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a b s t r a c t

Forested catchments are generally assumed to provide higher quality water in opposition to agricultural
and urban catchments. However, this should be tested in various ecological contexts and through the
study of multiple variables describing water quality. Indeed, interactions between ecological variables,
multiple land use and land cover (LULC) types, and water quality variables render the relationship be-
tween forest cover and water quality highly complex. Furthermore, the question of the scale at which
land use within stream catchments most influences stream water quality and ecosystem health remains
only partially answered. This paper quantifies, at the regional scale and across five natural ecoregions of
Wallonia (Belgium), the forest cover effect on biological water quality indices (based on diatoms and
macroinvertebrates) at the riparian and catchment scales. Main results show that forest cover e

considered alone e explains around one third of the biological water quality at the regional scale and
from 15 to 70% depending on the ecoregion studied. Forest cover is systematically positively correlated
with higher biological water quality. When removing spatial, local morphological variations, or popu-
lation density effect, forest cover still accounts for over 10% of the total biological water quality variation.
Partitioning variance shows that physico-chemical water quality is one of the main drivers of biological
water quality and that anthropogenic pressures often explain an important part of it (shared or not with
forest cover). The proportion of forest cover in each catchment at the regional scale and across all
ecoregions but the Loam region is more positively correlated with high water quality than when
considering the proportion of forest cover in the riparian zones only. This suggests that catchment-wide
impacts and a fortiori catchment-wide protection measures are the main drivers of river ecological water
quality. However, distinctive results from the agricultural and highly human impacted Loam region show
that riparian forests are positively linked to water quality and should therefore be preserved.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Freshwaters and water quality

Despite its crucial importance for the life of all beings
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oncker).
(Haddadin, 2001; UN-Water, 2014), water and freshwater systems
in particular are directly threatened by human activities (Loh et al.,
2005; Meybeck, 2003; Millennium Ecosystem Assessment, 2005;
V€or€osmarty et al., 2010). In response to global degradation of eco-
systems and their services, water quality management is at the core
of policies such as the US Clean Water Act (1972) and the European
Water Framework Directive (Directive, 2000/60/CE) (European
Commission, 2000). Water quality can be described by a huge
number of variables which can broadly be classified into physical,
chemical and biological categories (Boyd, 2015; Chapman, 1992).
These groups of variables provide complementary information and
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are inter-related, but biological indicators have the advantage to
assimilate long-term disturbance and stress trends in freshwater
ecosystems while avoiding the complexity, costliness and high
temporal variability linked to physico-chemical measurements
(Allan, 2004; Bere and Tundisi, 2010; Giorgio et al., 2016). Among
biological indicators, benthic macroinvertebrates are often used to
determine the water quality notably because of their sensitivity to
pollution, limited mobility, rapid response to external disturbance
and dependence on the land environment around the stream
(Mahler and Barber, 2017; Sharma and Rawat, 2009). Phytobenthos
e of which diatoms are the main component e present a reduced
mobility, a short generation time and a rapid response to envi-
ronmental changes. Diatoms are tightly linked to physico-chemical
changes. Being preserved in sediments, they are a good indicator of
eutrophication, acidification and organic pollution (Delgado et al.,
2012; Lobo et al., 2016). Therefore integrating information from
diatoms and macroinvertebrates allows a better assessment of
stream ecological integrity by bringing nuances in the responses to
multiple pressures (Giorgio et al., 2016; Hering et al., 2006; Marzin
et al., 2012; Soininen and K€on€onen, 2004).
1.2. Land use and land cover impact on water quality

Land use and Land cover (LULC) are key landscape elements
affecting water quality through their impact on non-point source
pollution resulting from complex run-off and landscape in-
teractions. Giri and Qiu (2016) stress the importance of assessing
the relationship between LULC and water quality. According to
them, improving the understanding of these relationships can help
managing water quality in unmonitored watersheds but also
providing recommendations to watershed managers and policy-
makers in the land planning decision process. Related to catchment
and riparian degradation in particular, the question addressing the
scale at which land use within stream catchments most influences
stream water quality and ecosystem health remains only partially
answered (Allan, 2004; Johnson et al., 1997; Sheldon et al., 2012;
Sponseller et al., 2001). Several studies suggest that prevailing
(Kail et al., 2012; Riva-Murray et al., 2002) and past (Harding et al.,
1998) LULC characteristics of the whole stream catchments affect
surface water quality. Other studies emphasise the impact of ri-
parian LULC on water quality or stream habitat (Dosskey et al.,
2010; Jackson et al., 2015). Finally, some studies compare scales of
influence (i.e. catchment scale versus riparian scale), obtaining
nuanced results on the land use effect on stream water quality
according notably to the type of biological indicators and the
ecological context of the sampling sites (Kosuth et al., 2010; Marzin
et al., 2012, 2012; Sponseller et al., 2001). These studies show that
assessing both scales of influence bring deeper insights when
studying LULC impact on water quality (Vondracek et al., 2005).

Regarding the type of LULC, negative impact of agricultural
intensification is reported in the literature (Stoate et al., 2001)
mainly explained by the following processes: increased sedimen-
tation, modified hydrological regimes, loss of high quality habitat,
contamination from pesticides, increases in surface water nutri-
ments (mainly N and P) (Allan, 2004; Herringshaw et al., 2011;
Mahler and Barber, 2017). Urban land use e despite covering
small areas e and urban intensification are also reported to nega-
tively affect water quality (Kosuth et al., 2010; Riva-Murray et al.,
2002). Forest, on the contrary, is usually associated with water
containing less sediments and fewer nutriments (Neary et al., 2009;
TEEB, 2010). This is mainly true for undisturbed forest and most of
the time. Indeed, this must be nuanced with regard to sediments
and nutrients leaching under certain events such as wildfires
(Pacheco et al., 2015; Santos et al., 2015; Shakesby, 2011) or clear-
cuts (Borrelli et al., 2017). Some studies showed a positive impact
of forest cover on instream water quality (Kosuth et al., 2010; Tong
and Chen, 2002), on fish, macroinvertebrate and algal biomass
(Stephenson and Morin, 2009). Specifically, forested riparian buffer
zones are believed to have a positive impact on water quality
through notably the reduction of the sediment load and nutrient
concentrations in water (Dosskey et al., 2010; Fernandes et al.,
2014; Naiman et al., 2010; Scarsbrook and Halliday, 1999). How-
ever, this is nuanced by studies explicitly assessing the effect of
riparian forest compared to forest proportion in the whole catch-
ment. For example, Stephenson and Morin (2009), in their study of
the partial effects of forest cover on biomass and community
structure metrics of algae, invertebrates and fish, never detected a
significant partial effect of forest cover at the riparian scale. In
conclusion, regarding LULC impact on biological water quality,
literature shows general trends, especially opposing agricultural
and urban LULCe associatedwith a negative effect onwater quality
e and forested land e broadly positively related with water quality,
see e.g. Ding et al. (2013), Kosuth et al. (2010) or Theodoropoulos
et al. (2015). However, issues of scales of influence and nuances
brought by the type of studied biological indicators and the
ecological context of study sites remain to be further explored. Also,
to our knowledge and as observed by Tanaka et al. (2016), only few
studies integrate information from macroinvertebrates, diatoms
and physico-chemical water quality variables to get a broader
picture of the forest cover impact onwater quality. These questions
are of major concern for land managers in enhancing or main-
taining good water quality and in particular regarding environ-
mental land use conflicts that have been reported to contribute to
water quality degradation (Pacheco and Sanches Fernandes, 2016)
and biodiversity decline (Valle Junior et al., 2015).

1.3. Objectives

The main objective of this paper is, at the regional scale and
across five natural ecoregions, to quantify the forest cover effect on
biological water quality indices at the riparian and catchment
scales. This objective is addressed through: (i) the comparison of
this link‘s power at riparian and catchment scales, (ii) the assess-
ment of this link while controlling for spatial, local morphology and
population pressure variations, (iii) the quantification of indepen-
dent and shared effects between forest cover and the physico-
chemical water quality, anthropogenic pressures (agriculture and
population density) and local morphology.

2. Material and methods

2.1. Study area

The study area is the southern region of Belgium (Wallonia)
covering 16 898 km2 (ca. 55% of Belgium's area, see Fig. 1 A). We
work on 173 headwaters stations located on the publically
managed river network where biological and physico-chemical
water quality data are monitored by the Walloon Public Service
[WPS (SPW - DGO3, n.d.), Fig. 1 B). These stations monitor head-
water waterbodies and have non-overlapping upstream catch-
ments (Fig. 1 B &D). Fig. 1 D shows forest cover distribution in
waterbodies.

Wallonia presents relatively contrasted landscapes and can be
divided into five natural ecoregions (Fig. 1 A and Table S1 in sup-
plementary materials). Noirfalise (1988) delineated these ecor-
egions according to pedological, botanical and agro-ecological
criteria. Main ecological differences are found across an elevation
gradient from the Loam to the Ardenne ecoregion. The Loam and
the Condroz ecoregions located in lower elevation areas (Fig. 1 C)



Fig. 1. (A) Ecoregions in Wallonia; (B) Hydrography, water quality monitoring stations and corresponding catchments; (C) Elevation and (D) Forest cover proportion in waterbodies
defined by the EU Water Framework Directive.
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mainly comprise agricultural and urban land uses, and present high
human population densities. The Ardenne ecoregion mostly con-
sists in forested and grassland landscapes with lower population
density, but remains a highly managed region. The Famenne and
the Belgian Lorraine ecoregions, bordering the Ardenne in the
North and South respectively, present an intermediate context with
an equal coverage of agricultural and forested land.

Agriculture in Wallonia is generally intensive with a negative



Fig. 1. (continued).
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impact on water quality through the use of mineral fertilizer, in
particular nitrogen (N) and phosphorus (P), causing eutrophication
and drinking water quality degradation. Agricultural land is
relatively heterogeneous across Wallonia and mainly consists of
cropland and grassland. Their spatial distribution is relatively het-
erogeneous. In the Loam region, most agricultural lands (three



D. Brogna et al. / Journal of Environmental Management 211 (2018) 9e21 13
quarters) are intensive cropland whereas in the Ardenne, Belgian
Lorraine and Famenne ecoregions, most agricultural lands are
grassland (up to 85% in the Ardenne). In the Condroz ecoregion,
grassland and cropland share comparable areas.

Most of the forest cover in Wallonia is represented by either
needle-leaved (44%), mainly located in the Ardenne, or broad-
leaved forests (53%) spread across Wallonia, the rest being classi-
fied asmixed forest (3%) [source: Top10VGIS, see Alderweireld et al.
(2015) for further information on forest composition].

2.2. Datasets

The variables used in this study and the datasets on which they
are based are described in sections 2.2.1 to 2.2.3 (see alsoTable S2 in
supplementary material for a summary). These variables are either
response variables (biological water quality indices) or explanatory
variables linked to LULC, physico-chemical water quality, anthro-
pogenic pressures in upstream catchment, local morphology or
elevation. Every observation line in the dataset (monitoring sta-
tion*year of measurement) is characterized by all these variables.

2.2.1. Biological and physico-chemical water quality
Biological and physico-chemical water quality are described by

variables measured as part of the monitoring of water bodies
quality performed by the WPS for the EU-WFD (SPW-DGO3-
Direction de l’Etat Environnemental, 2016). Dahm et al. (2013)
highlight the potential of broad datasets such as EU-member
states ’water quality monitoring data and argue that those repre-
sent the European water bodies much better than restricted data-
sets from local studies and projects. Processing these datasets with
appropriate methods offers an opportunity to study LULC impact
on ecological integrity at different scales and combining various
indicators types. We selected six years of data (2009e2014) cor-
responding to the last EU-WFD cycle (data from 2015 are not
validated yet). Biological water quality is described through annual
values of the macroinvertebrates index and the diatoms index. The
macroinvertebrates index is based on the French IBGN [i.e. “Stan-
dardized Global Biological Index”, see AFNOR (2004, 1985)] that
was adapted to Wallonia. This implies sampling of the benthic
macrofauna by station according to a sampling scheme that takes
into account the diversity of habitats defined by the substrate na-
ture and the flow velocity. This methodology - certified ISO 9001 e

was described in details by Vanden Bossche (2005). The IBGN score,
with a range from 0 (no indicator taxa) to 20, is obtained by
crossing two sub-indices: the “faunal indicator group” reflecting
pollution sensitivity and the "taxonomic diversity class" reflecting
habitat quality. The higher the value the higher the water quality.
The index based on benthic diatoms is the IPS (“Specific Polluo-
sensitivity Index”). This index was built by Coste (CEMAGREF, 1982)
and is based on the index method of DESCY (1979). It has the
advantage to account for all species found in inventories and varies
from 1 (highly polluted water) to 20 (high quality water).

We selected all stations that monitor a headwater waterbody.
The resulting dataset is composed of 319 measurements related to
173 stations spread across Wallonia (Fig. 1 B and D). Each biological
water quality observation (IBGN or IPS values) is a representative
value for the year, methodologies of sampling are designed in that
objective [e.g. macroinvertebrates samples are taken in low flow
period e i.e. from June to October (Vanden Bossche, 2005)]. The
number of observations by station across the studied period varies
between 1 and 5 with a median value of 2. We kept all observations
across the studied period to increase the representativeness of the
sampling of some monitoring stations. Physico-chemical water
quality indices were aggregated to match biological water quality
data while the other explanatory variables (i.e. land cover
proportions, population density, morphological variables and
elevation) are considerd as invariable and combined in some cases
with two to five water quality indices measurements.

Stations represent different kinds of “control” type with regard
to the EU-WFD. Indeed, stations are almost equally divided into
“additional” and “operational” control corresponding to relatively
‘good state’ waterbodies and impacted waterbodies respectively.
Surveillance stations are also part of the dataset. Both biological
water quality indices were divided by the reference value for the
corresponding river type (SPW-DGO3-Direction de l’Etat Environ-
nemental, 2016) to obtain comparable indices across the region
(Kosuth et al., 2010). These ratios are, in this paper, further referred
to as IBGN-R and IPS-R; values close to 1 represent really highwater
quality. The physico-chemical water quality is described by annual
average values of the following variables: Dissolved Oxygen, Ni-
trates, Chloride, Sulfates, Temperature, Total Phosphorus, Nitrites,
Ammonium, Dissolved Organic Carbon and Suspended Materials.
We applied Log- or square-based transformations when needed to
improve normality of variables' distribution.
2.2.2. Land use and land cover data and pressures
We used the Top10VGIS land cover data set from 2010 from the

Belgian National Geographic Institute (NGI, www.ngi.be) to char-
acterize the land cover influencing the water quality at the moni-
tored station. This vector data set, which covers the whole of
Belgium, is based on the NGI topogeographic data that classifies
LULC into 37 classes. In this study, we reclassified it in six classes of
interest by either keeping the original land cover classes as such or
grouping them. The classes of interest are forest (i.e. needle-leaved,
broad-leaved and mixed forest), cropland, grassland, artificial sur-
faces, water surfaces and shrubs-heathlands. We assumed as in
other studies (Brogna et al., 2017a, 2017b) that the evolution of the
retained classes in the region was minor throughout the studied
period (2009e2014).

To relate the LULC to water quality, we intersected the Top10-
VGIS dataset with three distinct related upstream spatial units:
riparian buffer, outside this buffer, and thewhole catchment. To our
knowledge inmost of studies, authors use a fixed-distance buffer to
study riparian LULC impact on water quality [e.g (Boyer-Rechlin
et al., 2016; de Oliveira et al., 2016; Marzin et al., 2013; Sliva and
Dudley Williams, 2001; Sponseller et al., 2001)]. In this study, we
treat channels of relatively contrasted morphology even within the
same ecoregion and range of catchment sizes, and a similar buffer
width might or might not represent the same riparian zone extent
according to the riparian topography and the parameters of the
associated river (channel size, hydrological regime). Hence, we
based our definition of the riparian area on a regional geographic
layer representing areas subject to flooding by overflowing for re-
turn periods of 25, 50 and 100 years (see “al�ea d'inondation”, http://
geoportail.wallonie.be). We selected the spatial area corresponding
to the 100 years flooding (see “functional riparian buffer” in Fig. 2)
which is a rather large delineation of the riparian zone. Regarding
the catchment scale (“whole catchment” in Fig. 2), we automati-
cally extracted upstream catchments from a regional LiDAR digital
terrain model (1m GSD) provided by the WPS (see Fig. 1 C, http://
geoportail.wallonie.be).

The most represented LULC classes in our dataset (see section
2.1) are forest and agricultural cover (grassland and/or cropland
cover) (see boxplots in Supplementary Materials Fig. S3). The Loam
region presents the lowest forest cover proportion in upstream
catchments but with a certain variability.

We computed population density in each upstream catchment
based on a statistical administrative Belgian database from 2008
(Statistics Belgium, n.d.) to complement agriculture proportion and
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Fig. 2. Upstream spatial units (grey) related to a water quality monitoring station (green dot). Left: functional riparian buffer; centre: outside the functional riparian buffer and
right: whole catchment. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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create a proxy matrix for anthropogenic pressures. Population
density was computed for each statistic sector scale (smallest
administrative spatial unit where population data are available).
Then, density values were linked to sectors centroids to derive a
spatial grid that was used to extract median density values for each
upstream catchment.

2.2.3. Physical characteristics of stations and catchments
We used the regional LiDAR digital terrain model to compute

average elevation over the catchments. We then computed three
main local morphological parameters of the river network
following the approach of Michez et al. (2017). We extracted from
the same LIDAR digital terrain model and for every monitoring
station, the channel width (m) and the emerged channel depth (m)
associated to the corresponding river reach. We also computed the
local sinuosity (%) of the upstream river sector associated to each
station.

2.3. Spatial scales of analysis

Every analysis in the study was run over six different extents: at
the regional (Wallonia) study scale and within each of the five
Fig. 3. Main analyses to fulfil the thre
ecoregions. This allows providing a general picture for the region
and to analyze trends and differences across ecoregions. Regarding
the forest cover explanation power of biological water quality and
its stability [objectives (i) and (ii)], we tested it on two distinct
upstream spatial units within each catchment: the functional ri-
parian buffer and outside this buffer (Fig. 2 left and centre). For the
first analysis [objective (i)], we also performed analysis on the
percentage of forest over thewhole catchment (Fig. 2, right)e third
upstream spatial unit (section 2.4.1) to compare it with the per-
centage of forest outside the functional riparian buffer.

2.4. Forest cover link with biological water quality

We ran statistical multivariate analysis to fulfil the objectives of
this study and exploit the potential of broad datasets such as EU-
member states' water quality monitoring. These analyses are
described in sections 2.4.1 to 2.4.3 and shown in Fig. 3.

2.4.1. Functional riparian buffer or catchment scale?
We performed redundancy analysis [RDA, see Legendre and

Legendre (2012), R package vegan (Oksanen et al., 2017)] for the
six extents and for the three upstream spatial units where forest
e study objectives; Rip: riparian.
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cover was computed: functional riparian buffer, outside this buffer,
and the whole catchment. Redundancy analysis is a multivariate
analysis that allows capturing the linear relationship between
several dependent variables and one or several explanatory vari-
ables. In this case, RDA quantifies the percentage of biological water
quality variability explained by forest cover proportion. RDA also
allows quantifying and excluding the variability explained by other
covariables. We confirmed the absence of non-linear relationships
between response and explanatory variables prior to applying RDA.
We ran these RDA on centered and scaled variables because of the
heterogeneity of the variables units.

Bio WQ ~ Forest (1)

where Bio WQ¼matrix of biological water quality indices (i.e.
IBGN-R and IPS-R), and Forest¼ percentage of forest cover in the
upstream spatial unit.

Following results interpretation, complementary RDA will be
ran to quantify the explanation power of main LULC types' pro-
portions inside and outside the functional riparian buffer on bio-
logical water quality.
2.4.2. Forest cover explanation power when controlling for spatial
autocorrelation, local morphology and population pressure

We tested the impact of several variables or group of variables
on the forest cover explanation power by putting them as covari-
ables in RDA's. Covariables are variables whose variation is to be
controlled for in a partial analysis (Borcard et al., 2011). As in Brogna
et al. (2017a), we tested the effect of elevation as a mean of con-
trolling spatial autocorrelation (Equation type (2), with "covariable"
being average elevation of the upstream catchment). We present
these results for the six extents even though this is especially true
at the Walloon regional scale. Indeed, a strong continuous ecolog-
ical gradient exists in Belgium and is highly correlated to elevation
(Dufrene and Legendre, 1991; Noirfalise, 1988). Dufrêne and
Legendre (1991) showed that elevation, although not exceeding
700m in Belgium, explains almost all the geographic structure of
several ecological variables given their spatial autocorrelation.

Bio WQ ~ Forest þ Condition(Covariable) (2)

where Bio WQ¼matrix of biological water quality indices (i.e.
IBGN-R and IPS-R), Forest¼ percentage of forest cover in the up-
stream spatial unit, and ‘Covariable’¼ variable whose effect on Bio
WQ is removed before quantifying the forest cover effect.

We also tested the effect of local morphology by putting the
following variables as covariables (Equation type (2)): sinuosity of
the river sector associated to the station, local channel width,
emerged channel depth and upstream catchment area. Following
interpretation of these results, significant covariates will be kept for
further analysis (section 2.4.3). Finally, we tested the effect of
population density in the same way.

These tests allow deepening the interpretation of the forest
cover link with water quality.
2.4.3. Forest cover: independent and shared explanation power
with anthropogenic pressures and physico-chemical water quality

We ran variation partitioning (Legendre and Legendre, 2012) to
quantify independent and shared forest cover explanation power
with physico-chemical water quality, anthropogenic pressures and
other potentially relevant covariables from the analysis described
in section 2.4.2. We computed adjusted redundancy statistics R2 to
provide unbiased estimates of the explained fractions of variance
(Peres-Neto et al., 2006). Anthropogenic pressures are represented
by the proportion of agricultural land (i.e. cropland and grassland
total cover) and the population density in the upstream catchment.
Given the high correlation between physico-chemical water quality
variables, we reduced information by selecting, for each extent of
study, the two variables most post-correlated with the first and
second axes of a Principal Component Analysis (PCA) on biological
water quality, respectively. Results of variation partitioning are only
presented for variables linked to significant individual and partial
RDA models (i.e. p value< .05). Furthermore, we illustrated the link
between explanatory variables (physico-chemical water quality,
anthropogenic pressures and local morphology variables) and
biological water quality through PCA on biological variables and
post-correlations.

3. Results

3.1. Functional riparian buffer or catchment scale?

Fig. 4 shows differences in forest cover impact on biological
water quality according to the three distinct upstream spatial units
where forest cover is computed. Figures represent the proportion of
variability in the biological water quality dataset explained by
forest cover proportion. We do not present the Famenne ecoregion
results, as the models were not significant (evaluation with per-
mutation tests) (see further details in Table 2). Forest cover explains
around a third of the biological water quality variability in Wallo-
nia. The forest cover link with biological water quality is far more
demonstrated in the Belgian Lorraine (around 70% of explained
variability). Fig. 4 also illustrates that variability explained by pro-
portion of forest cover in the whole catchment and in the area
outside the functional riparian buffer are highly similar. Hence, to
ease the reading and work on spatially independent areas (i.e. non
overlapping areas), we will only keep the following upstream
spatial units for further analyses: inside the functional riparian
buffer and outside it.

In Wallonia and for every ecoregion but the Loam region, the
forest cover proportion in the area outside the functional riparian
buffer slightly better explains the biological water quality than the
proportion of forest cover in the functional riparian buffer.

The overall low forested Loam region shows distinctive results
compared to the other ecoregions. Therefore, we provide comple-
mentary analyses results in Table 1 to refine the interpretation of
the forest cover link with biological water quality in this ecoregion.
This table presents details of RDA results quantifying biological
water quality variability explained by forest, cropland and grass-
land cover respectively. We distinguished between cropland and
grassland as their distribution is variable according to the upstream
spatial unit considered (see Fig. S3B in supplementary materials).
Results compare riparian forest cover and forest cover outside ri-
parian buffer. F value and significance of the models from permu-
tation tests are also provided.

Forest cover proportion inside the riparian buffer explains 21%
of the biological water quality variability in this ecoregion with a
highly significant model (p value of 0.001). Cropland explain 11%
while grassland cover explains only 4% with a barely significant
model (p value between 0.05 and 0.1). Regarding LULC outside the
functional riparian buffer, results show that forest cover explains 7%
of the water quality variability and is the only significant model.
Indeed, cropland-based model is non significant and the grassland
one is again at the limit of model significance.

3.2. Forest cover explanation power when controlling for spatial
autocorrelation, local morphology and population pressure

Details of RDA results quantifying forest cover explanation



Table 1
Redundancy analysis results for the Loam region: biological water quality (IBGN-R and IPS-R) variability (%) explained by proportion of forest, cropland and grassland cover in
functional riparian buffer and outside this buffer. F value andmodels significance from permutation tests (correspondencewith p value s: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1).

Scale where proportion of forest LULC Variability explained (%) F Model Significance

Functional Riparian Buffer Forest 21 20 ***
Cropland 11 9 **
Grassland 4 3 .

Outside Functional Riparian Buffer Forest 7 6 **
Cropland 3 2 Non sign
Grassland 4 3 .

Fig. 4. Biological water quality variability explained (redundancy analysis) by forest cover proportion in three upstream spatial units: Functional riparian buffer, outside this buffer
(Outside Fun Rip Buf) and in the whole catchment. Results from significant models for Wallonia scale and in ecoregions.
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power of biological water quality with or without covariable for the
six extents are presented in Table 2. Results compare functional
riparian forest cover and forest cover outside this buffer link with
biological water quality. F value and significance of themodels from
permutation tests are also provided. Fig. 5 presents the global
trend, found in every model, through the regional forest cover e

computed outside the riparian buffer e link with biological water
quality when controlling for spatial autocorrelation through
elevation. The factorial plan is constituted by the constrained axis
(RDA1) and the first residual axis (PC1).

Forest cover is systematically related to higher biological water
quality whether for diatoms index (IPS-R) or macroinvertebrates
index (IBGN-R) (see e.g. Fig. 5). When controlling for spatial auto-
correlation through the elevation factor at the Walloon scale, the
biological water quality variability explained by forest cover drops
from 31 to 13% and from 39 to 14% if computed in the functional
riparian buffer or outside this buffer respectively. Elevation effect is,
as expected, less important within the ecoregions as these are more
homogeneous in terms of elevation and ecological factors. The local
morphology impact on forest cover explanation power of biological
water quality is small or even negligible at the Walloon scale and
for the Ardenne and Condroz ecoregions. For the latter, removing
morphological effect even increases the proportion of variability
explained by forest cover. This increase is due to the fact that
removing covariables effect might also remove part of the residual
variability, hence enhancing the proportion of variability explained
by the active variable. The situation is different in the Belgian
Lorraine where removing local morphology effect decreases the
proportion of variability explained by forest cover by 14 and 19%
when forest cover is computed in the functional riparian buffer or
outside this buffer respectively. Despite this, Belgian Lorraine re-
mains the ecoregion where forest cover best explains biological
water quality. Population density effect on the relationships be-
tween forest cover and biological water quality is at every extent
relatively important. Indeed, it reduces the proportion explained by
forest cover (outside the functional riparian buffer) from around
one third of its importance at the Wallonia scale, in the Ardenne
and Belgian Lorraine and slightly less in the Condroz. Models in the
Famenne ecoregion are non-significant.

3.3. Forest cover: independent and shared explanation power with
anthropogenic pressures and physico-chemical water quality

This subsection presents results from variation partitioning
computed to isolate independent and shared explanatory power of
the biological water quality between: (i) forest cover computed in
or outside the functional riparian buffer according to the strength of
the link with biological water quality (cf. Fig. 4), (ii) anthropogenic
pressures represented by population density and agricultural pro-
portion in the catchment and (iii) physico-chemical water quality.
Following the analyses presented in previous sections, we added
local morphology variables when relevant (i.e. for the Loam region
and Belgian Lorraine region). Derived plots are presented in Fig. 6.
Figures inside each subspace are positively adjusted coefficients of
determination (expressed in percentage) and represent the vari-
ability explained by each subspace. Results for every study scale are
presented except for the Famenne ecoregion where models are not
significant. Biological water quality dataset PCA biplots with e as
supplementary variables eeach potential variable in this variation
partitioning analysis are provided in supplementary materials
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Fig. 5. RDA results showing the link between forest cover outside the riparian buffer
when controlling for elevation and biological water quality indices (IBGN-R and IPS-R).
X-axis represents the constrained axis and y-axis, the first residual component. (A)
Variables correlation circle plot, (B) Individuals plot sorted per ecoregion.
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(Fig. S4).
All models explain a relatively high proportion of biological

water quality variability revealing that most factors driving water
quality (or correlated to them) are considered. Models for the
Belgian Lorraine and Loam region better explain biological water
quality variability (13 and 29% residuals respectively) whereas re-
siduals are higher at the regional scale (36%) and for the Condroz or
Ardenne regions (41% and 50% respectively).

As shown on Fig. 6, physico-chemical water quality explains on
its own relatively high proportions of biological water quality
variability: 40% in the Loam region, 19% in the Ardenne, 17% in the
Condroz and 13% at the regional scale.

Forest cover explanation of biological water quality is often
shared (i.e. is inseparable) with physico-chemical water quality and
anthropogenic pressures (Fig. 6). This is especially true in Wallonia,
Ardenne and Belgian Lorraine whereas this effect is in some cases
proven to be relatively independent from anthropogenic pressures
such as in the Condroz and Loam region.

PCA analysis (see details in supplementary materials, Fig. S4)
shows that both IBGN-R and IPS-R are systematically opposed on
the first principal component to anthropogenic pressures and
several physico-chemical variables linked to lower water quality as
total phosphorus, ammonium, sulfates, nitrites, suspended



Fig. 6. Venn diagrams of the biological water quality variance partitioning into proportion of forest cover in the functional riparian buffer (Forest Fun buf) or outside the functional
riparian buffer (Forest Out Fun Buf), physico-chemical water quality (PC), local morphology variables and anthropogenic pressures: proportion of agricultural land and population
density in the catchment. Figures are positively adjusted coefficients of determination (expressed in percentage) and represent the variability explained by each subspace being
either a single variable or shared effect between two or more variables.
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materials, chloride, dissolved organic carbon, water temperature.
This is true in every extent specific case except for the Loam region
and the Famenne where agricultural cover is not correlated with
this first axe while population density is negatively correlated with
high water quality indices values. Analysis across this first PCA
component also shows that high biological water quality is sys-
tematically positively correlated with dissolved oxygen and forest
cover proportion inside or outside the functional riparian buffer.
Nitrates in most of situations are correlated with low biological
water quality except for the Loam region and e to a lesser extent e
for the Condroz ecoregion. The second axis, which represents the
differences between diatoms and macroinvertebrates, explains far
less than the first component.

4. Discussion

4.1. Preamble: forest cover in this study

In order to fulfil this study objectives, we chose to study the
“forest cover” through a proportion of forest cover in upstream
catchment or functional riparian buffer. It includes various forests
in terms of management, stand age, tree density, species combi-
nation, local conditions. Furthermore, studied catchments are what
we can call “real-life” catchments with mixed land covers e with
high variability that we exploit through statistical analyses e and
various local conditions that we discuss and attempt to control in
the same analyses (trough e.g. the ecoregion scale analysis). This
renders results sometimes more difficult to interpret but also more
linked to the landscape scale and therefore more connected to land
planning.

4.2. Forest cover link with biological water quality

Several insights were derived while addressing the main
objective of this paper being: at the regional scale and across five
natural ecoregions, to quantify the forest cover effect on biological
water quality indices at the catchment and riparian scales. First,
forest cover is systematically related to higher biological water
quality described by diatoms andmacro-invertebrates community-
based indexes. This is true no matter the extent of study. This is
interesting as we study relatively heterogeneous LULC distribu-
tions, and in particular, regarding distributions of cropland and
grassland covers. This finding corroborates studies associating
forest cover with higher biological water quality (contrasting with
agriculture and urban LULC) (Dahm et al., 2013; Ding et al., 2013;
Kosuth et al., 2010; Theodoropoulos et al., 2015). However,
comparing studies in detail is tricky as scales of LULC characteri-
sation, selected biological indices and control variables are often
study specific.

Regarding the scale at which forest cover within stream catch-
ments most influences streamwater quality, results vary according
the extent of study. Main trend e i.e. in Wallonia and for every
ecoregion but the Loam region e is that the forest cover proportion
in the area outside the functional riparian buffer slightly better
explains the biological water quality than the proportion of forest
cover in the functional riparian buffer. This trend is in line with
several studies highlighting that catchment-wide disturbances are
the most influential determinants of river ecological quality (Allan,
2004; Clapcott et al., 2012; Dahm et al., 2013; Marzin et al., 2013,
2012; Stephenson and Morin, 2009).

Regarding the quantification and significance of the forest cover
link with biological water quality, results show that forest cover e
considered alone e explains around one third of the biological
water quality at the regional scale and from 14 to 70% depending on
the ecoregion studied. The Belgian Lorraine e were this link is the
most demonstrated e is characterized by highly contrasted catch-
ments and a relatively high biological water quality variation.
Removing the influence of spatial autocorrelation and ecological
factors decreases, at the Walloon scale, the biological water quality
variability explained by forest cover computed outside the
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functional riparian buffer respectively from 39 to 14%. This result is
similar with the quantitative assessment of forest cover effect on
physico-chemical water quality in Wallonia (Brogna et al., 2017a).
Intra-ecoregion effect of elevation is, as expected, less important
within the ecoregions as these are more homogeneous in that
respect. Local morphology impact on forest cover explanation po-
wer of biological water quality is diverse according to the extent of
study. Indeed, it is small or even negligible at theWalloon scale and
for the Ardenne and Condroz ecoregions whereas it is more
important in the Belgian Lorraine. The important effect in this
ecoregion can be explained by the highly contrasted morphological
profiles of local rivers. Population density effect on the relation-
ships between forest cover and biological water quality is at every
extent relatively important, reducing the proportion explained by
forest cover (outside functional riparian buffer) from around one
third at theWallonia scale, in the Ardenne and Belgian Lorraine and
slightly less in the Condroz. Non-significance of any model in the
Famenne ecoregion might be due to the complexity of water flows
through the limestone subsoil.

Quantification of independent and shared explanation power of
biological water quality between forest cover and the physico-
chemical water quality, anthropogenic pressures (agriculture and
population density) and local morphology reveals that physico-
chemical water quality explains on its own relatively high pro-
portions of biological water quality variability. This finding is in line
with Dahm et al. (2013)’results identifying physico-chemical water
quality as one of the main discriminating factor of biological water
quality. This renders interpretation even more complex as physico-
chemical water quality has been proven to be linked to LULC and
forest in particular in Wallonia (Brogna et al., 2017a). This is also in
line with the nutrient enrichment shown in European studies and
in Wallonia [e.g. European Environment Agency (2012) or SPW-
DGO3-Direction de l’Etat Environnemental (2014)]. Our study also
highlights that forest cover explanation of biological water quality
is often inseparable from physico-chemical water quality and
anthropogenic pressures. However, it is in some cases interestingly
proven to be relatively independent from anthropogenic pressures
such as in the Condroz and Loam region. In the Loam region,
complementary analysis shows that the proportion of agricultural
land (i.e. grassland and cropland) at the catchment scale is not
proven to have any link (RDA models are non-significant, p> .05)
with biological water quality whereas forest cover is at any spatial
upstream unit scale. This finding is interesting in terms of land
planning. Indeed, the fact that forests are mostly present in the
functional riparian buffer in this ecoregion while relatively absent
in the rest of the catchments e the Loam region is the less forested
Walloon ecoregion e combined with agricultural models being
non-significant at the catchment scale let us believe that the
computed forest link with biological water quality represents a
“real” forest effect. Furthermore, study of the functional riparian
buffer LULC explanation power of water quality revealed that only
cropland cover model was significant (i.e. not grassland cover,
p> .05) and explained a twice-lower proportion of variability than
forest cover. Non significance of grassland cover effect model could
be linked to the existing diversity of management. Indeed, some
grassland are enriched with Nitrogen, Phosphorus and Potassium
while other are not. Cattle grazing pressure might also influence
water quality through fine sediments transfer to the stream.

Consequently, in these catchments, riparian forests should be
protected because of their positive effect on biological water
quality. This is in line with Tran et al. (2010) findings showing a
stronger correlation between LULC and streamwater quality at the
200-m riparian buffer than that of the watershed. These authors
also suggest that the presence of a riparian buffer zone between
streams and agricultural and urban areas might reduce
contamination from non-point source pollution. On the other hand,
the fact that we did not detect this preponderance of a riparian
effect in the other ecoregions and at the regional scale suggests, as
Stephenson andMorin (2009) or Harding et al. (1998) noted in their
study, that maintenance or preservation of habitat fragments in the
riparian zone will not be sufficient to preserve ecological instream
quality from catchment-wide impacts. Rather, this requires pro-
tection measures at the catchment scale.

4.3. Limitation, strengths of the study and perspectives

Some limitations of this study should be pointed out. First, the
approach hardly allows for quantitatively isolating a potentially
“active” effect of forest cover (i.e., water purification per se) from a
“passive” one directly linked to the degree of pressure of other LULC
on water quality. Then, we chose to describe biological water
quality through integrated indices used in the waterbody quality
assessment in the EU-WFD context. These indices are designed to
be as comparable as possible between regions and are simplified
indicators. This limits the analysis' sharpness and using other in-
formation as biological traits could fine tune the analysis (Mondy
and Usseglio-Polatera, 2013). In particular, as forest cover link
with physico-chemical and biological water quality has been
established in this study and in Brogna et al. (2017a), further studies
could concentrate on biological traits in order to detail the forest
cover impact on ecological processes of macroinvertebrates com-
munities and eventually highlight trees species and management
effects. However, we believe that the biological indices used in this
study given their diversity (based on diatoms and macro-
invertebrates communities) and their integrative character (of
physical, chemical river quality status) are relevant to fulfil our
study objectives. Furthermore, we derived ratios (by dividing bio-
logical indices by the reference value for the river type), increasing
the comparability between ecoregions. We believe this study pre-
sent the following strengths: (i) it is based on a relatively large
public monitoring network data linked to the EU-WFD and thus
monitored across Europe which makes it rather easily replicable in
other European contexts, (ii) the database covers contrasted ‘real-
life’ and heterogeneous catchments in Wallonia making the con-
clusions of this study more general, (iii) this study integrates
physico-chemical and biological indices allowing to quantify the
strong relationship between them, (iv) the different study extents
(i.e. regional and sub-regional) allow to assess main regional trends
and strengthen results while enhancing them according to local
characteristics.

5. Conclusion

The main objective of this study was to quantify the forest cover
link with biological water quality indices (macroinvertebrates and
diatoms) at the riparian and catchment scales. This analysis was
conducted for the entire Walloon region and across five natural
ecoregions. Main results show that forest cover e considered alone
e explains around 30% of the biological water quality at the
regional scale and from 15 to 70% across ecoregions. Furthermore, it
is systematically positively correlated with higher biological water
quality. When modulating this explanation power by spatial, local
morphological variations, or population density, it is still above 10%.
Partitioning variance shows that physico-chemical water quality is
one of the main driver of biological water quality and that
anthropogenic pressures often explain an important part of bio-
logical water quality. The proportion of forest cover in each catch-
ment at the regional scale and across every ecoregions but the
Loam region is more positively correlated with high water quality
than similar analyses considering the proportion of forest cover in
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the riparian zones only. This suggests that catchment-wide impacts
and a fortiori catchment-wide protection measures are the main
drivers of river ecological water quality. Distinctive results from the
agricultural and highly human impacted Loam region showed that
remaining riparian forests have a positive impact on water quality
and should therefore be preserved. However, as waterbodies are
below ‘good status’ overall in this ecoregion, this is not sufficient to
restore good ecological instream quality. On the other hand, this
preponderance of a riparian forest cover link with biological water
quality was not found in the other ecoregions and at the regional
scale suggesting that protection measures at the catchment scale
are required.
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How does forest cover impact water flows and ecosystem services? Insights
from “real-life” catchments in Wallonia (Belgium). Ecol. Indic. 72, 675e685.
https://doi.org/10.1016/j.ecolind.2016.08.011.

CEMAGREF, 1982. Etude des m�ethodes biologiques quantitatives d’appr�eciation de
la qualit�e des eaux. Rapport Q.E. Lyon. A.F.B. Rhône-M�editerran�ee-Corse.
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