2: Design of the guide. After the reception of comments finished, the structure, language,
and graphics of the guide were designed by creating a content sketch of the different chapters.
The sketches were presented to the aforementioned stakeholders to guide the language and messages
to be understood by a wide variety of stakeholders.

Stage 3: Validation workshops. Four workshops were conducted including stakeholders from big
companies, small- and medium-scale forest owners, members of the Water Committee of the Bío Bío
working group (a public and private committee of the Region), and specialists and students of the
Social Sciences program of the University of Concepción. The goal of these workshops was to validate
the aspects related to the scale of application and the relevancy of content to different stakeholders.

3. Results

3.1. Case Study 1: Local Monitoring of the Batuco Micro-Basin

The participatory process for the creation of the local monitoring system resulted in a total
of 20 indicators concerning local environmental knowledge surrounding the water issues (Table 1).
These include four main dimensions regarding the community’s water management.
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Table 1. Local indicators regarding the water situation in the area.

Socioenvironmental
Effects

Governance Local Practices Biological Changes

There is not enough
water to fight fires.

As the Water Committee,
we are not in periodic contact

with the forest companies.

At home, we are careful
with the water; we don’t

waste it.

There is not enough
native vegetation to

protect the watershed.

We couldn’t take good
care of the vegetable

garden for lack of water.

As the Water Committee,
we are not in periodic contact

with the municipality.

We don’t have
techniques for

efficient irrigation.

The water changes every
day, especially the color.

There is not enough
water in the river to
swim in the summer.

I participate in neither the
actions concerning available

water protection nor
solutions for water-related

issues presented at the
local organization.

In summer, we had to go
swim somewhere else

because the river didn’t
have any water.

We store some water in
case of an emergency,

but it goes bad.

There are new houses
that require more
water availability.

No actions have been taken as
a local organization towards
water protection (cleaning,

projects, agreements).

We didn’t have enough
water to water the plants.

We heard someone got
sick from drinking the

water we have.

If a neighbor needs some
water, we don’t have enough

to share.

There is not enough
water for the kids to play

and cool down
in summer.

It rained and the water
started to

contain sediment.

The participatory process resulted in a total of 20 indicators. These are divided into four main
dimensions regarding water use and conservation, as follows:

(a) Socioenvironmental effects: identified from the cohabitation in the territory and its history of
economic and ecological changes.

(b) Governance: as a dimension that requires being analyzed collectively (among different
stakeholders with productive and sociocultural interest and presence in the basin).

(c) Local practices: evidence of interaction dynamics with water and other elements that are part of
the sociocultural system of the territory (organization, weather, technologies, trusts, community,
and others).

(d) Biological changes: identified from the experience of direct observation and cohabitation of the
community and water in the same ecosystem.

The 35 forms were input into an Excel spreadsheet. Then, their importance was determined by
identifying the different dimensions these indicators contained about the relationship with water and
its usage. Through this identification, it was possible to determine that negotiation of agreements and
working with other stakeholders were relevant aspects for the community. Moreover, these indicators
show a complex socio-nature relationship with water, where solidarity and community values, threats,
and aspects compiled from the daily coexistence with water are part of one ecosystem.

The previous findings confirm the importance of qualitative approaches. From this perspective,
there is no need for a standardized answer to find statistic validation; on the contrary, the goal is to
identify the local knowledge. Quantitative validation is obtained from the research and experience.
This is systematized through tools and organized from an intensive approach from a specific number
of key actors.

On the basis of the identified indicators, it can be concluded that the water situation in the area is
determined by the following factors:

- Various threats: Lack of sufficient water to face fires, which is a threat to the population, especially
considering the fire that affected the community in previous years. This becomes even more
serious after the great forest fire of January 2017 and affected the country’s forest territory.
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- Changes and evidence gathered from the experience with water: Evidence of the impact of rain
on the land and lack of vegetation coverage around the watercourses that supply the community.
Progressive reduction of water quantity in the river faced by the locality, which impedes the
recreational use of said water.

- Importance of family and community networks: Usage of domestic and family mechanisms that
assist in the protection of water by efficient use of the available water.

- Concern about water governance in the territory: Insufficient periodic communication between
the stakeholders of the community and public and private stakeholders present in the territory.
Lack of initiative concerning exchange and local public investment in water use efficiency

- Critical factors: The increase in urbanization without proper planning, regulation, and monitoring
amplify the available water demand.

It must be critically highlighted that from the initial number of participants (30), the entire process
was concluded with the participation of 12 subjects, who became the main characters of this knowledge
building process. The analysis of this situation showed a community lacking organization and not
entirely committed to the present and future of water in their locality. Although this does not mean a
lack of community spirit established by family, historical, and relational variables, it does show a lack
of motivation and value of the organization as a relevant political agent in the management of their
resources. On the basis of this experience, this opens a new set of questions towards a future vision
concerning the challenges of participatory work in water management. The aim of the research was to
identify the factors that can influence the lack of consideration of local participation as an effective tool
for the development of the community.

3.2. Other Local Stakeholders’ Visions Regarding the Process

Other public and private stakeholders that are part of the socio-environmental system of the basin
did not have an active participation throughout the process. More specifically, the research team could
identify the following:

Local government. Despite the initial interest of the municipality, there was a slow response to
information requests and work meetings. One of the reasons was the great number of existing activities
in the municipality, and the few professionals to answer these requirements.

Forest companies. Although the company is certified by international standards in sustainable
forest management (which demand the consideration of local knowledge and the communities’
well-being), their representatives stated that local indicators cannot always be considered as “objective
evidence” and “technical management”. The company remains self-referent and complicates the
creation of watershed management processes. Nevertheless, they valued the knowledge of the
communities’ issues and the participation of independent entities towards the creation of these processes.
This exemplifies the gap between local environmental knowledge and company management.

Medium-scale forest producers. Given the community involvement as a source of employment,
they state a higher degree of familiarity. However, they did not know how to contribute to these
processes in a productive manner, even considering that their location in the micro-basin can affect the
water supply that the community of Batuco receives.

Better communication between the community and the wine farmers from the Chicura area.
This study discovered a disconnect between the community of Chicura and the wine farmers of
the area, specifically the need for better communication to maintain the social and productive
watershed management. The population of the higher part of the basin consists mostly of wine
farmers. Their industry currently uses overhead irrigation, which is an inefficient use of water, and
agrochemicals for pest and disease control in the ravines, which can affect other water users as they
can enter the surrounding watercourses.
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3.3. Case Study 2: Design of a Forest Watershed Management Guide

On the basis of the developed participatory process, new topics were incorporated to the guide’s
draft suggested by INFOR. The stakeholders considered the draft to be highly technical and stated that
it did not incorporate enough social aspects. After taking into account the stakeholders’ feedback, the
guide included background information related to the water cycle, forest hydrology, and water issues.
The main part of the document was a list of BMP suggestions to prevent, mitigate, and monitor the
impacts of forest activity on water, because the operational aspects offer a greater probability of impact.
Basic monitoring checklists were included in the appendices to evaluate the water management sites.
The final chapter included a glossary of terms used in the guide and a list of supplementary references
(Figure 3).

 

CONTENTS OF  FOREST WATERSHED MANAGEMENT GUIDE (DRAFT) CONTENTS OF  FOREST WATERSHED MANAGEMENT GUIDE (FINAL VERSION)
(A) (B)

1. INTRODUCTION INDEX
2. Forest BMP Review PROLOGUE
2.1 International Guidelines INTRODUCTION
2.2 National Guidelines 1 WATER CYCLE AND FOREST ECOSYSTEMS
3 BMP SUGGESTIONS Water cycle
FOR WATER RESOURCES Watersheds
3.1 Forest planning Water balance and its components
3.2 Silviculture Rainfall redistribution in forest plantations
3.2.1 Planting 2 FOREST CYCLE
3.2.1 Silviculture Management Forest plantations and water
3. 3 Producction Variability and climate change considerations
3.3.1 Roads contruction and landing 3 SUGGESTIONS OF BMP FOR WATER PROTECTION
3.3.2 Harvesting HOW TO USE BMP CHECKLISTS
3.3.3 Logging PROTECTION ZONES CHECKLIST
3.4. Monitoring What are protection zones?

What are the expected results of BMP for protection zones?
Suggestions for planning
Suggestions for forest activities
Mitigation
ESTABLISHMENT AND MANAGEMENT CHECKLIST
What is plantation establishment?
What are the expected results of BMP for plantation establishment?
Suggestions for planning
Suggestions for forest activities
Mitigation
FOREST ROADS CHECKLIST
What are forest roads?
What are the expected results of BMP for forest roads?
Suggestions for planning
Suggestions for forest activities
Mitigation
HARVESTING CHECKLIST
Which part of the forest cycle is called harvest?
What are the expected results of BMP for harvesting?
Suggestions for planning
Suggestion for forest activities
Mitigation
APPENDICES
A-1 Operational checklist
A-2 Observer's checklist
A-3 Glossary
A-4 Useful tips

Figure 3. Changes in the forest watershed management guide after stakeholders’ consultation. Draft (A);
final version (B). BMPs—best management practices.

Stakeholders suggested the need to incorporate basic concepts into the guide, such as information
related to the water cycle, forest ecosystems, and climate change, for the general public. By including
this information, the guide serves as training for communities and reduces information asymmetries
to achieve an inclusive governance. Another important aspect was explaining the good practices
recommendations so the guide can be read by stakeholders and local communities and not only
by specialists.

Moreover, the guide incorporated aspects that promote social participation in each appendix.
Among them are local governance, knowledge exchange among entities, collective identification
of issues between the company and water users, timely notice of anomalies affecting water,
awareness of workers towards preservation of land and water, and effective communication channels.
The aforementioned topics clearly indicate the influence of different voices in its development,
specifically social and local stakeholders (Table 2).
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Table 2. Summary of social aspects incorporated into the guide.

Chapter Social-Environmental Issues

Prologue

“Given the territorial sensitivity of the water issue, this guide aims to be helpful,
not only for professionals and forest workers, but also to promote the involvement
of people from rural areas by giving them tools. In this way, they can carry out
effective and appropriate social monitoring regarding forest practices, and also
contribute to establishing relationships among the different stakeholders...”

The Cycle of Water and
Forest Ecosystems

This chapter develops the concepts in simple words, allowing different
stakeholders to familiarize themselves with the topics related to the water cycle,
the meaning of watershed, forest plantations, and water problems.

Suggestions for
Protected Areas

- Identify the areas that can affect the downstream water quality, plan activities
alongside the community and the conservation state, verify the areas of
protection and water bodies, inform the community of any anomalies and the
corresponding adjustments.

- Identify topics of interest for the community (water intake area for rural
drinking water, sites of cultural interest, etc.) alongside the population.

- Inform the users and community about the location, characteristics, and
management measures of the protected areas.

- Keep an updated record of the community and water users in order to notify
them about any damage that could significantly affect the water conditions.

Recommendations for
the Establishment of
Forest Plantations

- Raise awareness among workers and the community about the importance of
protecting the land and water.

- Timely notifying the community about the type of product, date, and place of
application when using chemical products, as well as in the case
of misapplication.

Suggestions for
Forest Roads

- Consult the community to obtain local information.
- Attempt to build a good relationship with the community and stakeholders to

support planning and avoid conflicts.
- Keep contact information records of community members that can be affected.
- Establish a contact channel with the community that can potentially be

affected by road usage, especially people located in downstream areas.

Suggestion for
Forest Harvest

- Establish a contact channel with the community that can potentially be
affected by harvest activities, especially people located in downstream areas.

- Attempt to build a good relationship with the community and stakeholders to
support planning and avoid conflicts.

- Notify those affected immediately in the case of damage to pipes or water
supply structures. Establish a type of compensation with the affected parties.

Monitoring Appendix:
Implementation Guide

This appendix provides a checklist for forest owners or company supervisors.
This list aims to identify the presence of water intake areas, wells, watersheds,
water users, or others in the property blueprint and verify if there is damage caused
by forest activities and follow up for their repair.

Monitoring Appendix:
Observer’s Guide

This appendix is a checklist to be completed by community members or other
stakeholders based on how they perceive issues concerning water quantity and
quality and damages caused by forest activity in the micro-basin. Furthermore, this
appendix allows the evaluation of water use by its consumers and if there is
communication from the forest company that carries out activities inside
the micro-basin.

The consulted stakeholders incorporated suggestions regarding effective local participation,
such as identifying topics of interest for the community, consulting the community to obtain local
information, and attempting to build a good relationship.
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4. Discussion

4.1. Case 1

The indicators obtained from the members of the Water Committee of Batuco are related to
relevant elements in integrated watershed management; some of these include the identification
of risks associated to forest fires, water scarcity, low water quality, and limitations in agricultural
production. These indicators can be helpful and useful for different stakeholders that work in the area.
For example, they can help local governments to achieve more effective actions towards prevention of
forest fires, assigning water supply trucks, and promotion of efficient irrigation techniques. Indicators
related to communication issues among communities and forest companies in the area can be useful
for private companies to improve social management plans. Moreover, these indicators can be helpful
for forest certification companies to detect communication gaps with local communities and can serve
as evidence for certification companies while auditing.

The opinion from other public and private stakeholders regarding the monitoring process carried
out with the Batuco Committee showed some communication gaps among stakeholders. The study
evidenced various issues affecting the Committee, such as the need to strengthen local government
actions and the uncertainty mentioned by private stakeholders on how to contribute to these actions.
Additionally, the need to raise awareness among people living upstream regarding the effects of their
action on people living downstream and the importance of improving the efficiency of their production
practices were identified.

From a socio-ecological perspective, the connection of interests and cohabitation of diverse
productive scales put a strain on the conditions for watershed sustainability. Consequently, it is crucial
to pay attention to the acknowledgment of different social capital types in the territories, all essential to
the proper operation and sustainability of the system [11]. Here lies the importance of environmental
knowledge in forest management and, in this case, water management, accounting for the urgency to
create governance systems in which the stakeholders have a more active role and fulfill their duties
more effectively. Other processes in countries like Colombia, Canada, Slovenia, and Hungary prove
that the encouragement of community participation is an aspect that should not be addressed only
from a specialized planning perspective, but also through the creation of a network among different
stakeholders, the acknowledgment of local environmental understanding, and the establishment of
training initiatives for leadership and other abilities [25–29]. For the Chilean case, a study carried
out by the Forestry Engineer Association for the Native Forest of the South of Chile (AIFBN) had
similar findings regarding stakeholder participation [30]. However, this study did not include tools to
recognize or identify local knowledge.

In both cases present in this research, qualitative tools were used to promote and guarantee local
participation (local diagnosis, local monitoring form, and watershed management guide) aiming to
orientate and collect the stakeholders’ views concerning the use, problems, and maintenance of the
micro-basin that supplies water to the community. The scientific novelty of these research findings
is the broadening of approaches on local participatory water management and their current use.
Its development is promoted by recognizing local knowledge systems and practices regarding water,
which are essential to this management [31]. An epistemological open-mindedness from the specialists
is required in the design of tools for integrated watershed management involving different stakeholders
and water users in the territory as specialized observers.

Consequently, it is gradually becoming necessary and appropriate to include perspectives from
an environmental-scientific logic with approaches that recognize the role of local environmental
knowledge in critical ecosystem management, such as water supply basins in South Central Chile.
Accordingly, recent studies suggest the incorporation of local management systems in biodiversity
using these types of tools [32]. From the aforementioned background, it can be inferred that the argued
proposal is part of a sequence of contributions in development. All of them agree with the need to
effectively involve the communities in the management of watersheds. The opportunity to systematize
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and publish the progress regarding this topic will contribute to the consolidation of a key aspect in
water governance.

4.2. Case 2

The guide includes, throughout its chapters, instructions that incorporate interaction with the
communities that use water from the basin, acknowledging them, not only as users, but also as key
stakeholders for its management. The main implementation of this approach is the appendix called
“Observer’s checklist”, which legitimizes the participation and influence of local knowledge in water
governance. The incorporation of the community’s monitoring is an innovative aspect at a national
and international level. A recent review of the effectiveness of BMPs in the United States points to
the need for a better understanding of the implementation of practices and a permanent review of
them [33].

At a national level, there are many BMP guides developed by public entities, universities, and
forest companies for operational purposes. After reviewing a total of 12 documents, once again there is
an absence of instructions that integrate the social aspect—only two of them included the suggestion
to consult with downstream users [18]. There was no reference to the importance of identifying and
establishing a connection among stakeholders, which, according to this study, is vital in organizing
water governance in any territory. For this reason, the guide, created from a perspective based on
socio-ecological systems and environmental knowledge, helps to fill the gap and begin a new stage for
the design of tools for participatory watershed management. The main hypothesis of the new stage
states that local stakeholders and inhabitants are key agents in the design and application of monitoring.

The BMP guide was conceived by the stakeholders as a tool to draw attention to the communities
and their criteria for water and forest management. Therefore, a review of other approaches previously
identified in other international guides was conducted. It was observed that social aspects are only
addressed regarding activities such as recreational fishing, landscaping, and entertainment [18]. Social
indicators in international standards for forest sustainability are not as present as the environmental
ones [34,35]. The social aspects of forest management are not seen as part of the same complex system
as the sociological systems suggest. These aspects were seen as challenges in the case studies to review
the proposals for the BMP guide. A recent study carried out by professionals of the U.S. Forest Service
draws attention to the need to consider the relationship between the forest ecosystem services and the
human systems regarding future forest management of water resources [36].

The importance of a collective process of setting indicators for BMPs is mentioned by various
authors, emphasizing the adaptive approach these indicators must have [37–40]. This was crucial for the
construction of the best practices guide, as it illustrates how local knowledge and its socio-environmental
issues can be included in forest watershed management.

This confirms that local environmental knowledge and local perspective can be also included
as voluntary tools for environmental management as BMPs. This widens the effect of these tools by
supporting local governance processes, especially in cases involving water supply watersheds in areas
affected by water scarcity. Also, it contributes to processes of climate change adaptation, enhancing
local communities’ resilience because they are the most affected by its impacts.

5. Conclusions

Regarding the BMP guide, the main finding was the consent of all stakeholders to expand its
action scope. According to stakeholders, the first draft was highly technical and did not include the
perspectives of local stakeholders.

The guide’s prologue attempted to approach the complexity of the relationship of forest plantations
with water and territories. It also described that the guide was designed not only for specialists, but also
for the people affected by forest activities in forest watersheds. The importance of local participation in
watershed management was highlighted in this section. Secondly, the guide integrated informative
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chapters about water cycle, industrial plantations, and climate change to reduce the asymmetries of
information that make local participation difficult.

Each BMP recommendation involved proper free and informed consultation and effective
communication channels. Furthermore, a local monitoring checklist was included to be completed by
community members or other stakeholders near watersheds. The guide contributed to a more inclusive
watershed management by using a more binding and trust-based consultation process instead of only
an informative one.

The process of design and implementation of the two aforementioned cases enabled identification
of the following specific issues: (a) institutional inadequacy (private and public) to recognize the
importance of local knowledge and its influence in water management, (b) the evident asymmetry
between local communities and forest companies in terms of power impedes the creation of governance
opportunities, and (c) the weakness of tools such as forest certification systems. Even though these
systems have contributed to improve the relationship between companies and local communities, they
have failed to guarantee safe and permanent access to water for communities near forest plantations.

This brought along some challenges in the field of socio-ecological management, of which some
highlights are as follows: (a) the importance of collecting and integrating the environmental knowledge
of stakeholders from the locality, their economic trajectory, production scale, social and parental
dynamics, and identity referents, among other key variables; (b) the need to establish new contexts for
institutional and local knowledge exchange, and to start a dialog regarding water management of the
territories, transformations, and new challenges for rural areas; (c) the importance of creating training
opportunities regarding participatory water management focused on creating governance around the
available resources. This is especially the case in case 1, where local practices and social relationships
are essential to access water and shared knowledge about its usage and conservation.

It is evident that the design of methods and tools for participatory watershed management requires
further innovation concerning the type of participation expected of the communities in these processes.
This involves epistemological challenges to recognize local knowledge and political challenges in cases
where the community requires support to accept roles and responsibilities in watershed management.

The findings obtained from this research enable illustrating that it is possible to integrate
local knowledge systems in the management of water supply forest watersheds. The monitoring
experience carried out in Batuco and the collective creation of a forest watershed management
guide confirmed that the integration must come from scientific, technical, and political perspectives,
which starts a methodological dialog towards local environmental knowledge, as well as strong field
work that guarantees the stakeholders’ motivation and commitment. Therefore, the integration of
multi-disciplinary and cultural approaches into the design of a forest watershed management guide
confirms the feasibility for different stakeholders to incorporate local monitoring aspects in watershed
management, as a territory management tool for the common duty of water preservation.

Consequently, this involves the incorporation of local monitoring aspects in watershed
management, including qualitative aspects, regarding governance and local practices towards usage
and conservation of water, and biological aspects, identified from direct and permanent observations.
This was evident from the analysis of case 1, which confirmed the ability and availability of local
stakeholders to contribute to the monitoring and inform the characteristics and physical changes
of water.

The integration of the social component in watershed management is a challenge for local and
national governments, as well as private companies, in the regions where these two case studies were
conducted. The reinforcement of water governance through local participation is pertinent in order
to build more resilient landscapes. However, its achievement will require the empowerment of the
communities to stand at a similar level as public and private institutions.

This suggests the confirmation of the main hypothesis of this research, as the participation of
stakeholders and local knowledge in watershed management requires strategies that guarantee its
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proper integration. Likewise, the cases studied are empirical references concerning the possibilities of
water governance in the territory, surpassing the current informative and consulting approaches.
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Abstract: Streamside native forests are known for their key role in water provision, commonly
referred to as buffers that control the input or output of nutrients from terrestrial to aquatic ecosystems
(i.e., nitrogen or carbon cycle). In order to assess the functional role of indigenous forests along
streamside channels, we measured 10 parameters associated with DOM (Dissolved Organic Matter)
at 42 points in 12 small catchments (15–200 ha) dominated by native forests (reference, WNF), forest
plantations (WFP) and agricultural lands (WAL) in which the land cover portion was calculated in the
entire watershed and along 30 and 60-m wide buffer strips. We found that watersheds WFP and WAL
were statistically different than WNF, according to DIC concentrations (Dissolved Inorganic Carbon)
and the intensity of the maximum fluorescence of DOM components. Using linear models, we related
streamside native forest coverage in buffer strips with DOM parameters. The increase of streamside
native forest coverage in 60 m wide buffer strips (0–100%) was related to lower DIC concentrations
(0.89 to 0.28 mg C L−1). In watersheds WFP and WAL, the humic and fulvic-like components (0.42
to 1.42 R.U./mg C L−1) that predominated were related to an increase in streamside native forest
coverage in the form of a 60 m wide buffer strip (0–75%). This is evidence that streamside native
forests influence outputs of detritus and lowered in-stream processing with concomitant downstream
transport, and functional integrity and water quality. We propose that DOM quantity and quality may
be a potential tool for the identification of priority areas near streams for conservation and ecological
restoration in terms of recovery of water quality as an important ecosystem service. The results of
this study are useful to inform policy and regulations about the width of streamside native forests as
well as their characteristics and restrictions.

Keywords: native forests; forest plantations; agricultural lands; catchment management; dissolved
organic matter; streamside native buffer; riparian vegetation

1. Introduction

In central Chile and northwestern Patagonia, impacts on water quality have been associated
with the conversion of native forests to forest plantations (Pinus radiata D.Don and Eucalyptus spp.),
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shrublands, pasturelands and agricultural lands [1–5]. These land cover changes have affected the
integrity of terrestrial and aquatic ecosystems, decreasing the provision of ecosystem services such as
water quality and quantity [6–8]. The best management practices associated to the maintenance of
streamside native forests have been identified as key management strategies for maintaining water
quality and protecting aquatic and terrestrial ecosystems [9,10]. Little and collaborators [11] observed
lower dissolved inorganic nitrogen and suspended solid loads with increasing widths of streamside
native forests in watersheds dominated by industrial tree plantations. Riparian vegetation has also
been strongly linked to carbon biogeochemical cycles and dissolved organic matter [12,13], where
inputs of allochthonous detritus from riparian forests serve as energy sources of stream ecosystems [14],
especially headwater streams [15].

DOM (Dissolved Organic Matter) comprises the largest pool of transported organic matter in
running waters and strongly influences river ecosystem function and nutrient cycling [16]. DOM is
operationally defined as the material that passes through a filter in a range of 0.22–0.7 μm and is
comprised of a mixture of organic compounds with diverse properties and ecological functions [17],
depending on the origin of the organic material [18]. The quantity and quality of DOM in aquatic
ecosystems can influence biological processes, such as primary production and microbial respiration,
as well as chemical processes, such as photochemical reactions and heavy metal transport [17,19,20].

The decomposition of dissolved organic matter results principally in dissolved inorganic carbon
(DIC) and dissolved organic carbon (DOC), these are the most common parameters for DOM quantity
in natural waters [21] and major components in the carbon cycle [22]. The flux of DIC into the
atmosphere from aquatic ecosystems can be significant and is enhanced by microbial respiration in
streams [23]. Recently, it has been reported that concentrations of DIC have increased in some rivers
with agricultural land cover, such as the Mississippi River in the United States [23,24], as well as in
urbanized watersheds in the United Kingdom [25].

DOM measurements can indicate the lability of organic matter in streams, aiding in the
understanding and prediction of in-stream processing versus downstream transport [20]. Fluorescence
spectroscopic techniques can be used to characterize DOM quality by identifying the fluorophores
that have been associated with pasture [26–28] and forest plantation land covers [22]. Thus, land
cover and management practices can affect DOM characteristics and reactivity in streams [17,29].
For example, protein-like DOM fluorescence components, which are generally more labile, have been
associated to watersheds containing agricultural land cover, while watersheds covered predominantly
by native forests are characterized by humic-like DOM components [26,30]. Yamashita and others [22]
have suggested that disturbances of forest ecosystems, such as clear cutting, affect the DOM quality
in headwater streams over decades as a result of changes in the watershed´s soil organic matter
characteristics due to differences in organic matter inputs.

Replacing native forests with exotic forest plantations affects the quantity and quality of DOM
as well as differences in the contribution of humic-like components, as has been documented in
streams located in western North Carolina, USA. Lee and Lajtha [31] observed a relatively higher
proportion of protein-like DOM among harvested watersheds compared to forested (old-growth)
reference watersheds in the western Cascades of Oregon. Thus, DOM quality in streams may provide
key information about the terrestrial-aquatic links among ecosystems which are affected by changes in
forest coverage throughout the whole watershed, as well as in the native forests in riparian areas near
streams (native forest streamside buffers).

Within the headwater streams of northwestern Patagonia (Chile) and eastern Patagonia (Argentina),
the primary natural source of DOM is originated by the allochthonous input from native forests [32].
There is evidence that the DOM quality in northwestern Patagonian watersheds is shifting from
refractory components to more labile components due to anthropogenic sources, such as effluent from
aquaculture farms [33] and agricultural practices [29], which is being discharged into streams and
rivers. Cuevas et al. [9,34], and Little et al. [11] have documented exports of nutrients in watersheds
dominated by different vegetation coverages and streamside buffer. However, to the best of our
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knowledge there are no detailed studies relating DOM quantity and quality with the vegetation
coverage of an entire watershed, as well as with streamside native forest coverage in buffer strips
located in watersheds dominated by forest plantations (WFP) or agricultural lands (WAL). We used
reference watersheds (WNF) dominated by Valdivian temperate rainforest. We hypothesized that
DOM quantity and quality in watersheds dominated by forest plantations and agricultural lands would
be regulated by the presence of streamside native forests in buffer strips. Specifically, we hypothesized
that an increase in streamside native forest coverage would be accompanied by more refractory DOM
components in streams, with added structural complexity and more downstream transport. We aimed
to document how DOM quantity and quality can serve as useful indicators of water quality that can be
related to land use/land cover at different scales, such as the width of the streamside native forests.
This knowledge is useful to inform decision-making regarding the conservation, management, and
ecological restoration in northwestern Patagonian watersheds.

2. Materials and Methods

2.1. Study Area

The study area corresponded to a set of 12 small watersheds located in the Iñaque River Basin,
northwestern Patagonia (39.6◦ S). This area is characterized by intensive agricultural, livestock and
forestry activities, the last of which is associated with Pinus radiata D. Don and Eucalyptus spp.
plantations for the pulp and lumber industries (Figure 1). The climate of the study area is classified as
oceanic wet temperate with a Mediterranean influence (Cfsc) [35], characterized by 1800 mm of annual
precipitation concentrated between April and August with relatively dry summers (January–March).

We sampled 42 sites in stream reaches in watersheds dominated by native forests (reference
condition, WNF), forest plantations (WFP) and agricultural lands (WAL), Figure 1 and Table 1.
These watersheds were selected based on the dominant land cover class determined in accordance
with the National Vegetation GIS Map from Corporación Nacional Forestal (CONAF) [36]; they were
also accessible by road and had similar topography and soil characteristics.

Table 1. Characteristics of watersheds dominated by native forests (WNF), forest plantations (WFP)
and agricultural lands (WAL) according to sampled sites, elevation range, number of sampled locations
of DOM (Dissolved Organic Matter) and description of the land cover.

Watersheds
Sampled

Sites
Drainage
Area (ha)

Elevation
Range

(m a.s.l.)

Number of
Locations

Sampled for
DOM Quantity

Number of
Locations

Sampled for
DOM Quality

Description of Land Cover
in Entire Watershed

Description of Land Cover
in 30 and 60-m Wide

Buffer Strips

WNF

A 144 270–384 5 20
Old-growth forest/Mixed
broadleaved evergreen
(Laureliopsis philippiana) Second-growth

forest/Mixed broadleaved
evergreen (Laureliopsis

philippiana, Chusquea quila
and Aristotelia chilensis)

B 29.6 246–367 5 20
Second-growth

forest/Mixed broadleaved
evergreen. (Laureliopsis

philippiana and
Nothofagus obliqua)

C 26.1 233–246 2 8
D 17.3 228–232 2 8

WFP

A 42.8 98–153 3 12

Industrial plantation of
Eucalyptus nitens and
Eucalyptus globulus

(14 years)

Second-growth
forest/Deciduous

(Nothofagus obliqua)

B 66.6 82–172 3 12

Industrial plantation of
Eucalyptus globulus

(14 years) and Plantation of
Pinus radiata (3 years after

clear-cutting).
Second-growth

forest/Mixed broadleaved
evergreen (Laureliopsis

philippiana, Chusquea quila
and Aristotelia chilensis)C 15.4 97–180 4 16

Industrial plantation of
Pinus radiata (3 years after

clear-cutting).

D 79.1 96–139 4 16 Industrial plantation of
Pinus radiata (14 years)
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Table 1. Cont.

Watersheds
Sampled

Sites
Drainage
Area (ha)

Elevation
Range

(m a.s.l.)

Number of
Locations

Sampled for
DOM Quantity

Number of
Locations

Sampled for
DOM Quality

Description of Land Cover
in Entire Watershed

Description of Land Cover
in 30 and 60-m Wide

Buffer Strips

WAL

A 145 246–274 3 12
Grasslands of Holcus lanatus Second-growth

forest/Deciduous
(Nothofagus obliqua,

Chusquea quila)

B 108 169–245 4 16
C 21 201–284 3 12

D 219.5 279–295 4 16
Grasslands of Holcus lanatus

and presence
grazing animals

TOTAL 12 42 168

Figure 1. Map of the 12 sampled sites in the Iñaque River Basin. Letters represent watersheds
dominated by native forests (WNF), forest plantations (WFP) and agricultural lands (WAL).

2.2. Spatial Analysis

The classification of land cover followed the protocol described by Lara and Sandoval [37].
This included the following classes: 1) native forest (NF), 2) mature exotic forest plantation (MFP),
3) young exotic forest plantation (YFP) (i.e., <5 years), and 4) agricultural land (A). For each sample
location, watersheds and buffer strips were delineated with spatial analysis using DEM data. A buffer
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tool was used to define buffer strips of either 30 or 60-m wide on each side of the stream (Figure 2).
Areas of each of these four land cover classes were determined for the entire watershed at a 1:50,000
scale provided by the Corporación Nacional Forestal (CONAF) [36] and buffer strips (30 and 60-m
wide) were delineated by manual photointerpretation based on color satellite imagery at a 1:5000
scale freely provided by Google Maps [38] and verified with ground truthing techniques [39]. Final
maps were developed and incorporated into a geographic information system using Quantum GIS
(QGIS) [40].

Figure 2. Example of the mapping and assessment of land use/land cover classes in the entire watershed
and 30 and 60-m wide buffer strip with through the photointerpretation of color satellite imagery
viewed in©2015 Google Maps [38]; buffers were delimited with QGIS [40].

Streamside native forests were expressed as the percentage of native forest (NF) cover found
in 30 and 60-m wide buffer strips, which ranged from 32% to 78% and 18% to 80% in watersheds
dominated by forest plantations (WFP, Figure 3a) and agricultural lands (WAL, Figure 3b), respectively.

Figure 3. Land cover of NF: Native forest; MFP: Mature forest plantation; YFP: Young forest plantation;
and A: Agricultural land; in the entire watershed, and in 30 and 60-m wide buffer strips for watersheds
dominated by (a) forest plantations (WFP) and (b) agricultural lands (WAL).
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2.3. Data Collection and Laboraroty Analysis

Water samples were collected from surface streams throughout each watershed in the austral winter
(July and August) during winter baseflow conditions, when it is likely that soils were near saturation
and the stream water reflected the terrestrial chemistry signal [31]. Discharge streamflow curves
were recorded by Dirección General de Aguas (DGA) (Figure S1). To determine DOM quantity and
quality, water samples were collected in situ using carbon free borosilicate amber vials, filtered through
0.22 μm Millex—GP Hydrophilic PES filters into acid washed borosilicate amber glass containers
(Chem-Merck), and acidified to pH 2 with 100 μL of concentrated HCl (Merck). For transport to
the laboratory, all water samples were immediately cooled with ice water and stored at max. 4 ◦C.
DOM quantity and quality measurements were performed within 48 h of sampling.

DOM quantity was measured as DOC concentrations using a high temperature catalytic
combustion carbon analyzer (High TOC-ELEMANTAR). The DOC concentration was estimated
by subtracting the DIC concentration from the total dissolved carbon concentration [33].

DOM quality was assessed using a Cary Eclipse spectrofluorometer for fluorometric analysis.
For each sample, excitation-emission matrices (EEMs) standardized to Raman units were generated.
The identification and validation of fluorophores was completed using a parallel factor analysis
(PARAFAC) and subsequent split-half validation. Each resulting PARAFAC component (Table 2,
Figure S2) represented a group of fluorophores with specific fluorescence characteristics [41,42].
These components were compared to the values of components described in the OpenFlour database [43],
indicating that components C1 and C2 were related to terrestrial material, since they were comprised of
humic-like fluorophores. Component C3 was similar to tryptophan-like components (i.e., amino acids
which are present in low concentrations in natural waters [44]) and component C4 was characterized by
protein-like characteristics. This analysis was carried out in MATLAB version 2009 [45], according to
Stedmon and Bro [46]. The intensity of the maximum fluorescence of each fluorophore was represented
by Fmax (R.U., Raman Units) [47].

We calculated the SUVA254 index, a proxy for DOM aromaticity, utilizing the absorbance
spectra [48]. We calculated the following indexes from the fluorescence EEMs: (a) a humification
index (HIX) [49], where higher values indicate an increasing humification and values near 1 or 2
indicate non-humified plant material; (b) a fluorescence index (FI) [19], where values near 1.8 suggest
predominant microbial sources (i.e., autochthonous or microbially altered terrestrial C, and values
less than 1.3 suggest terrestrial material derived from allochthonous sources; and (c) a freshness index
(β:α) [50,51], where values over 1 indicate that DOM is autochthonous and values less than 0.6 indicate
that DOM is allochthonous.

Table 2. Maximum excitation and emission wavelengths of four components identified by the parallel
factor analysis (PARAFAC) model and their sources.

Components
Excitation Max

(nm)
Emission Max

(nm)
Name Component Sources

Component 1 (C1) 240 418.5 Similar to
humic-like Terrestrial material

Component 2 (C2) 240 486.5 Similar to
fulvic-like Terrestrial material

Component 3 (C3) 280 32.6 Similar to
tryptophan-like

Proteins or less degraded
peptide material

Component 4 (C4) 240 338 Similar to
protein-like

Autochthonous or
microbially altered

terrestrial

2.4. Data Analysis

In order to assess significant differences between different conditions compared with the
reference, we used non-parametric analysis of variance, Kruskal-Wallis (ggpubr R packages [52]) and
Nemenyi tests of multiple comparisons for independent samples (Tukey) (PMCMR R package [53,54]).
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These analyses identified a subset of DOM parameters which differed significantly for each watershed
type (p < 0.05, Table 3 and Table S2). Spearman rank correlations (cor.test function in R corrplot R
package [55]) related DIC concentrations and intensities of the maximum fluorescence of PARAFAC
components to the land cover in eight watersheds (WFP and WAL). Land cover included the percent
of land covered by native forest (NF), mature forest plantation (MFP), young forest plantation (YFP)
and agricultural land (AL) as a proportion of the entire watershed and 30 and 60 m wide buffer strips.
Finally, the two DOM parameters that differed significantly for WFP and WAL (DIC concentrations
and sum of C1 and C2 components, and sum C3 and C4 components) were related to the amount of
streamside native forest found in buffer strips according to a linear model (lm function in R). Statistics
were performed using R version 3.2 [56], Rstudio [57], ggplot, R package designed to create and
customize plots [58].

Table 3. Average (±standard deviation) values of Dissolved Organic Carbon (DOC) and Dissolved
Inorganic Carbon (DIC) concentrations, indexes and PARAFAC components (C1, C2, C3 and C4).
The intensities of fluorescence of each PARAFAC component were standardized by the DOC
concentration of each sample. The statistical differences among watersheds dominated by native forests
(WNF), forest plantations (WFP) and agricultural lands (WAL) are shown in superscript letters.

Title WNF WFP WAL

DIC (mg C L−1) 0.16 ± 0.09A 0.52 ± 0.27B 1.07 ± 0.5C

DOC (mg C L−1) 0.16 ± 0.06 0.17 ± 0.09 0.15 ± 0.04
FI 1.45 ± 0.8 1.82 ± 1.29 1.45 ± 0.41

HIX 8.9 ± 10.1A 3.07 ± 2.78B 3.94 ± 1.72A

β: α 0.35 ± 0.21A 0.51 ± 0.17B 0.41 ± 0.21AB

SUVA254 (L mg−1 m−1) 4.48 ± 2.51 3.99 ± 2.29 6.01 ± 8.45
C1 (R.U./mg C L−1) 0.34 ± 0.13A 0.42 ± 0.18A 0.61 ± 0.19B

C2 (R.U./mg C L−1) 0.28 ± 0.12A 0.35 ± 0.17AB 0.38 ± 0.11B

C3 (R.U./mg C l−1) 0.08 ± 0.09A 0.19 ± 0.13B 0.22 ± 0.19B

C4 (R.U./mg C l−1) 0.20 ± 0.22A 0.42 ± 0.30B 0.30 ± 0.29B

3. Results

3.1. Dissolved Organic Matter (DOM) Quantity and Quality

Watersheds dominated by native forests, forest plantations and agricultural lands, presented
different average DIC concentration values of 0.16 mg L−1 (WNF), 0.52 mg L−1 (WFP) and 1.07 mg
L−1 (WAL), respectively (the p-value was less than 0.05, Table 3). When comparing watersheds
dominated by forest plantations (WFP) and agricultural lands (WAL) with the reference condition
(WNF), we found no significant differences in average values of DOC concentrations, the fluorescence
index (FI), or the SUVA254 concentration (p > 0.05, Table 3, Table S2). The humification index (HIX)
in watersheds dominated by native forests (WNF) and agricultural lands (WAL) presented average
values of 8.94 and 3.94, respectively (Table 3), significantly higher than those found in watersheds
dominated by forest plantations (WFP), which averaged HIX values near 3.07. The intensity of the
maximum fluorescence of component C1 in watersheds dominated by native forests (WNF) and forest
plantations (WFP) was 0.34 and 0.42 R.U./mg C L−1, respectively (Table 3). These average values were
significantly less than those in watersheds dominated by agricultural lands (WAL), which presented
values close to 0.61 R.U./mg C L−1 (p < 0.05). The intensity of the maximum fluorescence of component
C2 in reference watersheds (WNF) presented values near 0.28 R.U./mg C L−1 and were significantly
lower than watersheds dominated by agricultural lands (WAL), with values near 0.38 R.U./mg C L−1

(Table 3). The intensity of the maximum fluorescence of tryptophan-like components (C3) within
reference watersheds (WNF) presented average values of 0.08 R.U./mg C L−1, while in watersheds
dominated by forest plantations (WFP) and agricultural lands (WAL), values were close to 0.19 and
0.22 R.U./mg C L−1, respectively (Table 3). Protein-like components (C4) in reference watersheds (WNF)
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presented intensity of the maximum fluorescence values near 0.2 R.U./mg C L−1, significantly lower
than those in watersheds dominated by forest plantations (WFP, 0.42 R.U./mg C L−1) and agricultural
lands (WAL, 0.3 R.U./mg C L−1), p < 0.05, Table 3).

3.2. Relating Dissolved Organic Matter (DOM) Quantity and Quality and Streamside Native Forests

Streamside native forest coverage was determined as the percentage of land covered by native
forests in 30 and 60 m wide buffer strips (Figure S3). DOM quantity and quality were thus associated
with streamside native forest coverage. In watersheds dominated by forest plantations (WFP), DIC
concentrations were negatively related to streamside native forest coverage in 60 m wide buffer strips
(R2 = 0.43, p < 0.05, Figure 4a). In watersheds dominated by agricultural land (WAL), the intensity of the
maximum fluorescence of humic-like components (C1 and C2), standardized by DOC concentrations,
was positively related to streamside native forest cover in 60 m wide buffer strips (R2 = 0.12, p < 0.05,
Figure 4b).

Figure 4. Relating DOM (Dissolved Organic Carbon) quantity and quality with streamside native
forests. (a) DIC concentration in watersheds dominated by forest plantations (WFP) with 60 m wide
streamside native forest (n = 14); (b) The intensity of fluorescence max. of components C1 and C2 in
watersheds dominated by agricultural land (WAL) with streamside native forests coverage in buffer
strips of 60 m wide (n = 56). Grey color indicates 98% confidence region.

4. Discussion

Assessing areas of land cover classes at different scales (i.e., in the entire watershed and in
30 and 60 m wide buffer strips, Figure S3), our study demonstrated that streamside native forest
cover influences DOM (Dissolved Organic Carbon) quantity and quality in watersheds dominated by
forest plantations (WFP) and agricultural lands (WAL). This outcome is possible due to the studied
watersheds´ differences in land cover in their buffer strips, as well as significant differences in the DOM
quantity and quality found in runoff from watersheds dominated by forest plantations and agricultural
lands, in contrast to the reference condition [27]. Watersheds dominated by forest plantations included a
gradient of the percent of streamside native forest coverage found in their buffer strips, which controlled
DIC (Dissolved Inorganic Carbon) concentrations. Increased DIC concentrations may be related to
changes in allochthonous inputs of more labile DOM, which is more readily degraded, thus increasing
microbial respiration and the mineralization of carbon [23]. Increased microbial respiration and
carbon mineralization could be associated with diffuse sources from fertilizers, herbicides, and cattle
manure, which can contribute to the eutrophication of streams [59]. DIC concentrations reported
in this study range from 0.05 to 1.29 mg C L−1 which are less than the average value reported by
Raymond et al. [24] for tributaries of the Mississippi River (mean values of 6 to 40 mg C L−1, measure
of alkalinity). Higher DIC concentrations reflect fast biological processing of DOM in headwater
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streams [60]. DOC (Dissolved Organic Carbon) concentrations found in this study were not significantly
different (p > 0.05) in watersheds dominated by native forests, forest plantations and agricultural lands.
This could be explained by the fact that DOC concentrations are primarily controlled by hydrological
and climatic factors, as described by other authors [22,26,27,34]. DOC concentrations from watersheds
dominated by Valdivian temperate rainforests reported in this study (0.1 to 0.21 mg C L−1) are similar
to the average values reported by Nimptsch et al. [33] in control samples taken from the Molco river
associated with Nothofagus-dominated temperate rainforests (0.1 to 0.3 mg C L−1). These values are
less than the average values reported by Yamashita et al. [22] for rivers in western North Carolina, USA
(1.8 mg C L−1), Graeber et al. [26] for rivers in northern Germany (1.3 to 3.8 mg C L−1) and Lajtha and
Jones [61] for rivers in western Oregon, USA (1.2 to 2 mg C L−1), where watersheds were dominated
by mixed and coniferous forests.

In this study, the core consistency of the four PARAFAC components, as well as the lability of
fluorophores as described by Fellman et al. [62], allowed for the characterization of DOM quality
at its origin. The intensity of the maximum fluorescence of the four components observed in
watersheds dominated by native forests were significantly lower than watersheds dominated by forest
plantations and agricultural lands. The freshness index in watersheds dominated by native forests were
significantly lower than watersheds dominated by forest plantations. Some studies have indicated
that humic components were derived primarily from higher plants [47,62,63], for example, from
terrestrial sources such as surface runoff during storm events in Lee et al. [27]. In this study, watersheds
dominated by agricultural lands presented a higher intensity of the maximum fluorescence, mainly of
humic-like and fulvic components (C1 and C2), commonly found in all types of environments [47]. In
watersheds dominated by agricultural lands, the intensity of the maximum fluorescence of protein-like
components was higher, which may be due to allochthonous contributions consisting of carbohydrates,
lipids and proteins that are re-mineralized or assimilated by bacterial action or autochthonous
production [19,30,63]. This lability of DOM can affect the respiration rate in streams, impacting biota
and CO2 exchange with the atmosphere. Previous studies have found that watersheds dominated by
agricultural lands have presented more protein-like components produced by aquatic microorganisms
in streams. These watersheds also proved to have the highest freshness index (β:α) or the greatest
amount of autochthonous DOM [50,64]. The degree of humification (HIX) and freshness index (β:α) in
watersheds dominated by agricultural land indicate that primarily humic-like components dominant
from terrestrial sources.

Watersheds dominated by forest plantations showed a high intensity of the maximum fluorescence
of humic-like and protein-like components. Yamashita et al. [22] reported increased protein-like
components in watersheds dominated by forest plantations using clear-cutting practices. According
to Lee and Lajtha [31] harvested watersheds had less input of coarse woody debris than reference
watersheds. However, since SUVA254 did not differ among watersheds with different land covers it
was not possible to determine the refractory or labile composition of DOM [41].

The characteristics of DOM within watersheds dominated by forest plantations and agricultural
lands may be partially attributed to the amount of streamside native forest coverage. Our study
indicates that 60-m wide buffer strips, which is more than required by Chilean law for headwater
streams [65], effectively influence DOM quantity and quality, specifically DIC and humic and fulvic-type
components. Watershed A was dominated by forest plantations (WFP), specifically a young forest
plantation planted 3 years after clear-cutting. This plantation reached the buffer strip all the way to the
edge of the stream with no native forest buffer and had high levels of PARAFAC component C3, similar
to the tryptophan-like component, possibly due to changes in litter inputs and more solar radiation,
which could have affected DOM photodegradation [22].

We developed a conceptual model of the key role that streamside native forests play in controlling
DOM quantity and quality in watersheds dominated by anthropogenic activities (forest plantations and
agricultural lands, Figure 5). We hypothesize that the streamside native forest coverage of headwater
streams (i.e., streamside buffer strips of 60-m) influences outputs of allochthonous sources, with
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more refractory DOM dominating from terrestrial sources (i.e., soil and plant leachates), with lower
bioavailability downstream.

Figure 5. Conceptual model of the role of native forests in buffer strips and variations of the
characteristics of Dissolved Organic Matter (DOM) in headwater streams dominated by forest plantations
and agricultural lands with an increase in streamside native forest coverage.

The conversion of native forests to agricultural lands and forest plantations in buffer strips has
consequences for terrestrial and river ecosystems downstream, impacting water quality for biota and
human use [59,66]. It should be noted that samples in this study were collected only in the winter, and
seasonal variations of DOM should be assessed.

5. Conclusions

This study provides new insights into the role of streamside native forests in influencing
outputs of allochthonous sources and refractory DOM within watersheds impacted by anthropogenic
activities in northwestern Patagonia, Chile. These findings provide baseline information on how
the amount of streamside native forests may affect carbon pools in streams and rivers. Our study
suggests that streamside buffer strips of 60-m wide dominated by native forests be considered as
a standard to protect water provision. The role of streamside native forests in regulating water quality
should be considered when evaluating catchment management strategies and carbon budgets of
terrestrial-fluvial-atmospheric systems. We suggest that DOM quantity and quality document the
role of streamside native forests in influencing ecological functions in terrestrial and aquatic systems.
Moreover, rapid assessment of watershed DOM may be used as a tool for identifying priority sites for
conservation and restoration of native riparian forests essential for the recovery of ecosystem services
in northwestern Patagonian headwater streams. The results of this study are useful to inform policy
and regulations about the width of native forest buffers as well as their characteristics and restrictions.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/10/7/595/s1,
Figure S1: Streamflow recorded in the Iñaque River Basin gage, for the hydrologic year in which the samples were
taken. Black squares represent sampling dates (23 July, 4, 7, 10, and 14 August 2015), Figure S2: EEMs dissolved
organic matter fluorescence component results from parallel factor analysis (PARAFAC) split-half validated
(100 iterations, 4 component model), Figure S3. Spearman correlation matrices for watersheds dominated by
forest plantations and agricultural lands according to the quantity and quality of DOM (DIC, Humic and Protein)
and four types of land cover (nf: native forest; mpt: mature forest plantation; young forest plantation; and agr:
agricultural land in the entire watershed (w), streamside native forest coverage in 30 m (b30) and 60 m (b60) wide
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buffer strips. Intensity of the color of the circle indicates degree of correlation (red indicates a negative relationship
and blue indicates a positive relationship); Size of the circles indicates statistical significance (p < 0.05); White
squares indicate that there is no statistical significance (p > 0.05), Table S1. Areas of four land cover classes: native
forest (NF), mature forest plantation (MFP), young forest plantation (YFP) and agricultural land (A) in the entire
watershed and buffer strips of 30 and 60-m widths in watersheds dominated by native forests or reference (WNF),
forest plantations (WFP) and agricultural lands (WAL), Table S2: Nemenyi Test of multiple comparisons.
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Abstract: Discussions on the relationships between forests and water have primarily focused on the
biophysical nature of these relationships. However, as issues such as land degradation affect the
ability of forests to provide water-related ecosystem services resulting in water insecurity, the human
dimension of the forest–water nexus has become more evident. This has resulted in the identification
of the forest–water nexus as an issue that requires urgent recognition within major international
policy processes and where knowledge gaps on the global state of the nexus exist. To address this,
two major international policy frameworks driving the current development and environment agenda,
namely the Sustainable Development Goals and the (Intended) Nationally Determined Contributions
were analyzed to assess the integration of forests and water in international policy agenda. In addition,
data on tree cover and water risks as well as data on forests managed for soil and water protection
was analyzed to understand the global state of the forest–water nexus. The results indicate that even
though there is no single indicator monitoring forest–water interactions, there are existing indictors
that provide partial information on the forest–water nexus, which would be key to measuring progress
towards the 2030 Agenda for Sustainable Development. Furthermore, the research has highlighted
increasing political will as well as global trends that could be used to further harness support and
include the forest–water nexus in these global policy agenda. As international processes move
forward, the methodology presented here provides a way to evaluate progress of global management
of forests for water ecosystem services and gives specific areas where further research that integrates
the scientific and socio-political spheres is needed. It is hoped that the initial approach presented in
this paper serves as a stepping-stone for further action that might result in better management of and
policies for our global forest–water resources and their associated ecosystem services.

Keywords: forest and water policy; sustainability; climate change; forest hydrology; SDGs

1. Introduction

Forests and trees in the landscape are an integral component of the water cycle: regulating
streamflow, fostering groundwater recharge and contributing to atmospheric water recycling, including
cloud generation and precipitation downwind through the process of evapotranspiration [1]. They also
act as natural filters, reducing soil erosion and water sedimentation, thus providing high quality
water for human consumption, industry and the environment. These multitudes of water-related
benefits that forests provide to society are referred to as water ecosystem services of forests, which
are important for maintaining healthy ecosystems, landscapes and communities (Figure 1). In the
international community—those engaged in international policy and development activities—the
relationships between forests and water, and the resulting ecosystem services these relationships
provide, are referred to collectively as the forest–water nexus, which can also be included with other

Forests 2019, 10, 915; doi:10.3390/f10100915 www.mdpi.com/journal/forests141



Forests 2019, 10, 915

sectors, such as energy or food, or broadened as the climate–forest–water–people nexus [2]. Appendix A
includes the definitions of the forest–water nexus terminology used in this paper.

Figure 1. Water ecosystem services provided by forests. Adapted from Millenium Ecosystem Assessment
(MEA) (2005) [3].

Until recently, the topic of the forest–water nexus has primarily been discussed within the
research community focusing on the biophysical nature of forest–water relationships: the quantity
and quality of water within and from forests, and how these change over time under different
scenarios, including land-use and climate change and management regimes. However, the water
ecosystem services from forests have come under increasing pressures from growing human population,
contributing to tree cover loss, land conversion and degradation, and/or increasing demands for water,
which are all exacerbated by climate change. This has highlighted the forest–water nexus as a human
issue that requires urgent socio-political attention.

While there is increasing attention on the social aspects of an integrated approach to forests and
water, this is generally limited to valuating water ecosystem services from forests. There is very little
information on the socio-political impacts and implications of the forest–water nexus, and this is
partly attributed to the contextual nature of forest–water interactions and that these relationships are
dependent on scale [4]. In the past 20 years, according to Web of Science, only 0.4% of forest–water
scientific articles (based on title) are related to policy and/or governance. Similarly, at a recent
international Forest and Water Conference in 2018, of 139 presentations only four (3%) were related to
(international) policy, resulting in a conference recommendation to look at this area more closely in the
future. Therefore, the lack of a science-policy-practice interface is a catch-22, where the forest–water
nexus is not effectively mainstreamed in policy or practice, and where there is a lack of research in the
socio-politics of forests and water. Moreover, many of these articles are on specific countries or regions,
and do not effectively advocate for the importance of forest–water relationships at the global level,
or for international agenda that could result in global policies implemented at country level as has
been the case with many other environmental issues.

As a means of initiating these discussions, this paper will review how the forest–water nexus is
recognized and represented in international frameworks and assess the global status of forests managed
for water. The objective is to synthesize where the forest–water issue stands from an international
political perspective, identify gaps and propose some recommendations on how an integrated approach
to forests and water could be more effectively aligned to a broader international agenda.

To consider how the forest–water nexus is represented in the international agenda, a review of
the Sustainable Development Goals (SDGs) and the (Intended) Nationally Determined Contributions
((I)NDCs) to the Paris Agreement of the United Nations Framework Convention on Climate Change
(UNFCCC) will be presented. These were chosen as the SDGs are the umbrella framework driving
the development and environment agenda and the Paris Agreement and its (I)NDCs are the main

142



Forests 2019, 10, 915

mechanism driving the environment and climate change agenda. Other frameworks are also important
but undoubtedly, it is the SDGs and Paris Agreement that currently receive increasing support from
decision makers and different sectors of society and drive global commitments. The status of forests
managed for water globally will be determined by analyzing global trends in tree cover and how
these changes correspond to water risk, specifically erosion, forest fires and water stress [5]; as well as
looking at global data on forests managed for soil and water protection based on national reporting [6].

2. Methodology

In order to provide an overview of the international enabling environment for integrated
forest–water management, an analysis of two major international policy instruments was conducted to
determine the extent to which the forest–water nexus is included in commitments, as well as an analysis
of two available global datasets to better understand a general global baseline of the forest–water
nexus. Due to limitations in these global datasets, a biome-level comparison was not conducted;
instead the paper focuses on the degree to which the forest–water nexus is recognized in international
policies, and the global extent of forests in relation to water ecosystem services, as defined by the
existing datasets.

2.1. Forests and Water Within the International Political Agenda

2.1.1. Forests and Water within the 2030 Agenda for Sustainable Development

A desk study was carried out to better understand the SDGs and the indicators that are applicable
to the forest–water nexus, namely indicators 6.6.1, 15.1.1 and 15.1.2. The official methodologies for
reporting on each of the indicators were also reviewed to identify possible data gaps with respect to
the forest–water nexus. This information is publicly available on the UN Statistics Division Sustainable
Development Goals Metadata Repository (available at: https://unstats.un.org/sdgs/metadata/). Due to
the limitations of the methodologies and metadata, a more extensive analysis was not possible.

2.1.2. Forests and Water in Climate Change

A total of 168 (I)NDCs were reviewed for the recognition of the forest–water nexus. In order to
evaluate the extent to which the integration of forest and water resource management was included in
the (I)NDCs, a keyword search was conducted on all available (I)NDC reports as of March 2019 in the
UNFCCC NDC registry [7] and the (I)NDC Submission Portal [8]. With the exception of (I)NDCs in
Russian, all (I)NDCs were reviewed in their original language.

Reports were reviewed for the forest–water keywords listed in Table 1, as well as contextual
keywords (and their respective equivalents/translations in French, Spanish and Arabic). These keywords
were chosen for their relevance to the forest–water nexus and their definitions are available in Annex 1.
Analysis for the forest–water nexus was conducted using both a keyword search and a qualitative
assessment of the context for which the keywords were referenced. If a country made reference to
the forest–water nexus, they were given a 1, and if not, a 0. The number of countries recognizing
forest–water relationships within their (I)NDCs were then counted.

Additionally, a record was made when (I)NDCs recognized water-related services provided by
forest and when (I)NDCs explicitly referred to forests and water in an integrated manner. For example,
“The forests and gardens... are of critical importance for the preservation of mountain ecosystems
and biodiversity, improvement of the state of lands and prevention of their further degradation,
protection of vulnerable infrastructure, protection of water resources and carbon absorption from
the atmosphere” was considered a reference to the water-related ecosystem services provided by
forests. Similarly, examples of the integration of forest–water management include “[ . . . ] enhance
the protection and restoration of forest ecosystems and build the resiliency of water catchment areas”;
and references to “Promote the protection of catchment forests in... watersheds” within the context of
protecting and conserving water.
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Table 1. List of keywords used in the (Intended) Nationally Determined Contributions ((I)NDCs) review.

Forest–Water Keywords Contextual Keywords

• Ecosystem service;
• Integrated;
• Mangrove;
• Rainforest;

• Riparian;
• Swamp;
• Watershed;
• Wetland.

• Adaptation;
• Forest;
• Mitigation;
• Water.

2.2. Analysis of Global Forest–Water Datasets

2.2.1. Tree Cover and Water Risk

A global-level analysis of the World Resources Institute (WRI) Global Forest Watch Water data,
which includes geospatial tree cover data from Hansen et al. (2013) [9] by major global watershed,
or hydroshed, as defined by the Food and Agriculture Organization (FAO) of the United Nations
(UN) (2011) [10], as well as data from WRI’s Aqueduct water risk mapping tool, was conducted to
identify possible trends between estimated tree cover loss and water-related risks. Only data provided
and defined by WRI (see Qin et al., 2016 [11] for further information on definitions, data sets used and
analysis) was calculated to observe changes in proportional tree cover, which was in turn compared to
WRI-provided data on water-related risks, namely erosion, forest fires and baseline water stress. It was
recognized that the data had limitations (e.g., it does not take into account different forest or soil types,
and provides a classification score for the entire hydroshed).

For reference, the indicator of erosion was derived from the modeled erosion potential based on
the revised universal soil loss equation (RUSLE) model [12], which uses average annual precipitation,
elevation, slope, soil properties and land cover to predict annual soil loss from rainfall and runoff.
To calculate risks of fire, Qin et al. (2016) [11] used the fire occurrence as data input, averaging annual
fire occurrence per million hectares in a watershed to account for seasonality and El Niño/La Niña
events. After calculation, the indicators on erosion and fire risks were normalized and categorized
into five quantiles, assigning a score from 1 to 5. For baseline water stress risk, the ratio of total
water withdrawals relative to the annual available renewable surface water supplies was calculated
averaging monthly values. Scores were assigned for each basin, based on the raw value: <10%: low;
10%–20%: low-medium; 20%–40%: medium-high; 40%–80%: high and >80%: extremely high [13].

The proportion of tree cover area by hydroshed was calculated as a ratio of tree cover within the
watershed, and total watershed area; this ratio was calculated for historic tree cover (estimated pre-2000
tree cover as calculated and provided by WRI), 2000 and 2015. Changes in tree cover, were calculated
as the difference between historic tree cover and tree cover in 2000 and 2015. Ultimately, the estimated
total proportional tree cover loss between historic and 2015 tree covers was used to compare to the
risks identified by WRI.

Global Forest Watch Water already designated risk data based on scores 1–5 (1 being the lowest
risk and 5 being the highest) for each watershed for erosion and fire. Baseline water stress data was
presented visually by WRI using a map with a colored classification system. To align with the other
risks, a 1–5 score was assigned for each watershed based on a visual analysis to determine the average
risk. This analysis was conducted independently by two individuals and then compared. Most scores
were in agreement. In the event two scores differed, the baseline water stress data was re-evaluated
and a score was assigned based on agreement between the two evaluators.

To determine if there was potential correlation between tree cover loss and risks, the hydrosheds
were then organized by proportional tree cover loss and risk score, then counted. Based on the
distribution of the data, the percentage of watersheds with medium high, high and very high risks
were calculated for the different categories of estimated proportional tree loss (Table 2), and an average
calculated for watersheds that experienced greater than 50% estimated tree loss.
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Table 2. Distribution of watersheds by estimated tree cover loss (up to 2015) and erosion risk.

Risk/% Tree Loss 1 2 3 4 5 Total

<10% 10 18 12 3 7 50
10%–20% 6 6 3 2 1 18
20%–30% 15 7 3 4 3 32
30%–40% 7 5 4 6 5 27
40%–40% 4 3 2 3 5 17
50%–60% 0 1 9 8 8 26
60%–70% 1 4 6 5 4 20
70%–80% 1 1 2 9 2 15
80%–90% 0 1 4 3 6 14
>90% 0 1 2 1 7 11

Total Watersheds 44 47 47 44 48 230

2.2.2. Forests Managed for Soil and/or Water Protection

FAO’s Global Forest Resources Assessments (FRA) data [6] includes the extent of forests managed
for the protection of soil and/or water as reported by country. For each country, the proportion of
forest with the protection of soil and water as a main management objective was calculated in relation
to the total forested area in the country. A similar analysis was also conducted for the main regions
of the world (North America, South America, Africa, Asia, Europe and Oceania). Likewise, a more
detailed analysis was carried out to report on the percentage of national forests that are managed for
the following specific management objectives: coastal stabilization, clean water, erosion, avalanche
and desertification control. The results were expressed as a percentage of the total forested area in the
country, and then calculated at regional level. It is acknowledged that there are limitations to FRA data,
namely it relies on country self-reporting, is limited to extent area and does not account for where
forests managed for water, or how effective this management is; however, it is one of the only global
datasets available and has 25 years of national data.

3. Results

3.1. Forests and Water Within the International Policy Agenda

3.1.1. Sustainable Development Goals

The interconnection between forests and water is explicitly referenced in two SDGs: to achieve
clean water and sanitation (SDG 6) and to maintain life on land (SDG 15). In target 6.6, forests are
recognized as water-related ecosystems; similarly, target 15.1 refers to forests as freshwater ecosystems
(Figure 2). Within these targets, the most relevant indicators are 6.6.1 and 15.1.1. Unfortunately, neither
specifically measure the interrelationship between forests, or landscape management and water [14].
The analysis done within the context of this paper allowed for a better understanding of the indicators
and highlights specific knowledge gaps, especially when it came to harnessing the current political
momentum and leveraging support for targeted actions.

Figure 2. Sustainable Development Goal (SDG) targets related to forests and water.
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SDG indicator 6.6.1, which measures the “Change in the extent of water-related ecosystems over
time” has two approved methodologies for measuring it. These methodologies were provided by
the UN Environment and the Ramsar Convention Secretariat. Both address forested water-related
ecosystems to a certain extent but the main concern is that the indicator measures spatial extent but does
not consider the spatial distribution of these ecosystems. It does not take into account whether these
ecosystems occur in upland or lowland areas, effectively provide water-related ecosystem services or
are accessible to communities.

Like SDG target 6.6, SDG target 15.1 also addresses only certain ecosystems, does not consider
effectiveness and relies on country self-reporting. Target 15.1 has two indicators 15.1.1 and 15.1.2
that measure “forest areas as a proportion of total land area” and the “proportion of important sites
for terrestrial and freshwater biodiversity that are covered by protected areas, by ecosystem type”,
respectively. The former focuses only on forest ecosystems and measures total forest extent by country;
and the latter focuses on protected areas for (terrestrial and freshwater) biodiversity, and does not
consider other ecosystem functions or services [14]. Moreover, neither of the indicators disaggregate
for different forest ecosystem types [15].

3.1.2. Forests and Water in Climate Change

Of the 168 (I)NDCs available during the analysis, 45 percent made reference to keywords associated
with the forest–water nexus (see Figure 3 below). Most (I)NDCs including forest–water keywords
report on integrated (water) resource management and mangrove forests (Table 3). North and Central
America had the highest percentage of (I)NDCs that include the forest–water nexus, primarily due to
references related to Integrated Resource Management (IRM)/ Integrated Water Resources management
(IWRM) and mangroves, followed closely by Africa and South America. Europe, Canada and the
USA did not make any references to the forest–water nexus in the (I)NDCs, which was surprising
considering these regions manage a high percentage of their forests for water, which will be further
discussed [14,16].

Figure 3. Proportion of countries by region that reference the forest–water nexus in their (I)NDCs.

Table 3. Proportion of (I)NDC keywords related to the forest–water nexus by region.

FAO Region/ Keyword Africa Asia Europe North and Central America Oceania South America GLOBAL

Mangrove 17% 19% - 43% 19% 17% 20%
Swamp Forest - 4% - - - - 1%

Rainforest 2% 2% - - - 8% 2%
Wetland 11% 6% - 17% - 17% 9%
Riparian 2% 4% - 9% - - 3%

IRM 49% 30% - 43% 13% 42% 34%
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Thirty-three percent of (I)NDCs globally acknowledged water ecosystem services of forests and
25 percent include integrated forest–water management (Table 4). Interestingly, the recognition of
water ecosystem services provided by forests was higher than the mention of integrated forest–water
management in all the regions, with exception of Oceania.

Table 4. Share of (I)NDCs reporting on water-related services provided by forests and integrated forest
water management per FAO region.

FAO Region/Forest–Water
Context

Africa Asia Europe
North and

Central America
Oceania

South
America

Global

Water ecosystem services
provided by forests 36% 34% 6% 43% 13% 67% 33%

Integrated forest and
water management 34% 21% 0% 35% 13% 33% 25%

3.2. Analysis of Global Forest–Water Datasets

3.2.1. Tree Cover and Water Risk

At the global scale, the world can be divided into 230 major watersheds, or hydrosheds [10].
According to WRI Global Forest Watch Water data, it was estimated that these hydrosheds historically
(pre-2000) averaged approximately 68 percent tree cover. By 2000, average tree cover was reduced to
31 percent, and by 2015 had further reduced to an average of 29 percent. Approximately 38 percent of
these hydrosheds had lost more than half of their tree cover prior to 2000, with this number increasing
to 40 percent by 2015.

Decreases in tree cover and forest condition could result in increased soil erosion and degradation
(Figure 4), which in turn might lead to reduced water quantity and quality. Loss of tree cover generally
results in short-term increases in water yield; however, in some cases loss of tree cover can be associated
with reduced water availability in the long-term, especially when natural forest is converted to other
land uses that degrade and/or compact soils, thus reducing soil infiltration, water storage capacity and
groundwater recharge [1,14,17]. In addition, the risk of hazards, such as floods, forest fires, landslides
and storm surge, increases together with potential impacts [11,14].

The global WRI (2017) [5] data appeared to support this, showing that amongst the hydrosheds
that experienced greater than 50 percent tree cover loss by 2015, 88 percent had a medium to very high
risk of erosion, 68 percent had a medium to very high risk of forest fire and 48 percent had a medium
to very high risk of baseline water stress (Figure 4).
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Figure 4. Potential relationship between (a) tree loss and erosion risk, (b) forest fires and (c) baseline
water stress (BWS). Data sourced from WRI (2017) [5].

3.2.2. Forests Managed for Soil and/or Water Conservation

Based on data reported in FAO’s FRA [6], forests managed for soil and water protection had
increased globally over the past 25 years (Figure 5c), with most regions reporting a positive trend
in protecting forests for soil and water, with the exception of Africa and South America. Yet as of
2015, only 25 percent of forests globally were managed with soil and water protection as one of
the primary objectives (Figure 5a). In addition, approximately 10 percent of forests were primarily
managed for soil and/or water, including almost 2 percent managed primarily for clean water and
about 1 percent for each coastal stabilization and soil erosion control. If considering only the global
south, i.e., Africa, Asia-Pacific and South America, the average extent of forests managed for soil and
water protection reduced to less than 17 percent of total forest area.
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Figure 5. (a) Percentage area of forests for soil and water protection by region; (b) percentage area of
forests for soil and water conservation by country, shown graphically, and, (c) number of hectares of
forests for soil and water protection by forest type. Data sourced from FAO (2015) [6].

The discrepancy between global north and global south correlated with data by forest type,
where boreal and temperate forests had seen a steady upward trend, whereas sub-tropical and tropical
forests had seen decreases in forests managed for soil and water protection due to recent forest loss.

While the global average was low, many sub-regions reported that around 30 percent or more of
their forests were managed for the protection of soil and water, including the Caribbean, North America,
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Northern Africa, South and Southeast Asia and Western and Central Asia. Over 70 percent of forests
in North America were managed with considerations for soil and water protection; most communities
depend on forested watersheds for their high-quality water supply, and the US Forestry Service
identifies itself as the manager of the largest national water resource [18]. Interestingly, Europe fell
below the global average of managing forests for soil and water protection because most forest land
was privately owned and was not accounted for in national reporting; however, the recent FAO and
UNECE report on “Forests and Water: Valuation and payments for forest ecosystem services” [16]
provides ample evidence that an integrated approach to forest–water management occurs at regional
and national levels.

Thirteen countries also reported in FRA 2015 that 100 percent of their forests are managed with
soil and water protection as a main objective: Austria, Bhutan, Isle of Man, Jamaica, Kenya, Kyrgyzstan,
Libya, Martinique, Mayotte, Morocco, Saint Pierre and Miquelon, Tunisia and Yemen. All of these
countries are areas vulnerable to shocks, either island nations, mountainous and/or dryland areas.
In addition to regulating water supply, these forests likely act as natural infrastructure for natural
disasters and/or to maintain high quality water supply [14].

The FRA 2015 also provides data that a number of countries have forest areas that are primarily
managed for clean water, erosion control, desertification control, coastal stabilization and/or avalanche
control; these were summarized in FAO’s State of the World’s Forests 2018 (see Table 5). For example,
7 percent of Austria’s forests were managed primarily for clean water and another 30 percent were
managed primarily for erosion control. For each category, the top countries were listed by percentage
of total forest area, with the exception of avalanche control, which was only reported by Tajikistan and
Switzerland at 14 and 7 percent, respectively.
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4. Discussion

4.1. The Forest–Water Nexus Is a Human Well-Being Issue

Human wellbeing is intrinsically related to the ability of nature to provide ecosystem services.
In terms of the forest–water nexus, the contribution of loss of tree cover and land degradation to water
insecurity further emphasizes the human dimension of the nexus and the need to work together across
the scientific and socio-political spheres. The United Nations University UNU (2013) [19] explained
water security as “the capacity of a population to safeguard sustainable access to adequate quantities of
acceptable quality water for sustaining livelihoods, human wellbeing and socio-economic development,
for ensuring protection against water-borne pollution and water-related disasters, and for preserving
ecosystems in a climate of peace and political stability”. According to estimates, human demands for
water, energy and food production are expected to increase by 30–50 percent, which accompanied
with a business-as-usual climate scenario, is projected to result in a 40 percent global water deficit by
2030 [20,21]. This is alarming when considering that 80 percent of the world’s population already
suffers from water insecurity [22]. The sustainable management of forests and landscapes with trees
play a key role in mitigating the negative trends in water security and as such, their ability to deliver
water ecosystem services must be central to management objectives.

Forest and water interactions are complex making management of forests to address water
insecurity even more important. For instance, forests and trees use water—particularly in earlier stages
of growth. Large-scale restoration commitments to return forests to the landscape for their goods and
services will also alter hydrology. For example, Bastin et al. (2019) [23] estimate that 0.9 billion hectares
of trees can be restored globally, representing more than 25 percent increase in forested area—what
will this mean for water resources under pressure from growing human populations? Selecting the
right species, growing them in the right place and implementing the right forest management regime
will be crucial to managing trade-offs [4].

The importance of the forests and water to address human well-being is one of the reasons why
they are recognized in the Sustainable Development Goals. However, the data presented show that
while forests are increasingly being recognized for their water ecosystem services at international and
national levels, this recognition is relatively tokenistic: Countries have not committed resources to
addressing integrated forest–water management on the ground, and current methodologies are limited
in how they measure targeted progress.

4.2. International Momentum

The forest–water nexus has been gaining international attention over the past two decades.
The 2002 Shiga Declaration on Forests and Water provided one of the first frameworks for action.
At this meeting, over 100 forest and watershed management experts from around the world and 16
international organizations and Non–governmental organizations (NGOs) met to discuss the state of
forests and water knowledge at the time and provided recommendations to better understand the
ecosystem services provided by forests. Since then, over twenty major international conferences on
forests, water and climate change have discussed and advocated for the importance of managing for
forest–water relationships; many of these events and their recommendations were summarized in
Forests and Water: International Momentum and Action [24].

Due to the forest–water nexus being a relevant cross-cutting issue for international development
objectives and the resulting growing momentum in discourse, it is recognized in many international
agenda (Figure 6), and in recent years has received more explicit mention. Since 2015, there has been an
emphasis to address the recommendations of improving awareness and understanding of forest–water
relationships, and linking science, policy and practice. As a result, there has been an increase in
advocacy strategically aimed at influencing international processes, and a number of publications
have emerged to summarize decades-worth of forest–water research and practice, as well as the
implications and contributions of the forest–water nexus to achieving international objectives and
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priorities, including goals related to sustainability, climate change, forest and landscape restoration
(FLR), biodiversity, and water scarcity. For example, Ellison et al. (2017) [1] provided a scientific
review of how forest–water relationships contribute to climate change, which was promoted at the
UNFCCC Conference of the Parties (COP) 21 and 22; the Global Forestry Expert Panel produced a
synopsis of forest–water scientific understanding and policy recommendations [2], which was launched
at the High Level Political Forum on Sustainable Development for SDGs 6 and 15, and presented
to the Commission on Forestry in 2018; and a group of forest and water experts provided policy
recommendations for the forest–water nexus in climate change and FLR [4,25], at the World Water
Forum in Brazil in 2018, as well as the UNFCCC Talanoa Dialogue process for COP 24.

Figure 6. Relevant international political agenda/frameworks to the forest–water nexus.

This ongoing advocacy has resulted in explicit references to forest–water linkages in the SDGs,
(I)NDCs and other international agenda. While further analysis at national and sub-national scales
would be needed for the data presented in this paper, it does reveal interesting trends and key
messages that could be leveraged to further influence international agenda and support the push
for more integrated approaches to addressing global development issues and take advantage of the
current momentum.

4.2.1. Sustainable Development Goals

When considering the SDGs, it is important to look at how these targets are measured and
monitored to understand how the political momentum of the SDGs may be translated into actions
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relevant for the forest–water nexus. The indicators establish the benchmarks and determine how
countries will report their progress. The current indicators for targets 6.6 and 15.1 are classified as Tier
I, which according to the Interagency and expert group on SDG indicators are “ . . . conceptually clear,
has an internationally established methodology and standards are available, and data are regularly
produced by countries for at least 50 per cent of countries and of the population in every region where
the indicator is relevant” [15]. This is important to note as data on these indicators highly depends on
national reporting, validation and processes. The fact that these indicators are Tier 1 speaks of the
political willingness at the national level to align or mainstream SDGs 6 and 15 into their policies and
planning. To put this into perspective, as of 22 May 2019, over 122 indicators were still classified as
Tier 2 or 3 and only 104 indicators had achieved Tier 1 status [15]. This further highlights the varying
levels of political commitment for different SDGs, their targets and indicators as expressed in the UN
Secretary General’s report on the progress towards the SDGs [26].

The analysis of the methodologies for the relevant indicators highlighted possible areas of action.
The UN Environment methodology depends on earth observation data on spatial extent and some
water quality parameters analyzed by specialized agencies and relies on countries for the verification
of data and local measurements of water quality [15]. This methodology limits its definition of
water-related ecosystem to five categories: (1) vegetated wetlands, (2) rivers and estuaries, (3) lakes,
(4) aquifers and (5) artificial waterbodies [27], for which only two types of forests are included because
they are inundated with water either permanently or seasonally: swamp forests and mangroves.
Some of the limitations of this methodology relate to the heavy reliance on external inputs and
support form specialized agencies, as the methodology to generate the data is technical in nature.
Ensuring proper analysis and validation from countries may be a challenge in terms of capacity and
resources. Furthermore, limiting the definition of other water-related ecosystems to vegetated wetlands
neglects the role that other ecosystems, especially forests, play in providing water-related ecosystem
services. At a minimum, other forest types with strong associations to water services, such as cloud,
riparian, peat and dryland forests should also be considered.

The Ramsar Convention methodology relies on information provided by the countries and has
been embedded in the reporting mechanism of the Convention. Parties to the Convention decided that
they would include information on the extent of wetlands in their territories in their national reports
for the Ramsar COP13 and thereafter, highlighting the importance of this SDG to them. According to
the metadata, parties will report on the total area of wetlands for the following Ramsar categories:
marine/coastal, inland and human made. If available, countries also agreed to provide data on the
percent change in the extent of wetlands over the last three years or more. By doing this, the countries
created an intergovernmental mechanism to submit verified information based on their national
wetland inventories. It is important to note that the guidelines provided by the Ramsar Convention
apply to all wetlands (according to the Ramsar definition) irrespective of their status as a Wetland of
International Importance or Ramsar site. In relation to the forest–water nexus, the Ramsar definition
may include a number of forested water-related ecosystems. The Convention text indicates that
wetlands include “ . . . areas of marsh, fen, peatland or water, whether natural or artificial, permanent or
temporary, with water that is static or flowing, fresh, brackish or salt, including areas of marine water
the depth of which at low tide does not exceed six metres”. It also states that wetlands “may incorporate
riparian and coastal zones adjacent to the wetlands, and islands or bodies of marine water deeper than
six metres at low tide lying within the wetlands” [15].

A closer look at the Ramsar wetlands classification shows that the following forested wetlands
are taken into account into the three broad categories: freshwater tree-dominated wetlands (includes
freshwater swamp forests, seasonally flooded forests and wooded swamps on inorganic soils),
forested peatlands and intertidal forested wetlands (includes mangroves, nipah swamps and tidal
freshwater swamp forests). Under this methodology, data will come from national wetlands inventories.
However, some of the limitations include countries having their own methodologies for their wetlands
inventories and inventories that may not be up to date. This classification, like the UN Environment
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classification, does not explicitly take into account other types of forests such as cloud forests or
dryland forests. The limited scope of ecosystems in 6.6.1 is partly due to the expectation that the
“other” water-related ecosystems will be covered by other SDGs and indicators [14,28], which is not
the case. Moreover, while (some) ecosystems are measured, their effectiveness of providing water
ecosystem services are not.

Yet, it is interesting and important to mention that this gap in the tier I indicators, could be
addressed with other existing indicators and methodologies. For example, FRA has an indicator that
reports on extent area forests managed with soil and/or water protection as an objective, as discussed
previously. Although there are limitations to this data, namely its reliance on self-reporting and focus
on extent area, it does address the interlinkages of forests and water ecosystem services better than the
current SDG indicator methodology. The next FRA will be available in 2020, and is expected to launch
an updated reporting system that includes remote sensing data. This could mean some of the issues
raised here may be addressed in the near future.

4.2.2. Forests and Water in Climate Change

A review of nine (I)NDC synthesis reports focusing on either forests or water, revealed that the
sustainable management both of these resources are important to address climate change, but synthesis
reports on forests do not generally reference water, and vice versa; in general, the sectors are referenced
separately [29]. For example, the Intended Nationally Determined Contributions ((I)NDCs) have
been reviewed for references to land-use, land-use change and forestry (LULUCF) [30] and water [31].
At the time of the publication of the various reviews, 88 percent of (I)NDCs referenced forests [30]
and 77 percent referenced water [31]. While these reviews hailed the (I)NDCs for recognizing the
importance of LULUCF and water to address climate change, they also acknowledged that the
proposed measures varied widely; most did not provide concrete, measurable targets or details on
implementation; and most require financing commitments [30,32–34]. Additionally, these reviews
were limited in scope, focusing their analysis from either a land or water management perspective;
there was acknowledgement that forestry and water link to other sectors, but the reviews did not
analyze the extent to which there were interlinkages, which is why an analysis on the forest–water
nexus was performed.

Based on the analysis presented here, it is promising that the forest–water nexus receives substantial
recognition within the (I)NDCs. By referencing the forest–water nexus, these countries have expressed
a certain amount of political will towards integrated approaches and should be prioritized in strategic
efforts to develop capacity and address potential gaps. Moreover, the acknowledgement of the
forest–water nexus provides justification to engage with potential collaborators and donors, as well as
to leverage financial support. Considering the status of forests managed for soil and water protection
in the global south is low (based on FRA data), it is interesting that the recognition of the forest–water
nexus in the (I)NDCs is not only high but relatively consistent in these regions. The climate change
agenda, therefore, provides a promising entry point for address integrated forest–water management
in developing countries.

With such a broad spectrum of proposed measures without finance-based commitments, and
limited detail on what is expected to be achieved and how, the (I)NDCs, like the SDGs, appear to be an
important step in the right direction for a process that needs to overcome major hurdles. In particular,
it is well-known that institutional responsibility over forest and water resources are often different,
which brings challenges to implementing an integrated approach to management and policy. Without
providing details on how these sectoral silos will be better integrated, it is currently hard to assess
how effective or realistic the (I)NDCs will be. As the (I)NDCs will be re-published in 2020, it will
be interesting to review them again and to see how they have changed, and whether they include
more concrete measures, including targets and financial commitments. Of course, having appropriate
indicators and methodologies to measure and report progress would support countries in deciding
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their commitments and targets, as well as to strategize effective implementation, avoid the duplication
of efforts and ease reporting commitments.

4.2.3. Further International Momentum Required

As the results of global efforts to implement the current international environmental agenda
become available, the need to further consider the forest–water nexus in management strategies at
different levels of governance becomes more evident. For example, the recent Intergovernmental
Science-Policy Platform on Biodiversity and Ecosystem Services (IPBES) Global Assessment Report
on Biodiversity and Ecosystem Services [35], which is the most up-to-date report providing progress
on Aichi Targets, the SDGs and 10 other environmental agreements, shows that nature, ecosystem
functions and services are directly related to the achievement of Sustainable Development Goals (SDGs)
1, 2, 3, 6, 11, 13, 14 and 15. However, the report shows that the status and trends of ecosystems and
their functions and services are negative, and that these trends provide evidence of poor, declining or
partial contributions to achieving targets under the above-mentioned goals. This is concerning as many
of these goals have been identified as key areas where an upward trend in management of forests
for water ecosystem services could significantly contribute to achieving the targets. The alarming
results of the report provide a strong argument to increase the area of forests managed for water
ecosystem services. To do so, increasing awareness and consideration of the forest–water nexus within
international frameworks is of utmost importance to ensure global implementation.

However, focusing on the international agenda and the inclusion of the forest–water nexus has
its limitations as it can only infer success of advocacy and awareness at a high political level until
national level reporting is completed. To better understand whether the forest–water nexus is taken
into consideration, national and sub-national actions on the ground, including management and
policies need to be considered.

4.3. Big Picture (Global) Data Is Needed

The fact that the forest–water nexus is based on context-specific relationships is a challenge for
policymakers: without broadly applicable principles as a foundation, it is not likely that policies
encouraging integrated approaches will be implemented. Although there are large information gaps
and assumptions, national and global datasets may at least provide a sufficient ‘big picture’ to peak the
interests of policymakers. For example, the FRA data previously presented provides a useful global
picture by country and could create an impetus to investigate where forests for water are managed are
located, whether they meet this objective and how effectively they contribute to national water goals.

Similarly, WRI Global Forest Watch Water data was used as it is one of the only mapping tools
linking tree cover to water at a global scale. While there are limitations to the use of Hansen et al.
(2013) [9] tree cover data, such as poor representation of dryland forest and trees outside forests [23],
as well as assumptions regarding the relationships between tree cover and water risk, it provides a
useful global scale picture of forests and water. The consistent trend that tree cover loss may influence
erosion, base water stress and forest fire risk, irrespective of forest and soil type, needs further validation.
However, it does support the notion that tree cover loss, as part of a larger land conversion process,
may contribute to higher water-related hazards due to changes in soil properties and hydrological
patterns [1,2].

Such global data provide an interesting narrative for high-level decision-makers engaged in the
negotiations of international agenda and national-level commitments. Moreover, the data provides a
rough baseline that could be used to initiate research where there are forest–water knowledge gaps,
such as certain geographic areas, biomes or in response to socio-political questions.

5. Conclusions

While sustainable forest management, in principle, takes water ecosystem services into account,
global awareness and knowledge of forest–water relationships is generally limited, and primarily
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rests within the scientific community. Though steps have been made to increase the recognition of
forest–water interlinkages in policy and practice, strides are needed to break down the silos and
ensure an integrated approach with greater collaboration between science and policy where research
is guided by the interests and questions of policymakers. In order to facilitate this process, research
on the forest–water nexus needs to move beyond the bio-physical and include the socio-political.
Future research should focus on addressing major research gaps in forest–water policy and governance,
as well as potential socio-economic and political impacts. As reporting for SDG indicators 6.6.1 and
15.1.1 takes place in 2020, an assessment of the data submitted by countries should be done and added
to the findings of this study. Together, these will contribute to efficiently and effectively harness the
current momentum in the international environmental arena and increase the political support for
better management of forests for water-related ecosystem services.

The analysis of available global data provided in this paper indicates a growing understanding of the
importance of forest–water relationships, as well as the political will to address it. Moreover, the sustainable
development and climate change agendas (and other international policy frameworks) may provide
the impetus and financing to address cross-sectoral issues in a comprehensive and strategic way.
Similarly, the growing emphasis on restoration, including the UN Decade on Ecosystem Restoration,
provides incentive to better understand how large-scale land cover and land-use will affect water. However,
as shown by this study, there is no single reporting mechanism that allows us to better understand the extent
to which forests provide water ecosystem services, nor their management and/or management effectiveness.

Due to the lack of an indicator that specifically addresses forest–water interactions in the current
international frameworks, the methodology hereby presented allows for a robust global analysis and
provides a baseline for recommendations and further research. This is particularly useful, especially with
upcoming revisions of the (I)NDCs and reports for the relevant SDGs. Furthermore, the research
presented in this paper could be used to inform the SDG monitoring process so it includes reporting
on the state, extent, management and management effectiveness of more forest–water ecosystems.
Especially as this process has to be constantly reviewed as mandated by the General Assembly of the
United Nations through resolution A/RES/71/313 [36], providing a good opportunity for better and
improved methodologies to be used.
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Appendix A

Definitions:
Adaptation—adaptation to climate change refers to adjustment in natural or human systems

in response to actual or expected climatic stimuli or their effects, which moderates harm or exploits
beneficial opportunities. Various types of adaptation can be distinguished, including anticipatory and
reactive adaptation, private and public adaptation, and autonomous and planned adaptation.

Baseline Water Stress—baseline water stress measures total annual water withdrawals expressed
as a percent of the total annual available flow.

Ecosystem Services—the benefits people obtain from ecosystems, classified into provisioning,
regulating, cultural and supporting services.

Ecosystem Services for Mitigation /Adaptation
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Erosion Risk—probability rate for an erosion process to start and develop as a result of changes of
one or several erosion inducing or controlling factors.

FAO region—FAO subdivides its work into five regions: region of Africa, region of Latin America
and Caribbean, region of Near East and North Africa, region of Europe and Central Asia and region of
Asia and the Pacific. It has regional offices in each of these regions for overall identification, planning
and implementation of FAO’s priority activities in the region

Integrated (water) resource management—the process that promotes the coordinated development
and management of water, land and related resources in order to maximize economic and social
welfare in an equitable manner without compromising the sustainability of vital ecosystems and
the environment

(I)NDC—(Intended) Nationally Determined Contributions) identifying post-2020 national climate
targets including mitigation and adaptation actions that countries commit to. The voluntary INDCs
become binding (NDC) once a country ratifies the Paris Agreement

Mangrove—area of forest and other wooded land with mangrove vegetation
Mitigation—in the context of climate change, a human intervention to reduce the sources or

enhance the sinks of greenhouse gases.
Rainforest—an evergreen forest associated with a climate characterized by continual high humidity

and abundant rainfall (>60 in or >1524 mm per year) and a short or no dry season.
Riparian Forest—vegetation directly adjacent to rivers and streams
Swamp forest—natural forests with >30% canopy cover, below 1200 m altitude, composed of

trees with any mixture of leaf type and seasonality, but in which the predominant environmental
characteristic is a waterlogged soil.

Tree loss—tree cover loss refers to the removal of trees
Wetland—wetlands are areas of marsh, fen, peatland or water, whether natural or artificial,

permanent or temporary, with water that is static or flowing, fresh, brackish or salt, including areas of
marine water the depth of which at low tide does not exceed six meters.
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Abstract: Integrating climate-smart principles into riparian and upland forest management can
facilitate effective and efficient land use and conservation planning. Emerging values of forested
headwater streams can help forge these links, yet climate effects on headwaters are little studied.
We assessed associations of headwater discontinuous streams with climate metrics, watershed
size, and forest-harvest treatments. We hypothesized that summer streamflow would decrease in
warm, dry years, with possible harvest interactions. We field-collected streamflow patterns from
65 discontinuous stream reaches at 13 managed forest sites in Western Oregon, USA over a 16-year
period. We analyzed spatial and temporal variability in field-collected stream habitat metrics using
non-metric multidimensional scaling ordination. Relationships between streamflow, climate metrics,
basin size, and harvest treatments were analyzed with simple linear models and mixed models
with repeated measures. Using past effects of climate variation on streamflow, we projected effects
to 2085 under three future scenarios, then quantified implications on headwater networks for a
case-study landscape. Ordination identified the percent dry length of stream reaches as a top predictor
of spatial and temporal variation in discontinuous stream-habitat types. In our final multivariate
model, the percent dry length was associated with heat: moisture index, mean minimum summer
temperature, and basin area. Across future climate scenarios in years 2055–2085, a 4.5%–11.5% loss in
headwater surface streamflow was projected; this resulted in 597–2058 km of additional dry channel
lengths of headwater streams in our case study area, the range of the endemic headwater-associated
Cascade torrent salamander (Rhyacotriton cascadae Good and Wake) in the Oregon Cascade Range, a
species proposed for listing under the US Threatened and Endangered Act. Implications of our study
for proactive climate-smart forest-management designs in headwaters include restoration to retain
surface flows and managing over-ridge wildlife dispersal habitat from areas with perennial surface
water flow, as stream reaches with discontinuous streamflow were projected to have reduced flows in
the future with climate change projections.

Keywords: climate change; forest ecosystem management; riparian buffer zones; density management
harvest; aquatic-riparian ecosystems; connectivity; heat: moisture index; Rhyacotriton; Oregon; US
Pacific Northwest

1. Introduction

Land managers addressing forest ecosystem sustainability face complex challenges of integrating
societal and ecological objectives for myriad natural resources that are prioritized as ecosystem services,
inclusive of wood, water, species, and cultural factors [1–3]. Historically, disturbances managed
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relative to forest ecosystems have been related primarily to resource extraction approaches that retain
designated priorities such as ecological structures, processes or functions (e.g., Pacific Northwest
moist coniferous forests [4]). Contemporary forest landscape planners are managing these factors in
addition to considering documented effects of climate variability and projections of climate change on
forest resources and ecosystems for the development of climate-smart forest-management designs [5].
Although new information is now accumulating regarding how spatio-temporal variability in climate
metrics intersect with various individual forest ecosystem services [6], integration of studies across
forest taxonomic and ecosystem boundaries is needed to address combined management and ecological
efficiencies. In particular, integration of forest ecosystem-management approaches for both aquatic-
and upland terrestrial systems relative to the known effects of climate variability and potential futures
of climate change is of paramount importance.

A division between aquatic- and upland-management planning in forests has been evident,
as natural resource specialists have addressed their areas of expertise separately (e.g., fish biology
and aquatic ecology, wildlife biology, forest-stand management), before assembling their individual
pieces into a larger project or landscape plan. This approach can be seen in the development of best
management practices (BMPs) in the United States that have targeted different legal requirements for
each category of resource, such as streamside buffer zones to address water-quality standards (e.g.,
the US Clean Water Act), habitat set-asides for sensitive-species protections (e.g., the US Endangered
Species Act), and multi-resource environmental assessments conducted to support forestry practices
(e.g., the US National Forest Management Act). However, adaptive management of these processes to
better integrate the separate pieces as well as incorporating new knowledge as it becomes available is
an essential piece of forest-landscape management. For example, the recent update to the US Forest
Service’s Planning Rule [7] includes new language about management of broader ecosystem services
as well as addressing integration of forest landscape issues such as habitat connectivity, watershed
protection, wildlife conservation, and resilience to climate change.

Furthermore, renewed recognition that both aquatic-riparian areas and uplands in forests
are heterogeneous systems over space and time has emerged from US Pacific Northwest forest
syntheses [8–10], adding complexity to broader forest landscape sustainability goals, integration across
ecosystems therein, and management of climate-smart forests [5,6]. Spatiotemporal complexity can
be generated by gradients in conditions (e.g., with geographic, geologic and hydrologic conditions,
also with latitude, distance from coastal mesic influence, rain-shadows) as well as repeated pulse
disturbances, some of which have their roots in extreme climate events (e.g., wind-throw, ice damage,
drought, flood) and can be aggravated by human activities (e.g., fire and past fire suppression; past
timber-harvest practices including tree cutting and road and culvert construction affecting erosion and
debris-flow events). Dynamic forested ecosystems are especially evident from our increasing knowledge
of unique species and species-assemblages that result from disturbances, species interactions, and
species’ life-history variation including dispersal limitations. In the US Pacific Northwest, this is
exemplified by the number of rare or little known late-successional forest species that are afforded
site-specific protection under the Northwest Forest Plan survey-and-manage provision [11–13].

Forested headwaters have been proposed as ideal places for the intersection of aquatic-riparian
and upslope management for ecological sustainability ideals such as biodiversity management, and
can also be useful to address dynamic forest ecosystems under climate change [14–16]. In forests of
montane landscapes, topographic relief is responsible for numerous headwater streams extending
toward ridgelines throughout watersheds, with the spatial extent of headwater streams encompassing
50–80% of forested watersheds [17–20]. This affects the riparian-upland forest areas designated to
buffer stream values, such as stream-buffer provisions extending to ~70- to 140-m away from streams
on federal lands managed under the United States’ federal Northwest Forest Plan [21], resulting in an
increased focus on the ecological values of headwaters and a need to better understand management
practices for sustainability of natural resources for ecosystem integrity and commodity production.
Headwater values include distinct floral and faunal composition or structure [22–31] and headwater
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connectivity to downstream aquatic-riparian networks for the delivery of down wood [32–34] and
sediment [34–37] for habitat structure, contributions of cool water for cold-adapted northwest fauna such
as economically-important salmonid fishes [19,38,39], and prey for downstream fish communities [40].
Headwaters offer upland connectivity opportunities as well, as they often are the closest areas to
ridgelines, and over-ridge habitat connectivity to adjacent watersheds [15,16]. For the conservation
principle of redundancy of protections, an especially important tenet when systems are dynamic in
nature, the multitude of headwaters provide an opportunity for managing redundant headwater stream
reaches—for persistence of their associated in situ populations per reach or reach-network, as well
as for dispersal habitat connections over ridgelines or downstream. For aquatic-riparian dependent
species as well as terrestrial species, dispersal routes along riparian corridors can funnel individuals
into narrowing headwaters before a relatively short over-ridge distance can be traversed to a novel
watershed; for example, aquatic and terrestrial amphibians may move along headwater riparian areas,
disperse over forested ridges, and retain gene flow among populations in adjacent watersheds [16,41,42].

In the Pacific Northwest, in particular, assessments of climate variability and projections of
climate change in forested headwaters are important owing to the dominance of these drainages in the
landscape, and their importance to multiple downstream and upland ecosystem services—yet we are
just beginning to understand climate influences on forested headwater streams. Stream-temperature
and streamflow changes are attributes often considered in watershed studies of climate change, as these
factors affect stream ecological conditions and functions, especially species habitat suitability via myriad
ecophysiological constraints [38,39,43]. In the Northwestern US more generally, at larger scales (i.e.,
larger landscapes and watersheds), climate projections include warmer temperatures [44–47] and altered
precipitation patterns such as reduced snowpack—especially at low-to-mid elevations [48,49], which
have many headwater basins in the region. These changes may affect streamflow, in particular, which
is also driven by landscape-scale drainage efficiency in converting precipitation to discharge [50–52].
A sensitivity map for summer streamflow across Oregon and Washington, USA showed variable patterns
with geographic conditions, including areas in the Cascade Range being particularly vulnerable to low
summer streamflows owing to volcanic geology with deep groundwater systems [52]. Runoff- and
groundwater-dominated watersheds contrast, with groundwater-dominated streams being especially
sensitive to changes in snowmelt amount and timing [53]. Less focus on understanding variation in
headwater streamflow patterns has occurred, as so far the focus has been on examining watersheds
at larger scales, with field streamflow measurements more often assessed at downstream tributary
junctions. Discontinuous streamflows in headwater stream reaches can translate to logistical challenges
for stream gaging methods that are often used for surface-flow pattern assessment.

Interactions of local geographic conditions with forest-vegetation and stream size are also important
considerations for streamflow dynamics. Upland forest management can affect streamflows: generally,
timber harvest is thought to decrease evapotranspiration, increasing soil moisture storage, runoff,
and streamflows, with patterns following intensity of disturbance and catchment area effects [54–60].
Yet patterns and processes may vary with site conditions (e.g., climate, soils, topography, vegetation
type, harvest type, time since harvest, season [54,59,61], and general forest ecosystem type: (1) in
mesic systems, increased streamflow may result from reduced canopy interception of precipitation and
evapotranspiration, leading to more water draining towards stream channels, especially in wet seasons;
(2) in arid systems, there may be less change in flow in all but the wettest systems owing to different
processes of rainfall interception, soil saturation, and vaporization; and (3) in subalpine systems with
arid summers, there may be little response in summer but increased flows during snowmelt [62].
Relative to streams in small watersheds in the Pacific Northwest moist coniferous zone, a pattern of
increased streamflow following harvest has been supported [61,63,64]. For example, in one study [63],
previously intermittent streams became perennial, and summer streamflow enhancement was attributed
to increased zones of deep perennial saturation. Conversely, another study reported lower streamflow
in small streams in 34- to 43-year-old plantations, compared to older forests (150–500 years old) [65],
suggesting an uncertain amount of variation may be occurring at local scales and perhaps with past
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site histories. At this time we have limited knowledge regarding the comparative magnitudes of
timber-harvest and climate-variation effects on streamflows, or their interactions. However, a study of
streamflows in Arizona, USA forests reported forest changes were associated with streamflow variation
to an extent similar to that of climate variability [66].

Understanding how climate variation and forest management interact with streamflow patterns in
basins of different sizes and geographic contexts, and consequent effects on other stream resources such
as biota, involves a complex web of interactions that is gaining research and management attention.
With increasing risks to natural resources from joint disturbances including forest-management
practices and climate change projections, studies of the dynamic contexts and consequences of
multiple-threat interactions are becoming more important [67]. Aquatic-dependent biota, in particular,
are fast-declining and have been considered a ‘weak link’ in forest ecosystem integrity [8]; they deserve
heightened attention for the interactive threats of habitat loss from anthropogenic disturbance and
climate change projections, two of their most important risk factors today. Forested headwater streams
and their associated riparian areas provide important reproductive, foraging, and dispersal habitat
for unique assemblages of forest-dependent species, especially endemic amphibian species in Pacific
Northwest moist coniferous forests [25,68]. Previous studies have shown that the composition of
aquatic and riparian animal communities in northwest forests is associated with habitat characteristics
of headwater reaches, with unique assemblages associated with both perennial-continuous and
intermittent-discontinuous portions of headwater stream networks, e.g., Western Oregon: [24,25,68,69].
However, relationships between headwater streamflows, climate, forest management, and geographic
contexts is not well examined by empirical studies.

To advance our understanding of the joint effects of climate and forest management on stream
surface flows in small headwater basins, we conducted a retrospective study with summer low-flow
data over 16 years, field-collected from headwater streams with discontinuous water flow in forest
stands subjected to an experimental harvest regime in Western Oregon, USA. We hypothesized that
summer dry-season headwater surface-flow stream lengths would be reduced in past years with
reduced precipitation and warmer temperatures. But we also predicted that there could be a signature
of the upland forest-harvest regime on summer headwater streamflows, with potentially increased
flows in headwater streams having the narrowest streamside riparian buffers (three buffer widths
assessed, and unharvested reference streams) in areas with upland thinning and hence relatively more
upland soil saturation and perennial runoff. We projected that interactions of buffers and climate
might occur, but did not predict an outcome because we had little a priori basis for understanding
relative magnitudes of these dual effects for headwater stream drainages in our study area. We also
considered headwater basin area per stream reach as a geographic variable affecting streamflow, with
larger basins likely collecting more precipitation and having more discharge and surface streamflows.
We then used our empirical findings from field-collected surface streamflow patterns collected over this
16-year time interval, along with annual climate variability, to parameterize models of landscape-scale
climate change to project effects into the future. Future climate projections for a case-study forested
landscape area were then computed to assess potential cumulative effects of changes to headwater
surface streamflow patterns, especially relevant to aquatic-dependent forest species with headwater
associations. We used the range of the Cascade torrent salamanders (Rhyacotriton cascadae Good and
Wake), a headwater-associated species found in discontinuous streams in the Cascade Range that is
proposed for listing under the USA Endangered Species Act, to exemplify the potential consequences
of headwater surface streamflow changes. We used this salamander to represent the larger assemblage
of biota in the uppermost headwater habitats of these stream systems in young forests at low to
mid-elevations. For example, faunal assemblages at headwater streams at our study sites also have
been previously described as unique due to increased density and biomass of Diptera (flies) [24].
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2. Methods

2.1. Study Area

This project is part of the larger Density Management and Riparian Buffer Study examining the
effects of variable thinning intensities and riparian buffer widths on aquatic and riparian vertebrates
and their habitats in headwater streams in Western Oregon [68,70]. The 13 sites studied here were
distributed on forestlands managed by the United States Department of the Interior Bureau of Land
Management (BLM) and Department of Agriculture Forest Service along the Coast and Cascade
Ranges in Western Oregon (Figure 1). Sites were located in the western hemlock vegetation zone,
characterized by mild, wet winters and warm, dry summers [71]. Forests were dominated by Douglas-fir
(Pseudotsuga menziesii (Mirbel) Franco), western hemlock (Tsuga heterophylla (Raf.) Sarg.); co-dominant
species at three Cascade Range study sites, and contained varying abundances of hardwood species
such as big-leaf maple (Acer macrophyllum Pursh), red alder (Alnus rubra Bong.), and golden chinquapin
(Chrysolepis chrysophylla (Douglas ex Hook.) Hjelmqvist). Site selection was nonrandom, but was
intended to represent young-managed stands on different BLM and Forest Service management units,
and were stands with homogenous vegetation conditions and specified stand ages. All sites were
naturally regenerated to ~430–890 trees per hectare (tph) after primary late-successional and old-growth
(LSOG) stands were clearcut 30–80 years prior to the initiation of our Study, without stream buffers
during that initial harvest. At the onset of our study, 10 sites were 30–50 years old, three sites were
70–80 years old (additional site information: [68,70]). Two sites with forest-stand ages 70–80 years were
previously thinned to 250 tph when they were at secondary forest-stand ages of 50 years (Perkins Creek,
North Ward), hence our study was the second entry for density management harvest at these two sites.
At these sites, recent mean annual temperature ranges from 9 ◦C to 12 ◦C, mean annual precipitation
ranged from 121.7 cm to 301.9 cm, with the growing season ranging from 271 to 326 frost-free days
(Climate WNA (Western North America), 1961–1990 average, a time period framing considerable stand
development at these sites) [72–74]. Elevation ranges from 183 m to 700 m above sea level among sites.

2.2. Experimental Design

Small stream channels consisting of narrow first- and second-order headwater streams dissected
the forested uplands at each site. The experimental/observational unit examined here is the stream
reach. The uppermost extent of a stream reach was most often (80% of the time) defined by the
upstream end of surface streamflow in the wet spring season (~March–May), such that no surface flow
was observed from that point to the ridgeline during the wettest times sampled. Less frequently (20%
of the time), the uppermost study stream reach was delineated by a study site or treatment boundary.
The downstream end of a study reach usually was defined by the stream extending into a different
treatment, out of the study site, or by an intersection with another stream. Different geometries of
stream networks and upland harvest implementation within study drainages resulted in stream-reach
lengths ranging between 70 m and 687 m.

All study stream reaches had dry channel sections between upstream and downstream flowing
sections. For this reason, rather than referring to our study reaches as being perennial or ephemeral,
which suggests always-flowing or seasonally flowing streams, our small headwater streams were
better classified by hydro-typing their surface flows as continuous or discontinuous, spatially, or
seasonally [68]. Most stream reaches in our study were spatially discontinuous (i.e., spatially
intermittent) [68]. In the spring wet season, they had surface flow at the upper and lower reach ends
with intervening areas in the middle where the surface channel went dry. In the summer dry season,
this spatial intermittency was retained, but dry channels were extended in length in the middle and
top-most part of the reaches. This field observation was a particular incentive for our study to examine
the potential influence of climate factors on surface flow. Perennial reaches (continuous flow) occurred
in larger stream reaches downstream, but we rarely saw streams we would call ephemeral or seasonal,
being continuous in the wet season and then going completely dry or subsurface along their upmost
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reach extent during summer dry seasons. Hence, we only analyzed spatially intermittent channels
in this study, resulting in a total of 65 headwater reaches being sampled at the 13 study sites and
included in our analyses (Table 1). It is possible that discontinuous streams are typical of our montane
landscapes if multiple springs intersect the ground surface, or if the stream has become disconnected
due to prior side-slope erosion causing the stream channels to have been infilled. These may not be
mutually exclusive, however. We saw apparent multiple sequential headwalls occurring in some of our
65 reaches, between which intervening sections of our stream reaches went dry or subsurface, which
may have occurred from erosion from previous disturbances, natural, or anthropogenic. All sites had
been previously clearcut without stream buffers, and it is likely that timber yarding up or across streams
disrupted substrates. Other analyses reported from our data have included perennial (continuously
flowing) stream reaches and reaches that were always dry [68]; various past studies have analyzed
different subsets of reaches, sites, and years [69,75,76].

Figure 1. Locations of 13 sites for the Density Management Study in Western Oregon, USA, analyzed
with regard to spatial and temporal variation in headwater streamflows.
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Our experiment was a before-after-control-impact design at each of the 13 sites with upland forest
density-management timber harvest and alternative stream-buffer treatments (Table 1). All treatment
stream reaches were within a heterogeneous thinned matrix, except 18 of 65 reaches were within upland
forest units that were unthinned during our study (i.e., controls). All of the remaining 47 reaches
went through one (21 reaches) or two (26 reaches) sequential thinning entries as part of our study.
Post-treatment year 11 to 14 (Table 1, right-most column) typically corresponded to time intervals after
the second thinning. We acknowledge that nuanced effects of different upslope thinning densities in the
heterogeneous upland forest matrix among sites are obscured in our analyses, but we felt there could be
sufficient power to focus on the potential effects of climate metrics, riparian buffer width, and drainage
area to understand streamflow variation within a forest-thinning neighborhood as described below.

Briefly, during the first thinning at 11 sites, upland density management treatments reduced
overstory tree density from 430–890 tph to 100–300 tph; there were 25 reaches within an upland
thinned matrix of 200 tph, 13 reaches in a 300 tpa unit, and four reaches in a unit with variable density
thinning, 100–300 tph. At seven sites in the younger stand ages, 30–50 year, circular clearcut gaps and
leave-tree islands (skips) of three sizes (0.1, 0.2, and 0.4 ha) were embedded in the thinned matrix.
This heterogeneous pattern was designed to test methods to accelerate development of LSOG stand
conditions. Three of ten sites in the younger age category (30–50 year: Cougar Creek, Grant Creek,
Schooner Creek) and all three sites in the older age category (70–80 year: Callahan Creek, Perkins
Creek, North Ward), were thinned without gaps and islands. At two older age class sites (Perkins Creek
and North Ward) for which our experimental thinning was a second-entry harvest, our first treatment
reduced overstory density from 250 tph to 100–150 tph. North Ward included an earlier once-thinned
control unit in addition to a never-thinned control unit; both were unmanaged during our study and
stream reaches in them were categorized as controls. A second thinning entry occurred at eight sites
(upslope of 26 reaches with buffers), including Perkins Creek and all sites with the heterogeneous
matrix described above. The second thinning reduced overstory density from 150–200 tph to 75 tph
upslope of buffers along 20 reaches, and from 300 to 150 tph upslope of buffers along six reaches—three
of these six reaches had thinned variable-width buffers during the second thinning, to 150 tph [69].
Most sites had additional thinning treatments in adjacent upland units to address upland objectives
of how to accelerate LSOG [70], but were not included here due to lack of stream-buffer replication.
Thinning operations generally occurred over a two-year time span during which field access was
constrained. Additional harvest information is available [69,70,77].

At each site, experimental treatments of upland density management were combined with
alternative riparian-buffer treatments on each side of spatially intermittent (discontinuous) streams:
one site-potential tree-height buffers (~70 m; eight replicate reaches), as per the interim guidance
for the federal Northwest Forest Plan in the study area for non-fishbearing intermittent streams [21];
variable-width buffers (≥15 m; 26 replicate reaches) which widened with site conditions such as steep
inner gorges, side-slope seeps, and unique vegetation such as old ‘wolf’ trees retained from the initial
clearcut; and streamside-retention buffers (~6 m; 13 replicates), intended to retain streamside tree
roots to reduce erosion to streams and provide direct overstory shading of stream channels. Spatially
intermittent stream reaches within untreated control units (18 replicates) were also sampled at sites to
provide a reference for the effects of our upland thinning and riparian-buffer treatments.

Most sites were small headwater basins, and had size and stream geometry constraints for
implementation of a fully randomized design of buffer treatments. We aimed for a minimum 60-m
distance between the upslope edge of the buffer and the ridgeline of the basin to accommodate a
thinning treatment. Some stream reaches were unable to accommodate wider buffers with thinning
before the ridgeline due to their small basin size. If the wider buffer could fit, full randomization of
treatments may have been compromised to allow its deployment.
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2.3. Field Methods

A total of 65 stream reaches that had been identified as spatially intermittent during spring
wet-season surveys were field-surveyed in the dry summer season, July–September, periodically over
16 years (1995–2011; no sampling in 2007). However, every site was not sampled each year as site
harvests were implemented over a multiple-year timespan owing to coordination among different
land-management districts and harvest contractors. Pre-treatment data were collected in one year at
sites between 1995 and 1999, and post-treatment data were scheduled to be collected in years 1, 2,
5, and 10 years after density-management timber harvests were completed; post-treatment surveys
were conducted from 1998 to 2011 (Table 1). Although we had only four post-treatment years for
scheduled sampling, some post-treatment survey intervals spanned additional years due to site-access
constraints such as harvest operations within sites occurring across several years. For example, if we
were permitted to access a stream reach immediately after upland thinning while harvest operations
continued at other site areas, our timeframe of sampling may have bridged contiguous years at a site
for due diligence to census conditions in the first year post-treatment as per our design. Overall, field
surveys were conducted in 362 total reach x time intervals.

Stream habitat data were collected per reach during field surveys. As field personnel walked
upstream, reaches were partitioned into one of three habitat unit types by three streamflow classes:
riffles were dominated by faster water currents, inclusive of steeper gradient areas that might be
considered steps or cascades; pools were units with surface water having little visible stream current;
dry units had no surface water flow. Small headwater streams can have heterogeneous surface flow
units within a single stream length, such as a small side pool along a fast-flowing riffle; these units were
characterized by the dominant type along the stream length, usually the riffle because of the higher
gradients at our headwater sites. Per unit, surface dimensions (length and width) were measured in
the field using a meter tape, and habitat conditions such as substrate type by particle size was visually
estimated (fine substrates, <3 mm diameter (diam) particles; small gravel, 3–10 mm diam; large gravel,
11–30 mm diam; cobble, 30–100 mm diam; boulder, 101–300 mm diam; bedrock, >300 mm diam).
Units were measured continuously along the entire length of the reach.

2.4. Stream Reach Characteristics

From our stream habitat data we characterized 27 stream reach and surface flow attributes per
reach (Table 2), from which we could determine a dominant streamflow metric for further analyses
of surface flow variation. Our calculations were conducted by major surface flow type (i.e., riffle,
pool, dry,), including the percentage of units and their total lengths in each flow class and the ratio of
dry length to wet length (dry: Wet). We calculated both the average attributes of all units within a
reach, and the coefficient of variation (cv) per attribute (Table 2). Instream habitat conditions were
somewhat comparable across reaches, as shown by smaller substrates dominating reaches (Figure 2).
In addition, we used a geographic information system (ArcGis desktop 10.1/10.5.1, ESRI, Redlands,
CA, USA; https://www.esri.com, accessed 11 July 2019) to calculate basin areas of each of the 65 reaches
to assess patterns with streamflow in our study reaches.
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Table 2. Headwater stream reach and reach surface flow characteristics examined for 65 stream reaches
sampled repeatedly from 1996–2011 in Western Oregon, USA. Average (standard error), minimum and
maximum values are shown.

Stream Reach and Flow Characteristics
Average Range

Mean ± SE Minimum Maximum

General reach characteristics

Dry to Wet ratio (Dry: Wet) 2.6 (0.6) 0.01 187.4

Average
Unit length (m) 14.7 (0.8) 2.6 153.9
Unit width (m) 0.4 (0.01) 0.1 2.1
Unit area (m2) 9.7 (1.6) 0.05 312.2

Variability
CV Unit length (%) 155.8 (2.5) 65.6 359.8
CV Unit Width (%) 45.8 (0.9) 0 130.9
CV Unit Area (%) 140.1 (2.5) 0 367.0

% Units by major flow class
Dry 30.9 (0.7) 2 66.7

Riffle 43.7 (0.4) 0 66.7
Pool 24.3 (0.8) 0 54.5

% Reach length by major flow class
Dry 36.2 (1.4) 1.5 99.5

Riffle 55.9 (1.4) 0 96.7
Pool 5.8 (0.4) 0 35.8

Surface flow characteristics

Average
Length of dry units (m) 18.3 (1.7) 1.4 306.5

Length of riffle units (m) 15.9 (0.9) 0 96.7
Length of pool units (m) 1.3 (0.05) 0 9.4
Width of riffle units (m) 0.4 (0.01) 0 2.1
Width of pool units (m) 0.4 (0.01) 0 1.9
Area of riffle units (m2) 11.2 (1.6) 0 420
Area of pool units (m2)

Variability
CV Dry unit length 107.3 (2.8) 0 280.4

CV Riffle unit length 100.3 (1.9) 0 221.8
CV Pool unit length 32.7 (1.4) 0 180.3
CV Riffle unit width 44.5 (1.1) 0 142.6
CV Pool unit width 28.2 (1.1) 0 114.3
CV Riffle unit area 115.5 (2.3) 0 286
CV Pool unit area 47.6 (2.0) 0 364.9

Figure 2. Box plots of substrate category distribution across the 65 study reaches.
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2.5. Climate Metrics and Future Scenarios

Seasonal and annual climate data, and future projections (i.e., 2025, 2055, and 2085) were obtained
for each site based on geographic coordinates and elevation from down-scaled spatial interpolations
of monthly data, accounting for effects of local topography, rain shadows, coastal influence, and
temperature inversions using Climate WNA [72–74]. Twenty-one climate metrics were assessed
(Table 3). For each site and year, annual and seasonal observed and derived climate metrics were
obtained, in addition to 30-year recent conditions (i.e., 1961–1990 averages).

Table 3. Climate metrics analyzed relative to headwater streamflows in Western Oregon, USA [73,74].

Climate Metrics

Mean annual temperature (◦C, MAT)
Mean warmest month temperature (◦C, MWMT)

Mean coldest month temperature (◦C, MCMT)
Temperature difference between MWMT and MCMT, or continentality (◦C, TD)

Hargreaves potential evaporation (mm, PET)
Hargreaves reference climatic moisture deficit (mm, CMD)

Degree days below 0 ◦C, chilling degree days (DD < 0)
Degree days above 5 ◦C, growing degree days (DD > 5)

Degree days above 18 ◦C, heating degree days (DD > 18)
Degree days below 18 ◦C, chilling degree days (DD < 18)

Number of frost-free days
Precipitation as snow (August in previous year—July in current year, in mm, PAS)

Mean annual precipitation (mm, MAP)
Winter mean maximum temperature (◦C, Tmax wt)
Spring mean maximum temperature (◦C, Tmax sp)

Summer mean maximum temperature (◦C, Tmax sm)
Winter mean minimum temperature (◦C, Tmin wt)
Spring mean minimum temperature (◦C, Tmin sp)

Summer mean minimum temperature (◦C, Tmin sm)
Annual heat: Moisture index ((MAT + 10)/(MAP/1000))

Summer heat:moisture index (MWMT/(Mean Summer Precipitation/1000))

Future projections were developed by atmosphere–ocean general circulation models (AOGCM)
from the Fifth Assessment of the Intergovernmental Panel on Climate Change [78] including the
Canadian Earth System Model (CanESM2) RCP 4.5, the Model for Interdisciplinary Research on Climate
(MIROC5) RCP 8.5 and the Met Office Hadley Centre HadGEM2-ES Earth System model RCP 8.5.
These scenarios cover a range of uncertainty in emissions scenarios and global climate models, though
most GCMs reproduce observed (historical) patterns of climate in the Pacific Northwest reasonably
well [45]. The RCP 8.5 assumes CO2 emissions with emissions increasing exponentially over time,
resulting in a future climate that is hot and dry. Relative to RCP 8.5, the RCP 4.5 assumes increases in
CO2 emissions peak around 2040 and decrease thereafter.

2.6. Statistical Analysis

To examine the main dimensions of variation in surface streamflow, we used non-metric
multidimensional scaling (NMS) ordinations of reaches, measured repeatedly over time, described by
the 27 stream characteristics calculated (Table 2). NMS iteratively finds the best solution, or axes of
variation, that capture patterns in the dissimilarity matrix (i.e., Sørensen measure of dissimilarity) [79].
Using rank distances, NMS is robust to non-linearities among variables and exhibits superior
performance across a range of data structures as compared to other ordination techniques [80].
We first assessed dimensionality using the quick and dirty autopilot mode in PC ORD [81]. Then we ran
the ordination starting from a random configuration specifying the suggested number of dimensions
(k = 3), 50 runs with real data, 50 iterations to evaluate stability, initial step length of 0.20, stability
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criterion of 0.00001 and a Monte Carlo test of whether extracted axes exhibit greater structure than
expected from random chance using 50 randomized runs. We used interpretative joint biplot overlays
and Pearson correlations to identify the main reach characteristics driving patterns in the ordination.
The NMS analysis was performed using PC-ORD [79].

We examined the results of the NMS ordination to identify a dominant stream-reach metric related
to streamflow variation for use in further analyses. The dominant streamflow metric in axis 3 of the
NMS ordination that explained most of the variation in the composite stream characteristics analyzed
was % dry length of a reach (Figure 3; also see Section 3, Results).

Figure 3. Box plot showing the distribution of the % dry length.

We used mixed models with repeated measures to examine the relationships among climate
metrics and interannual variation in % dry length. This model form was:

yi = Xiβ+ Zbi + ei (1)

where X is a matrix of explanatory variables and β is a vector of fitted coefficients for each observation,
Z is a matrix of explanatory variables modeled as random effects for each observation, and b are the
associated coefficients [82,83]. Year, site, and stream (nested in site) were modeled as random effects with
repeated measures on reaches (nested in stream and site). These random effects capture the hierarchical
structure of the experimental design and explanatory variables, providing the appropriate error terms
and degrees of freedom for tests in the models. The repeated measures were modeled through the error
term in Equation (1) using a banded Toeplitz covariance structure, which is appropriate for repeated
measures where subjects are measured at different time points. We converted the % dry length to a
proportion and transformed using a logit transformation prior to analysis.

We then used mixed models with repeated measures, as above, to examine the effects of
riparian-buffer treatment and time since thinning on the % dry length. Controlled post-hoc pairwise
comparisons, with p-values corrected using the Bonferroni procedure, were used to examine effects of
buffer treatments.

Following the identification of significant climate relationships with the % dry length, we added
terms for basin area (ha; informed by previous analyses showing effect on dry channel length) and
buffer treatments (e.g., 1–2 site-potential tree heights, variable-width, streamside retention, control) in
a final analysis to assess interaction of factors associated with the % dry length. Backwards elimination
was used to remove non-significant terms that did not improve model performance. We compared
these models to each other using Akaike′s information criteria [84,85].

2.7. Climate Change Projections

For assessment of effects of future climate projections on discontinuous streamflows in forests
like those we have studied, we estimated the % dry length for recent climate conditions (i.e.,
1961–1990 averages), and estimated effects of different projected climate scenarios. Then we used a
mixed model to compare scenarios (CanESM2 RCP 4.5, MIROC5 RCP 8.5, and HadGEM2-ES RCP 8.5)
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and time steps (i.e., 2025, 2055, and 2085) on % dry length. The covariance structure was similar to
previous models, except an autoregressive model, rather than Toeplitz, was applied to the repeated
measures [82]. We back-transformed model predictions from a logit-transformed proportion to the
% dry length. Our mixed modeling analyses and climate projections were performed using SAS
Version 9.4 (Copyright (c) 2002–2012 by SAS Institute Inc., Cary, NC, USA). Model performance
was assessed by examining marginal and conditional coefficients of determination (R2) between the
observed and predicted values.

2.8. Landscape Projections

For landscape projection of effects on surface flow of future climate scenarios, we chose a case-study
area of the Oregon and Washington, USA, Cascade Range delineated by the range of the Cascade
torrent salamander, R. cascadae. The salamander range was determined by identifying 6th-code
(field) hydrologic units (watersheds) with at least one known site of the species (ArcGIS desktop
10.1/10.5.1, ESRI, Redlands, CA, USA; https://www.esri.com, accessed 11 July 2019) (Figure 4). Known
sites (N = 449) were compiled from a federal conservation assessment synthesizing knowledge of the
species [86]. The species’ range overlaps the area represented by our study sites in the Oregon Cascade
Range, but also extends to adjacent areas outside our study; hence, caution is needed in interpreting
these landscape projection results because although they may be representative of the general area,
they extend beyond the inference of our experimental results. In the species range assessed here
(135 6th-field watersheds having a known site of R. cascadae), we modeled stream networks using the
synthetic stream layer from Terrain Works (Mount Shasta, CA, USA: http://www.terrainworks.com/,
accessed 11 July 2019), which is an application that is, to date, one of the most accurate for small
streams. We measured the resulting modeled stream-reach lengths for first-order streams in those
watersheds as well as stream reaches within sub-drainages <12.6-ha area, the average basin size in our
study sample. Since our results showed that all stream reaches in our sample had some increase in dry
channel length regardless of basin area, and small basins in our sample had significantly increased dry
channel lengths in warm-dry years, we felt that using the average basin area would be a conservative
estimate to predict reduced surface streamflows with our future projections.

It should be noted that our sample only included stream reaches with discontinuous surface flow
and other stream types such as perennial streams may also be drying, so the 12.6 ha basin-area cut-off
for our landscape projection is expected to be quite conservative for estimation of stream reach drying.
Furthermore, only stream reaches occurring at less than 1433-m elevation were modeled, as that is
the upper limit of Cascade torrent salamander known sites. We summed reach lengths across the
modeled area for current conditions, and applied the % dry length prediction with future climate
scenarios (determined as described in 2.7 above) for both first-order streams and streams in basins
of <12.6 ha. However, note that this estimated landscape assessment of headwater streamflow is an
inexact relationship with our field observational data because: (1) landscape forest-site conditions vary
and include some areas subject to legacies of stand-replacing fires, landslides, volcanic eruptions, and
different harvest practices (e.g., multiple clearcuts), whereas our study sites were previously clearcut
once without riparian buffers; and (2) headwater streamflows in the landscape may include perennial
(continuous flow) and spatially or temporally discontinuous streams, whereas the experimental streams
that we analyzed were initially identified as reaches that were spatially intermittent (discontinuous)
during spring wet-season surveys. To better address this second issue, we evaluated the range of
headwater stream surface-flow hydrotypes from our pretreatment data [68] across a broader set of
streams initially sampled. Among streams with surface water flow during the spring wet season, most
(60%) were the discontinuous streamflow hydrotype and 40% were perennial, with continuous surface
flow. Of spring-season perennial streams, 10% totally dried in summer, 3% became discontinuous,
and 86% remained perennial; of spring-season discontinuous streams, 14% totally dried in summer.
Considering these patterns, modeling stream reaches in basins of 12.6-ha area actually may be a
more accurate extension of our data, as it would better represent where changes in discontinuous
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streams are likely to occur. Models of first-order streams are presented for comparison because of
uncertainty in landscape-scale headwater surface-flow hydrotypes, but may overestimate the effects
that could be represented by our model system of spring-season discontinuous streams. Yet, this may
be compensated by the spring-season perennial streams that become discontinuous in summer.

 
Figure 4. Landscape area of the Oregon and Washington, USA western Cascade Range where the
effect of modeled climate change in year 2085 on headwater streamflows was projected. Polygons are
6th-field watersheds (HUs = hydrologic units) which have one or more known sites of the Cascade
torrent salamander (Rhyacotriton cascadae; RHCA), a sensitive species associated with discontinuous
headwater streams. Shading depicts elevation bands, defined on map.
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3. Results

We characterized 27 stream-reach and -unit metrics for the 65 spatially intermittent study-stream
reaches at our 13 study sites (Table 2). Variation in streamflow was captured by several metrics
including dry-to-wet ratio, % units by major flow class (including dry), % reach length by major flow
class, length of dry units (and other types of units), and coefficient of variation of dry unit length.

3.1. NMS Ordination

Our three-dimensional NMS ordination examining 27 stream-reach and unit streamflow
characteristics had a final stress of 10.12, explained a cumulative of 95% of the variation in the
distance matrix (Figure 5, Table 4) providing a satisfactory solution [79]. The axes demonstrated greater
structure than expected by random chance (Monte Carlo, p = 0.02). Axis 3 explained the most variability
in the distance matrix (55.4%) followed by axis 1 (25.7%) and axis 2 (14.0%). Axis 3 contrasted reaches
with a greater percentage of total length, and a greater percentage of units classified as dry (% dry
length, r = 0.69 and % dry units, r = 0.71) from reaches with greater length and variability in the length,
area, and width of units classified as riffles and pools (Figure 5, Table 4). Reaches with high variability
of unit length (cv unit length, r = 0.74)) and dry unit length (cv dry length, r = 0.63) were contrasted
from those with a greater percentage of length (r = −0.48) and units (r = −0.36), and mean unit length
(r = −0.54) as riffle along axis 1 (Figure 5, Table 4). Axis 2 contrasted reaches with greater mean length
of units classified as riffles (m riffle length, r = 0.41), from reaches with a greater percentage of units
and length as pools, and greater variability in pool unit length, width and area (Figure 5, Table 4).
From these results showing the dominance of axis 3 in explaining variation in surface flow, with % dry
length of reaches having a high correlation value (r) for axis 3 and being a characteristic of dry channel
length (hence, as it increases, surface flow is reduced), we used % dry length in further analyses.

 
Figure 5. Three axis non-metric multidimensional scaling ordination of 65 reaches sampled repeatedly
from 1995–2011 (no sampling in 2007; n = 362 total reach x year sample periods) described by
27 characteristics. Biplot vectors show relationships with reach characteristics in the main matrix
(r2 ≥ 0.30). Color codes highlight differences among and within sites. Percentages show the variance
explained by each axis.
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Table 4. Pearson correlations between stream reach characteristics (average values unless otherwise
indicated) and axes from non-metric multidimensional scaling ordination of 65 reaches (see Figure 5).
sites measured repeatedly over time from 1995–2011 (Table 1). Correlation values (r) ≥ 0.11 are
statistically significant (two-tailed test, p < 0.05). CV = coefficient of variation.

Stream Reach and Flow Characteristics
Axis

Axis 1 Axis 2 Axis 3

General reach characteristics
Dry: Wet ratio 0.279 −0.106 0.353
Unit length (m) −0.067 0.467 0.49
Unit width (m) −0.324 0.268 −0.251
Unit area (m2) −0.299 0.528 −0.007

Variability
CV Unit length (%) 0.739 0.068 −0.13
CV Unit Width (%) 0.134 0.325 −0.157
CV Unit Area (%) 0.289 0.42 −0.688

% Units by major flow class
Dry 0.079 0.217 0.71

Riffle −0.361 0.411 −0.268
Pool 0.162 −0.449 −0.597

% Reach length by flow class
Dry 0.522 −0.197 0.686

Riffle −0.477 0.29 −0.667
Pool 0.088 −0.476 −0.437

Surface flow characteristics
Length of dry units (m) 0.309 0.193 0.368

Length of riffle units (m) −0.535 0.582 −0.081
Length of pool units (m) −0.002 −0.249 −0.356
Width of riffle units (m) −0.296 0.312 −0.279
Width of pool units (m) −0.08 −0.198 −0.485
Area of riffle units (m2) −0.278 0.521 −0.112
Area of pool units (m2) −0.068 −0.133 −0.191

Variability
CV Dry unit length 0.63 −0.12 0.262

CV Riffle unit length 0.252 0.396 −0.629
CV Pool unit length 0.326 −0.528 −0.496
CV Riffle unit width 0.175 0.335 −0.315
CV Pool unit width 0.339 −0.502 −0.529
CV Riffle unit area 0.345 0.456 −0.634
CV Pool unit area 0.332 −0.565 −0.503

3.2. Relationships between Streamflow, Climate, Basin Area, and Buffer Treatments

Of the 22 seasonal and annual climate metrics examined (Table 3), annual heat moisture
index (AHM) and summer heat:moisture index (SHM), derived climate metrics signaling warmer
temperatures and drier conditions in a past year, were positively related to % dry length (Figure 6,
Table 5). These relationships corresponded with negative relationships of % dry length to: mean annual
precipitation, mean summer precipitation, number of frost-free days, and winter mean minimum
temperature (Figure 6, Table 5). Additionally, % dry length was positively related to: potential
evapotranspiration, climatic moisture deficit and summer mean minimum temperature (Figure 6,
Table 5). No other climate variables showed significant relationships with % dry length (p ≥ 0.05,
Table 5).

Simple linear models also showed that % dry length was negatively related to basin area (estimated
coefficient = −0.024 ± 0.001, t = −3.28, p = 0.002; Figure 7). Basin area averaged 12.6 ha (median = 10.1 ha),
and ranged from 2.4 to 61.2 ha. Basins smaller than 12.6 ha were prone to significant drying.
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Figure 6. Modeled relationships between % dry stream-reach length and climate variables. Solid lines
are predicted values from simple linear mixed models, dashed lines show upper and lower 95%
confidence intervals. Nested random effects for site, stream and reaches (repeated) are not shown.
MAP =mean annual precipitation (A), MSP =mean summer precipitation (B), NFFD = Number
of frost-free days (C), AHM = annual heat: moisture index (D), SHM = summer heat: moisture
index (E), Tmin sm =mean minimum summer temperature (F), PET = potential evapotranspiration
(G), CMD = climatic moisture deficit (H), and Tmin wt =mean minimum winter temperature (I).

Figure 7. Modeled relationships between % dry stream-reach length and basin area. Solid line shows
predicted values from simple linear mixed models, dashed lines show upper and lower 95% confidence
intervals. Nested random effects for site, stream and reaches (repeated) are not shown.
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Table 5. F-test results relating % dry length to annual and seasonal climate variables (Table 3) in simple
linear models. Intercepts are not shown. All tests were based on 362 observations with one degree
of freedom in the numerator. The response variable (% dry length) was transformed using a logit
transformation prior to analysis.

Variable Estimate SE DF_Denom F p

MAT −0.01134 0.02678 131 0.18 0.673
MWMT 0.03496 0.02047 215 2.92 0.089
MCMT −0.00817 0.01151 180 0.5 0.479

TD 0.01603 0.01041 249 2.37 0.125
MAP −0.00012 0.00003 128 13.24 <0.001
MSP −0.00044 0.00016 101 8.16 0.005
AHM 0.02234 0.00594 109 14.15 <0.001
SHM 0.00186 0.00036 57.5 26.57 <0.001

DD < 0 0.00082 0.00084 158 0.96 0.328
DD > 5 −0.00001 0.00009 132 0.02 0.881
DD < 18 0.00004 0.00008 147 0.27 0.603
DD > 18 0.00009 0.00038 136 0.06 0.813

NFFD −0.00344 0.00127 112 7.34 0.008
PAS −0.00164 0.00110 283 2.23 0.137
Eref 0.00143 0.00054 266 7.08 0.008

CMD 0.00077 0.00020 76.7 14.67 <0.001
Tmax wt −0.02220 0.01445 75 2.36 0.129
Tmax sp 0.01336 0.01254 118 1.13 0.289
Tmax sm 0.01031 0.01668 200 0.38 0.537
Tmin wt −0.03033 0.01234 96.7 6.04 0.016
Tmin sp −0.01672 0.02089 161 0.64 0.425
Tmin sm 0.04943 0.02317 244 4.55 0.034

Percent dry length was not related to riparian buffer treatment (F = 1.753, 19.3, p = 0.19), even when
only post-thinning years for the thinned treatments were included in the model (F = 1.713, 16.3, p = 0.21).

The final multivariate model of the combined effects of climate variation, basin area, and
riparian-buffer treatment on % dry length included basin area, summer heat:moisture index (SHM) and
mean minimum summer temperature (Tmin sm) as significant factors (Table 6). Buffer treatments were
not significant after accounting for these effects (p > 0.05) and including buffer treatment in the fixed
effects did not improve the model (ΔAIC < 2). Similar to the simple linear models (Figures 6 and 7), %
dry length decreased with increases in basin area, and increased with increases in SHM and Tmin sm.

Table 6. Final multivariate model relating the percentage of dry stream-reach length to basin area,
summer heat:moisture index (SHM) and mean minimum summer temperature (Tmin sm). Conditional
R2 = 0.82 and marginal R2 = 0.19.

Effect Estimate Standard Error DF t Pr > |t|

Intercept −0.812 0.209 147 −2.80 0.0059
Area (ha) −0.024 0.007 38.7 −3.26 0.0023

SHM 0.002 <0.001 60.7 60.7 <0.001
Tmin sm 0.058 0.022 250 2.63 0.0090

3.3. Climate Change Projections

Increases in SHM and Tmin sm associated with future climate change scenarios resulted in
increases in % dry length, with effects varying with projection year (i.e., 2025, 2055, and 2085) and
scenario (CanESM2 RCP 4.5, MIROC5 RCP 8.5, and HadGEM2-ES RCP 8.5; Figure 8). By as early
as 2025, all scenarios resulted in % dry lengths greater than those predicted under recent climate
conditions (1961–1990 average). The effects of the HadGEM2-ES RCP 8.5 scenario were the most
severe, which a projected % dry length of 52.1%. This is a difference of 11.5% over the % dry
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length predicted by the 1961–1990 climate conditions. By 2055, the % dry length ranged from 45.0%
(95%CI = 43.4%–46.7%) to 48.7% (95%CI = 47.0%–50.4%), or an increase 4.5%–8.2% over 1961–1990
conditions (40.5%, 95%CI = 38.9%–42.2%). The HadGEM2-ES RCP 8.5 scenario resulted in the greatest
increase in % dry length followed by CanESM2 RCP 4.5 and HadGEM2-ES RCP 8.5.

Figure 8. Future percent dry stream reach lengths in years 2025, 2055, and 2085 estimated from projected
summer heat-moisture index (SHM), mean minimum summer temperature (Tmin sm), and basin area
using multivariate modeling results (Table 6). Shaded bars show effects of MIROC RCP 8.5, CanESM2
RCP 4.5 and HadGEM2-ES RCP 8.5 scenarios. Reference line shows the recent climate result from SHM
and Tmin sm in 1961–1990. Error bars show 95% confidence intervals. Differences in letters indicate
significant differences between scenarios (p < 0.05).

3.4. Landscape Projections

Using the estimated loss in surface flows of headwater discontinuous streams that was projected
with future climate change scenarios in 2055 (4.5%–6.4%), projections of reductions of total wetted
stream lengths (increased dry lengths) were calculated for both first-order streams and streams within
12.6-ha basins (below 1433 m elevation) across 135 6th-field watersheds in the Western Oregon Cascade
Range over the entire range of the Cascade torrent salamander (Figure 4). Modeled first-order stream
lengths in these watersheds summed to a total of 17,898 km; thus, a 4.5% to 6.4% decrease in streamflow
by length of these reaches results in 805–1145 km of increased dry channel lengths. In drainages with
<12.6-ha area, there were 13,261 km of streams by length; a 4.5%–6.4% loss of streamflow reduced
stream lengths in these basins by 597–849 km. By 2085, a 7.1%–11.5% increase in % dry length, results
in a streamflow reduction of 1270–2058 km across all first-order streams, and a 941–1525 km reduction
in drainages with basins less than 12.6-ha.

Additionally, to better understand the landscape projection’s relevance for headwater stream
assemblages dominated by Cascade torrent salamanders, current knowledge of these salamander’s
known sites showed an uneven distribution by elevation band, with 278 sites (62%) occurring below
762 m elevation, 129 sites (29%) occurring from 762 m to 1067 m elevation, and 42 sites (9%) occurring
between 1067 m and 1433 m elevation. Although there may be observer bias in known salamander
occurrences if lower elevations have been better sampled, that is uncertain at this time. Nevertheless,
these elevation bands were also related to headwater stream lengths in this montane landscape.
In basins <12.6 ha, 67.5% of streams by length occurred at low elevations below 762 m, 24% occurred
in the middle band from 762 m to 1077 m elevation, and 8.5% occurred in the highest-elevation
band between 1068 m and 1433 m. Consequently, projected reduced streamflows with future climate
scenarios in year 2085 would affect stream habitats in the lower elevations more severely, which at
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this time represents the area known to be most heavily populated by the target salamander species
considered in our case-study landscape.

4. Discussion

In a retrospective study, we assessed the variability in forested headwater-stream surface flow
at 65 stream reaches from 13 managed forest study sites across 16-years, and examined streamflow
associations with basin size, climate metrics, and timber harvest treatments with alternative riparian
buffer widths in a before-after-control-impact forest harvest experiment. We focused on small streams
with discontinuous flow during spring wet seasons, as this was the dominant stream-reach hydrotype
occurring at our study sites [68]. We hypothesized that there would be reduced summer dry-season
stream lengths in past years with reduced precipitation and warmer temperatures. We predicted
that there could be an interacting signature of the forest harvest regime (i.e., stream-buffer width
with upland thinning) on summer headwater stream length, but timber-harvest effects in headwater
streamflows have not been well studied, and our context included upland thinning with streamside
riparian-buffer zones. In larger stream systems, in contrast, there can be increased streamflow with
upland overstory canopy reduction resulting from increased discharge [54–64]. Using our study results,
we analyzed future climate projections in the study area to assess potential changes to headwater
streams at the landscape scale.

Among 27 stream-reach habitat and flow metrics calculated, the single stream metric that best
characterized spatial and temporal variation in surface flow among discontinuous stream reaches and
time periods in our study was the percent dry length (% dry length) of reaches. As all study streams
had spatially intermittent (discontinuous) streamflow during spring wet seasons, the % dry length
represented dynamics in surface water occurrence across reaches and time periods. This metric was
used in additional analyses of patterns with regard to climate metrics, basin area, and harvest treatments.

When analyzed separately, % dry length was associated with nine of 22 climate factors (p < 0.05;
Figure 6, Table 5) and headwater basin area of stream reaches in our sample (p = 0.002, Figure 7), but
not riparian-forest buffer treatment after upland thinning. In our final multivariate model of % dry
length relative to all factors, two climate metrics (summer heat: moisture index, SHM; mean minimum
summer temperature, Tmin sm) and basin area retained significance (Table 6). There were reduced
surface streamflows in our discontinuous stream reaches during warm-dry summers and in basins less
than 12.6-ha in area. This supports our initial prediction of reduced headwater streamflow during
drier, warmer years, with smaller basin areas having an additional effect on surface flows.

Although our analyzed harvest-and-buffer treatments were not associated with % dry length in
our univariate or multivariate analyses, further assessments are warranted. We had implementation
constraints on deployment of wide buffer treatments in small basins, which may have reduced the
power of our analyses. Simply, we were unable to deploy wider buffers in the smallest headwater
basins while retaining sufficient area between the upslope buffer edge and the ridgeline to implement
a thinning treatment. In our study design, we aimed to have at least 60 m between the upslope edge of
the buffer and the ridgeline for the thinning to occur [77], and such a distance was not always possible
if a wide buffer was used in a small watershed. Despite our attempts to do a random treatment design,
this type of geographic constraint limited our options in headwaters. Additionally, our heterogeneous
upland thinning regimes may have exerted differential effects on streamflow, possibly interacting with
different buffer widths. Potential confounding effects of drainage area, buffer width, and upslope
harvest regimes could be further examined in other studies. However, if larger drainages and streams
were addressed, different surface flow metrics likely would need to be analyzed. Nevertheless, our
variable implementation of buffers and thinning regimes in headwater basins is likely operationally
representative of many forest landscape management practices in our region. In particular, forest
managers have guidance to use narrower riparian buffers along non-fish bearing discontinuous streams,
and our study had ample replication to examine effects of narrow buffers (6-m, ≥15 m) on streamflow
in those types of aquatic systems, and no buffer effect on streamflow was observed.
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We found that the effects of future climate change scenarios on SHM and Tmin sm resulted
in significant increases in headwater stream dry-channel lengths (i.e., reduced stream-reach surface
flows). Modeled discontinuous streams in headwater forests were projected to continue shrinking,
with the effect varying across three future time periods, dependent upon climate change scenario
analyzed (Figure 8). In year 2055, the range of the three scenarios resulted in a 4.5%–6.4% loss of
streamflow, resulting in additional dry channels summing to 805–1145 km of first-order stream lengths
and 597–849 km of streams in basin sizes of 12.6 ha or less in the modeled area. By 2085, 7.1%–11.5%
losses of headwater stream reaches were projected, a reduction of 1270–2058 km of first-order streams
and a loss of 941–1525 km of surface streamflow in reaches in 12.6-ha basins. It should be noted
that headwater systems can account for 50%–80% of watersheds [17–20], especially within Pacific
Northwest landscapes with steep montane topographies like those we studied at our 13 sites in the
Coast Range and Cascade Range of Western Oregon. This abundance of small streams is evident
as we summed projected reductions in streamflow across the case-study landscape of the western
Cascade Range.

Our landscape projection was aimed to assess what shrinking headwater stream habitats could
mean for endemic, sensitive biota tied to this portion of the forested landscape. Focusing on a
vertebrate species with sensitive status that is known to be highly associated with discontinuous
streams Rhyacotriton cascadae: [68,69], the headwater stream lengths projected to be lost across the
species range were extensive, with potentially dramatic predictions for altered surface-water habitat
conditions and likely over-ridge habitat connectivity. The 2085 climate projections of 7.1%–11.5%
streamflow loss by first-order stream channel length translated to additional dry channels summing
to 1270–2058 km in length in the modeled landscape of the range of the Cascade torrent salamander.
Because of the possible mismatch in stream surface-flow hydrotypes between modeled first-order
streams (possibly perennial streams) and our study streams (discontinuous streams), we also calculated
effects of shrinking headwater streams in small basins, which were likely a better-matched subset
to our discontinuous streamflow hydrotype. In headwater basins of <12.6 ha, a more conservative
streamflow loss was projected in 2085: 941–1525 km of headwater streams would no longer have
surface flow. Furthermore, most of this projected surface streamflow loss occurred in lower-elevation
bands of the modeled Cascade Range (Figure 4), which had greater modeled stream lengths, and
coincided with most of the known sites of the target salamander species considered.

There are several potential consequences of shrinking headwaters for this target species, sister
taxa within its species complex (Rhyacotriton spp.), and other associated taxa of headwater stream
species. First, dry surface-water units along stream channels do not appear to be occupied by
this Rhyacotriton [68]. It is likely that torrent salamanders undertake vertical migration during
summer drought periods, and can move down into substrates to retain moisture. They may also be
able to track moisture patterns and move to nearby surface-water units or moisture refuges in the
riparian zone. However, downstream perennial reaches may be more inhospitable owing to their
occupancy by potential predators including giant salamanders (Dicamptodon spp.), coastal cutthroat
trout (Oncorhynchus clarkii clarkii Richardson), and sculpins (Cottidae) [68,87,88]. Downstream retention
of surface water with upstream drying may cause increased trophic interactions, and result in reduced
surface activities or increased microhabitat cover use by prey species [88]. Alternatively, it is possible
that current small perennial streams will become discontinuous in the future, and this may result in a
shift in the predator-species complex further downstream, and thus possibly increased occurrences of
torrent salamanders in those reaches. An interacting concern is altered water temperatures with drying
or warming climates, as this is a coldwater-associated species complex (R. variegatus Stebbins and
Lowe occupied habitats, 6.5–15 ◦C; thermal stress at 17.2 ◦C) [89]. At one of our study sites, headwater
stream thermal regimes were variable across the headwater reach network, especially in summer, likely
because of thermal exchanges at local within-site scales [90]. Although the effects of surface-water
drying and possible warming on torrent salamander reproductive success or survival can only be
conjectured at this time, it is likely that foraging habitat at the ground surface would be altered, and
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the active season of the animal likely would be reduced due to lack of moisture or interacting factors
such as predators; each of these factors could reduce survival and reproduction.

Upland forest detections of Rhyacotritron spp. allude to their complex life history, with both
aquatic and terrestrial life forms [91], and the importance of both stream-riparian and upland forest
habitats for the animals. Although little is known about their breeding habits, Rhyacotriton spp. eggs
have been discovered in low-flow headwater streams, and some have been known to incubate there
through the spring and summer, hatching after up to 290 days; larvae may be restricted to headwater
streams for up to five years [91]. Such reliance on headwater-stream habitats could pose survival
issues for drying and warming conditions. After metamorphosis and gill absorption, adults can move
to forested uplands, where their longevity is unknown. Other studies have detected members of
the Rhyacotriton species complex 30 m from streams using time-constrained searches [92], and 200 m
from streams using pitfall traps [93]. To date, mark-recapture studies to track torrent salamander
movements have not been reported. Upland habitat associations also are little known, but these are
highly moisture-dependent species occurring in the temperate rain forests of the US Pacific Northwest
Coast and Cascade Ranges. At one of our study sites, 11 upland captures of R. variegatus were reported
at artificial cover-boards, suggesting they may use down wood on the forest floor as a microhabitat
refuge [41]; down wood can retain cool, moist conditions [94]. A landscape genetics study across the
Oregon Coast Range found forest cover was a top predictor of R. variegatus and R. kezeri Good and
Wake gene flow, likely owing to associated moist microhabitats [42]. Consequences of potentially
hundreds of km of future drying of portions of the uppermost headwater streams occupied by this
species complex could place ecophysiological constraints on inter-stream dispersal and reduced habitat
connectivity among populations. If reliable surface water is located lower in basins in the future, then it
is likely that populations may shift downstream and over-ridge dispersal would require moving longer
distances—either perpendicular to streams or linearly up drying channels. Longer overland dispersal
could expose these salamanders to prolonged dry conditions and terrestrial predators such as shrews.
Longer distances between adjacent headwater streams can reduce net movements among adjacent
drainages, as torrent salamander leg length is only ~1–2 cm, and they are not known to be highly
mobile. Increased population fragmentation is likely. Two of the four Rhyacotriton species are proposed
for listing under the US Endangered Species Act, including the Cascade torrent salamander. Effects of
our climate and landscape projections on discontinuous stream surface-flow changes are additional
threats to consider in the context of management strategies to help retain their long-term persistence.

Retention of headwater surface flows and their link to shorter-distance dispersal routes over
ridgelines likely would aid persistence of these species and other biota in their assemblages.
Some stream-riparian restoration and management activities may promote these conditions in concept
see Table 6 in [14]; also [15,16,41], although few empirical data from headwater forest management are
available at this time, suggesting that management approaches may need to be revisited as knowledge
develops [95]. Prevention of streambank erosion and channel infilling from management activities
would help retain headwater stream surface flow, and this could be ensured by equipment exclusion
zones along streams and restricting yarding operations that drag logs across streams. This type of
protection is a primary aim of riparian buffers. In a landscape that is highly managed for timber
commodities, set-asides for rare species habitats and habitat connectivity can reduce other interacting
anthropogenic disturbances that could affect forest habitat conditions by further reducing surface-water
availability, such as activities linked to landslides further from stream channels. A network of
headwater sub-drainage reserves has been proposed for Pacific Northwest forests to address sensitive
headwater species and habitats in some portions of a larger watershed, where other portions could have
timber-management priorities [14–16,41,96]. Our landscape model suggests that there are benefits for
locating these reserves in lower-elevation portions of the western Cascade Range landscapes to overlap
a large number of headwater sub-drainages and sensitive species ranges. These headwater-retention
areas could be linked by riparian corridors to downstream reaches and overland to neighboring basins
by managing ground structures and vegetation conditions [14–16,41]. Additional landscape-scale
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modeling to examine likely distributions of hill-shaded headwater streams, cold-water basins, and
persistent snow cover for late-season runoff could further assist climate-smart management [5,6,16],
where overlap of multiple compatible factors also could result in provisions to provide other natural
resource benefits, including habitats for other sensitive species such as Pacific salmonid fishes [38,39]
and clean water for growing urban and rural human communities.

5. Conclusions

From retrospective data, variation in forested headwater surface streamflow was best described
by the metric percent dry-channel length of a stream reach. In analyses of 65 stream reaches over a
time period spanning 16 years, the percent dry length (reduced stream surface flows) was associated
with: (1) heat:moisture index—a derived geographic metric; (2) mean minimum summer temperature;
and (3) headwater drainage area. Future climate scenarios predicted an increase in stream drying,
projecting further habitat alteration for a community of aquatic-riparian organisms, where amphibian
species of concern dominate assemblages. Landscape-scale projections of headwater stream drying
showed hundreds of km of reduced surface flow, likely affecting instream and dispersal habitats for
headwater biota. Relevant climate-smart forest management designs to protect sensitive species could
include creation of a network of headwater sub-drainage reserves and managing for aquatic and
terrestrial connectivity, especially managed overland linkages from areas with future surface water
flow and hill-shading, in cold-water drainages, at low-to-mid elevations in stream networks.
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