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Abstract Knowledge of the spatial distribution of temporary and perennial river channels in a whole
catchment is important for effective integrated basin management and river biodiversity conservation.
However, this information is usually not available or is incomplete. In this study, we present a statistically
based methodology to classify river segments from a whole river network (Deva-Cares catchment, Northern
Spain) as temporary or perennial. This method is based on an a priori classification of a subset of river
segments as temporary or perennial, using field surveys and aerial images, and then running Random Forest
models to predict classification membership for the rest of the river network. The independent variables
and the river network were derived following a computer-based geospatial simulation of riverine land-
scapes. The model results show high values of overall accuracy, sensitivity, and specificity for the evaluation
of the fitted model to the training and testing data set (�0.9). The most important independent variables
were catchment area, area occupied by broadleaf forest, minimum monthly precipitation in August, and
average catchment elevation. The final map shows 7525 temporary river segments (1012.5 km) and 3731
perennial river segments (662.5 km). A subsequent validation of the mapping results using River Habitat
Survey data and expert knowledge supported the validity of the proposed maps. We conclude that the
proposed methodology is a valid method for mapping the limits of flow permanence that could
substantially increase our understanding of the spatial links between terrestrial and aquatic interfaces,
improving the research, management, and conservation of river biodiversity and functioning.

1. Introduction

Streams may be classified as temporary or perennial according to the permanence of their surface flow.
Temporary streams are waterways that cease flowing at some point in space and time along their course
[Acu~na et al., 2014]. Flow cessation may be caused by transmission loss, evapotranspiration, downward
shifts in groundwater tables, hillslope runoff recession, or freeze-up [Larned et al., 2010] and is part of the
natural hydrology for streams and rivers globally [Acu~na et al., 2014]. Temporary streams and rivers have
been defined using several terms (i.e., interrupted, intermittent, temporary, ephemeral, episodic, seasonal)
according to different classifications in terms of flow, drying, and periodicity [e.g., Uys and O’Keeffe, 1997].
For simplicity, in this paper we refer to all of these types of systems as temporary.

The number of studies focusing on temporary streams and rivers has increased exponentially since the
1990s [Datry et al., 2011], and there is a growing scientific interest in the ecology of temporary waterways
due to their role in the water and carbon cycles. These river segments contain important links between
water stored in soils, aquifers, snowpacks, glaciers, and the atmosphere, and they are also important for the
provision of a wide range of ecosystem services [Larned et al., 2010]. Temporary streams are not only natu-
rally widespread in dry climate areas, but they also comprise many of the first-order streams in most drain-
ages in wetter climates [Nikolaidis et al., 2013], accounting for a significant proportion of the total number,
length, and discharge volume of the world’s rivers [Larned et al., 2010; Tooth, 2000]. Moreover, in the coming
years, the number and length of temporary river segments and the duration and magnitude of temporary
flows may increase in areas that experience drying trends due to climate change, land use alteration, and
water abstraction [Datry et al., 2014], which could have important consequences for river biodiversity and
functioning at a catchment scale. For example, the simplification of river networks and the alteration of
water fluxes have been shown to reduce the capacity of fluvial systems to recover from natural disturbances
[Sabater and Tockner, 2010]. The loss of perennial streams and rivers or the reduction of their lengths has
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large social, economic, and ecological consequences, so managers seek better ways to track and monitor
the status of these systems [Turner and Richter, 2011].

The dynamic characteristics of temporary rivers present significant challenges for the assessment of ecologi-
cal conditions and potentially affect the accuracy of monitoring results [Arthington et al., 2014]. These chal-
lenges have not been properly addressed in some legislation, such as the Water Framework Directive
[European Commission, 2000; Nikolaidis et al., 2013]. Standard methods for monitoring perennial and tempo-
rary streams typically collect measurements from too few locations and do not effectively characterize the
spatial extent of these terrestrial-aquatic systems.

Although a global inventory of temporary streams has not yet been compiled, several estimates exist and
collectively underscore their abundance (see McDonough et al. [2011] for more information). For specific
areas, the methods most used to map the spatial distribution of temporary streams are topographic maps,
aerial images, and field surveys [e.g., Robinson et al., 2016]. However, these methods are intrinsically labor-
intensive and subjective and are not generally applicable for mapping over large areas. In recent years,
these methods have been combined with various modeling techniques [e.g., Sando and Blasch, 2015] to
objectively estimate temporary streams and rivers for whole river networks. Most of the previous studies
that use statistical modeling to estimate temporary and perennial rivers have been performed at large
regional scales where many flow gauging stations exist. These approaches are based on long flow gauging
records that allow the definition of different types of temporary and perennial river flows, which are then
predicted to the whole region based on specific catchment attributes [e.g., Shortridge et al., 2016; Snelder
et al., 2013]. However, obtaining comprehensive flow gauging records (i.e., from a sufficient number of
gauges and/or time series lengths) can be very difficult or even impossible for most catchments, where
flow gauges are very sparse and flow records for temporary rivers are underrepresented. This situation calls
for the development of other types of approaches and data sets that facilitate the accurate estimation of
the spatial distribution of temporary and perennial rivers.

Recognizing the limitations of the current digital resources and maps in representing channel extent and
the degree of flow permanence (e.g., the difficulty of differentiating between temporary and perennial riv-
ers in some forested areas using remote sensing) is important for many reasons. For example, temporary
streams and rivers represent a dominant interface between terrestrial and freshwater ecosystems, and their
hydrology is a critical factor influencing patterns and processes in river networks. Moreover, accurate
hydrography is a key tool for monitoring, modeling, and decision making [Fritz et al., 2013]. In this regard,
the extent of the temporary and perennial segments in a whole river network is a basic information need
for formulating appropriate strategies for biodiversity conservation. As an example, there are some recent
initiatives to compile databases that integrate all the available information on the environmental character-
istics and biodiversity of temporary rivers (IRBAS database) [Leigh et al., 2017]. For some organisms (e.g.,
fish), the available habitat is determined by the connectivity and extent of the perennial network. For other
organisms (e.g., amphibians), the connectivity and extent of the temporary network is crucial for their sur-
vival. Temporary streams may, for example, serve as important amphibian nursery areas, because they sup-
port fewer predators than perennial streams [Reid and Ziemer, 1994]. For conservation strategies and
planning, it is therefore important to know the length of both perennial and temporary networks and the
delineation of the boundaries between them.

Accordingly, the main goals of this paper are to develop a mapping strategy to: (1) estimate the occurrence
and extent of perennial and temporary segments in a whole river network at a local catchment scale and
(2) determine the main variables which play a fundamental role in determining their spatial distribution.

2. Materials and Methods

2.1. Study Area
The study area entails the Deva-Cares catchment, located in Northern Spain and covering an area of
1200 km2, which drains into the Cantabric Sea (Figure 1). A large part of the catchment is located within the
Picos de Europa National Park, which is part of the Cordillera Cantabrica mountain range. The average alti-
tude of the catchment is 1100 m and the mean slope is 50.36% [Grupo de Emisarios Submarinos e Hidraulica
Ambiental (GESHA), 2005]. The study area is geologically diverse (including sandstone, dolomite, and marl)
but is mainly dominated by limestone karst formations and by conglomerates and slates [IGME, 2015]. The
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hydrogeology and geomorphology of this catchment is highly influenced by the presence of the karst
massif of Picos de Europa. This karst contains 13% of the world’s shafts known to be deeper than
1.000 m [Ballesteros et al., 2011] and some 3648 documented cavities encompassing 355 km of conduits
[Ballesteros et al., 2015]. At altitudes above 1700 m there is practically no vegetation, and evapotranspira-
tion is below 200 mm. These upper karst zones experience very quick infiltration from snow and rainfall,
making this zone one of the main karst aquifer recharge areas [Fern�andez-Giber et al., 2000]. Subse-
quently, very huge vadose zones develop (well over 1000 m in some areas) before reaching the water
table which is very close to the fluvial valleys. The main aquifer discharge occurs through the many
springs on the valley bottoms of the main tributaries and even through the river beds, although there
are also springs with significantly lower flows in the upper parts of the karst discharging small perched
aquifers [Adrados et al., 2012; Fern�andez-Giber et al., 2000]. The rivers are characterized by high channel
gradients and short channel lengths, with canyons up to 2000 m deep which evidence the significant flu-
vial incision in the area [Ballesteros et al., 2011]. The southeastern part of the catchment, which includes
the two main Deva tributaries (Figure 1) and the uppermost part of the Cares tributary catchment, has a
different hydrological character dominated by surface runoff flows imposed by old mature forests over
shales and conglomerates.

The climate is temperate [Rivas-Mart�ınez et al., 2004], but the climatic conditions are highly variable season-
ally and spatially, mainly driven by two factors: its proximity to the sea (less than 50 km to the coast in a
straight line) and orographic effects (high mountain tops, rising up to 2600 m above sea level). Snow is
common during the winter and accounts for nearly 20% of the annual precipitation, which exceeds
2000 mm above 1000 m [Fern�andez-Giber et al., 2000]. The study area is located primarily in the Eurosiberian
biogeographic region, but also spans the Mediterranean region, which is expected to experience significant
hydrological impacts because of climate change [e.g., S�anchez de Dios et al., 2009]. The natural deciduous
forest below 400 m is dominated by Fraxinus excelsior, Tilia sp., Corylus avellana, Acer spp., and Quercus spp.
while Populus spp. Quercus robur, Quercus petraea, Fagus sylvatica, and Ilex aquifolium dominate between
400 and 1100 m. From 1100 to 1800 m Betula sp. is dominant, while alpine mountain grasslands and
denuded rocks are the dominant features at higher altitudes. The Mediterranean influence produces a
native vegetation community dominated by holm Quercus ilex and Quercus pyrenaica.

Figure 1. Map of the study area and representation of the Deva-Cares river network. Dashed line represents the limits of Picos de Europa National Park and black lines represent the two
main axes of the river network, Deva and Cares rivers.
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2.2. Mapping Approach
The mapping approach presented in this study comprises four steps. First, we created a Virtual Watershed
with the aim of obtaining a river network (a digital representation of the surface water drainage network)
that incorporates all the environmental information needed to generate the independent variables. Second,
within this digital platform, we included information about the a priori classification of a subset of river seg-
ments (reaches of the river network) as being either temporary or perennial. This information was gathered
from specially designed field surveys and aerial image data. Third, we selected several independent varia-
bles which are significant for determining the perennial/temporary character of a river segment. Fourth, we
used Random Forest models to predict the temporary/perennial character of those river segments for which
there was no empirical information (i.e., no field surveys or aerial image data). The final map integrates the
empirical observations with the modeled ones. All these different steps are described in detail below.
2.2.1. Virtual Watershed Approach
For this study, a Virtual Watershed was built using the Bldgrds and Netrace software packages which are
contained in the ‘‘NetMap’’ platform (www.terrainworks.org) [Benda et al., 2015; Miller, 2002]. Virtual
watersheds are computer-based geospatial simulations of riverine landscapes that include digital eleva-
tion models (DEM), synthetic hydrography, and their coupling, using a data structure to support the
required analytical capabilities (for more information, see Barquin et al. [2015] and Benda et al. [2015]).
The river network (see Figure 1) was delineated using flow directions inferred from a 25 m DEM. To esti-
mate the location of channel heads, we employed two criteria, one for low-gradient areas and the other
applied to high-gradient areas. In the first case, channel expansion occurs primarily through fluvial pro-
cesses and in the second case, channel expansion may occur via mass wasting processes. Both cases
employ a slope-dependent drainage area threshold [Dietrich et al., 1993; Montgomery and Dietrich, 1992]
following the equation acrS

a 5 C, where acr is a critical specific drainage area required for channel initia-
tion, S is the surface gradient, a is an exponent (which varies between 1 and 2), and C is a constant. The
values used were acr 5 40 m2 (for low-gradient areas) and 300 m2 (for high-gradient areas), a 5 2, S 5 0.2
(low gradient threshold), and 0.35 (high-gradient threshold). Values of S separate channel initiation into
two process domains; mass wasting and fluvial erosion of surface material. In addition to drainage-area-
dependent thresholds, we required a minimum topographic convergence at the channel heads, indicated
by plan-curvature values of 0.00025 or greater in low-gradient areas, and 0.01 or greater in high-gradient
areas over a minimum flow length of 40 m. Physically, the C value reflects regional properties of the soil,
bedrock, and climate. To set threshold values that reproduce appropriate channel densities, we followed
the process described in Miller [2002] and in previous studies in the region [e.g., Benda et al., 2011]. The
final river network comprised 11,256 river segments and set the spatial network for the integration of all
the following information.
2.2.2. Dependent Variables
One important aspect within this study is the definition of what we considered to be temporary river seg-
ments. This definition is completely constrained by the lack of flow gauging records for the temporary river
segments in the studied catchment. This lack of data prevents a clear-cut definition of the different types of
temporary river segments from being made based on the frequency and duration of zero flows [e.g., Snelder
et al., 2013]. Instead, in this study we defined temporary river segments as those with zero flow (i.e., cessa-
tion of surface water flow, although water may be present but only in disconnected pools) during the sum-
mer (the low-flow season) in average hydrological years (see below). In contrast, we define perennial river
segments to be those with perennial flow in average hydrological years. Information about the location of
temporary and perennial river segments was collected from different sources and then integrated into the
river network following a series of steps:

1. Field data collection. A specific field survey campaign was designed to map temporary river segments
during the 2011 and 2014 summer seasons. We visited 74 and 75 different river segments, respectively
(a total of 149 independent observations) over the two seasons. We then classified each segment as
being temporary or perennial according to the existence of surface flow. The summer of 2011 was con-
sidered to be a normal year according to the standardized precipitation index (SPI) developed by the
Spanish Meteorological Office in its hydro-meteorological annual report [Spanish National Meteorological
Agency (AEMET), 2016] (http://www.aemet.es/es/serviciosclimaticos) while the summer of 2014 was
regarded as moderately wet. Thus, we consider our mapping exercise to be a composite image of the
low-flow season in average hydrological years.
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2. Aerial image data. To complement the obtained field data, we visually identified temporary river seg-
ments within the rocky highlands of the Picos de Europa Karst’s central massif (upstream of our surveyed
tributaries and in nonsurveyed ones) using aerial images. The streams in this area do not flow during the
low-flow season because of the numerous karstic ducts and the low amount of water retained in the
upper catchment (see the study area description). In this area, it is relatively easy to visually identify flow-
ing water as there is hardly any vegetation. We also complemented the field data by looking for peren-
nial river segments in the lower parts of the catchment. In these areas, the width of the river’s channels
is greater and the bank vegetation does not cover the segments entirely, allowing uninterrupted water
flows to be identified. Aerial imagery was obtained using the Spanish National Geographic Institute’s
(IGN) web service of maps (WMS), and aerial images from 2011 and 2014 (with resolutions of 0.25 and
0.5 m depending on the flight) from the PNOA (National Plan of Aerial Orthophotography) project
(http://www.ign.es/wms/pnoa-historico). PNOA aims to obtain digital aerial orthophotos of the entire
Spanish territory, with an update period of 2–3 years and performing flights during the spring to summer
period.

3. Integration of data. This is a crucial step in our methodology, as important assumptions have been made
that need to be carefully considered when applying this approach to other catchments. First of all, river
segments that were identified as perennial or temporary were located and labeled in the digital river net-
work. Then we made two important assumptions: (1) we extended the temporary network upstream by
assuming that all river segments upstream of a long temporary segment (>500 m) would also be tempo-
rary and (2) we extended the perennial network downstream by assuming that all river segments down-
stream of a perennial segment would also be perennial. These assumptions were made on the basis of
the main hydro-geological functioning of this catchment as described in the study area section. Most of
the tributaries in the upper parts of the karst only have water during the snowmelt season or during
heavy rainfall, while most river segments in the lower valley have perennial flow maintained by a wide
network of perennial springs that discharge the karst aquifer [Adrados et al., 2012; Fern�andez-Giber et al.,
2000]. Finally, two other limitations were also imposed before the modeling stages. First, this study does
not include very small perennial river channels that are maintained by small spring sources in the upper
part of the karst and which run dry before entering a perennial flow channel (most of them run for less
than 50 m [Adrados et al., 2012]). Second, this study also does not include perennial segments that run
for more than 0.5 km and then go dry, as there is only one such case recorded in the catchment, associ-
ated with a karstic sink (Liordes Polje) according to Adrados et al. [2012].

2.2.3. Independent Variables
We selected a range of independent variables (Table 1) describing several environmental attributes that
could possibly be important for determining the perennial/temporary character of the river segments in the
studied area. These include topography (n 5 5), climate (n 5 6), land cover (n 5 2), and geology (n 5 4). The
assignment of stream attributes to individual segments of the river network was performed using NetMap
tools, and the digital information (topography, climate, land cover, and geology) was summarized across a
range of spatial scales, from entire catchments (drainage areas for each river segment), to adjacent hill-
slopes draining into individual river segments (drainage wings for each segment, referred to as segment
wings).

In other studies, the different variables used as model predictors (Table 1) have been derived from a wide
range of digital resources. For brevity, we refer only to those works in which specific details are given on
the methodological aspects used to derive them (for more information about the description of the inde-
pendent variables, see �Alvarez-Cabria et al. [2016, 2017], Gonz�alez-Ferreras et al. [2016], and Pe~nas et al.
[2014]).

Although multicollinearity has no influence on the predictive performance of the model we used in this
study (see below), variable importance measurements can be affected [Boulesteix et al., 2012] and the partial
plots representation (see below) of the predictor-response relationship is more reliable when the predictors
have low correlation [Friedman and Meulman, 2003]. For this reason, and to avoid potential problems, we
developed a correlation matrix (Spearman rank correlation) for the segments characterized in the previous
phase, and when pairs of variables had a correlation >j0.7j only one was retained for modeling (see Table 1
and supporting information Figure S1). The variables retained were those that most reduced the total num-
ber of variables in the model (i.e., those that were correlated with a larger number of other predictors).
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2.2.4. Modeling
We decided to use the Random Forest (RF) classification model [Breiman, 2001] with two classes (temporary
and perennial). RF is a nonparametric method developed by Breiman [2001] that comprises an ensemble of
individual Classification and Regression Trees (CART) [Breiman et al., 1984] based on the aggregation of a
large number of decision trees (a forest) from which a final prediction is averaged for all trees. RF presents a
random variation by growing each tree with a bootstrap sample from the training data and using only a
small random sample of the predictors to define the split at each node, where the predictions for the trees
are performed using a voting system. The advantages of RF include very high classification accuracy, deter-
mination of variable importance, and the ability to model complex interactions among predictor variables
[Cutler et al., 2007]. Moreover, recent studies have shown that RF models predict spatial patterns in river
characteristics better than other more conventional methods [e.g., Booker and Snelder, 2012]. The RF tech-
nique has been previously applied in water resource studies to predict spatial patterns of different ecosys-
tem components such as river bed surface grain size [Snelder et al., 2011], biotic indices [�Alvarez-Cabria
et al., 2017], and lake trophic state [Hollister et al., 2016], among others.

RFs were developed using the R statistical language with the ‘‘caret’’ package, version 6.0–41 [Kuhn, 2008].
We used the additional feature-selection model in caret that uses the ‘‘randomForest’’ [Liaw and Wiener,
2002] and ‘‘Boruta’’ packages [Kursa and Rudnicki, 2010]. Implementing a RF model with the Boruta algo-
rithm assists with the selection of the most relevant independent variables to include in the RF model. Bor-
uta is a feature selection wrapper algorithm that iteratively removes the features which proved to be less
relevant than random probes [Kursa and Rudnicki, 2010]. Dependent-variable data was randomly partitioned
into training (75%) and testing (25%) data sets, preserving the overall class distribution of perennial and

Table 1. Initial Set of Independent Variables Attributed to the River Networka

Type Code Definition Units Correlated With:

Topographic AREA_SQKM Total catchment area km2 DRAIN_DEN
MN_ELEV Average catchment elevation from the considered river segment to the

upper most river segment in the river network
m MN_DEN, MN_EP

MN_GRAD Average catchment gradient from the considered river segment to the upper
most river segment in the river network

%

VAL_FLOOR Width of the valley floor at 2 3 bankfull depth elevations above the channel m
DRAIN_DEN Drainage density. Number of segments divided by the catchment area N8 of rivers

confluences by
catchment area

AREA_SQKM

Climatic MN_TEMP Mean annual catchment temperature 8C MN_maxT08
MN_PREC Mean annual catchment precipitation mm
MN_EP Mean annual catchment potential evapotranspiration mm MN_ELEV, MN_maxE08
MN_minP08 Accumulated value (average variable value from the consider river segment

to the upper most river segment in the river network) for this variable:
minimum value within the monthly list (1980–2006) of mean precipitation
values in August

mm

MN_maxE08 Accumulated value (average variable value from the consider river segment
to the upper most river segment in the river network) for this variable:
maximum value within the monthly list (1980–2006) of mean potential
evapotranspiration values in August

mm MN_EP

MN_maxT08 Accumulated value (average variable value from the consider river segment to
the upper most river segment in the river network) for this variable: maximum
value within the monthly list (1980–2006) of mean temperature values in
August

8C MN_TEMP

Land cover MN_BLF Area occupied by broadleaf forest from the considered segment to the most
upper catchment point in the catchment

%

MN_DEN Area occupied by denuded areas from the considered segment to the most upper
catchment point in the catchment

% MN_ELEV

Geological LC_HARD Average rock hardness within the segment wings 1–5
MN_HARD Average rock hardness from the considered segment to the most upper

catchment point in the catchment
1–5

MN_COND Average rock conductivity from the considered segment to the most upper
catchment point in the catchment

1–5 MN_PERM

MN_PERM Average rock permeability from the considered segment to the most upper
catchment point in the catchment

1–5 MN_COND

aBold variables are uncorrelated variables (Spearman rank correlation �j0.7j) comprised in the final set of independent variables (supporting information Figure S1 shows the
Spearman rank correlation matrix).
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temporary river segments. To fit the model, we used the cross-validation resampling method in the training
set. To minimize any bias resulting from the random data splitting, a tenfold cross-validation was repeated
5 times for each of the models. This step was performed twice; first, applying the feature-selection method
(Random Forest with Boruta), and then, with the final independent variables selected to be included in the
modeling (the selected model). Although model performance can be optimized for the number of trees
and the number of predictors used at each split, we used the recommended default values. These values
were the square root of the number of predictor variables used to define the number of variables available
for splitting at each tree node, and 500 as the maximum number of trees.

The average of the overall accuracy (proportion of the total number of segments that are correctly identi-
fied), sensitivity (proportion of temporary segments that are correctly identified as such), and specificity
(proportion of perennial segments that are correctly identified as such) statistics was calculated for the
resampling results with the optimal variables selected. These statistics were estimated according to the fol-
lowing equations: overall accuracy 5 (TP 1 TN)/(TP 1 FP 1 TN 1 FN), sensitivity 5 TP/(TP 1 FN), and specifici-
ty 5 TN/(TN 1 FP), where TP are true positives, TN are true negatives, FP are false positives, and FN are false
negatives. We considered the temporary class as positive and the perennial class as negative. Exact bino-
mial 95% confidence intervals (CIs) were also calculated for overall accuracy, sensitivity, and specificity (see
Collett [2002] for details). Then, the averages of the overall accuracy, sensitivity, and specificity for the
resampling results were chosen as model performance measures and the entire training set was used to fit
the final model. We evaluated the fitted model on the test data set and calculated the same three statistics
in order to compare the results.

The importance of the independent variables was calculated according to the results of the Mean Decrease
Gini Index that measures the total decrease in node impurity, averaged over all trees using the Gini Index
(the purer a node is, the smaller the Gini Index is, indicating that a node contains observations which are
predominantly from a single class). The Gini Index is defined as i tð Þ5

P
i 6¼j p ijtð Þp jjtð Þ where p ijtð Þ is the

probability that a case is in class i given that it is node t and p jjtð Þ is the probability that a case is in class j
given that it is node t [Breiman et al., 1984]. We also used partial dependence plots to show the marginal
contribution of the most important variables to the response. These plots are not a perfect representation
of the effects of each variable, but they provide useful information for illustration and may be used to
graphically characterize relationships between individual predictor variables and predicted probabilities of
a class presence [Cutler et al., 2007; Friedman and Meulman, 2003]. We used the fitted model to predict the
temporary or perennial membership of segments of the river network without any empirical information on
the dependent variable (i.e., without field or aerial image data). Finally, we integrated the predicted classifi-
cation values with the empirical information on class membership to achieve a final map showing the tem-
porary/perennial character of the whole river network. The maps were created with ArcGIS [ESRI, 2014]. All
models were developed using R 3.1.3 software [R Core Team, 2015] and the RStudio editor [RStudio, 2015].

2.3. Validation of Mapping Results
For an alternative validation of our final maps (which integrate the dependent variables based on empirical
information and the RF model predictions), we used two external data sources. First, we used field data
from River Habitat Surveys (RHS) [Environment Agency, 2003] carried out in the area and, second we also
garnered expert knowledge from actual forest guards in the area.

Field data were obtained from an existing database with RHS data (www.rhs.ihcantabria.com). Data were
obtained from 64 500 m long river segments during the summer seasons of 2008 (n 5 42), 2009 (n 5 8),
2010 (n 5 1), and 2011 (n 5 13). We used the information from section E of the RHS field form, where up to
10 different flow types are recorded every 50 m (dry flow is also recorded). Because a river segment could
only be classified as temporary or perennial, we considered river segments to be temporary if at least half
of the spot checks were dry, otherwise they were classified as perennial. Hydrologically, the summer sea-
sons were considered ‘‘normal’’ for 2008, ‘‘normal’’ for 2009, ‘‘moderately wet’’ for 2010, and ‘‘normal’’ for
2011, according to the standardized precipitation index developed by the Spanish Meteorological Office for
the relevant months [AEMET, 2016].

To design the forest guards’ validation of our mapping results, we considered the administrative organiza-
tion of the Deva-Cares catchment. This catchment is divided into three different administrative regions: Cas-
tilla y Le�on (�150 km2), Principado de Asturias (�415 km2), and Cantabria (�640 km2). The forest guards
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spent most of their days in the field up and down along the catchment because of the many duties they
perform (e.g., biodiversity inventories and monitoring, enforcement of environmental regulations, issues
relating to fishing and game, providing assistance to local farmers, etc.). As an example, pursuant to
regional fish management policies, they annually electro-fish those parts of the river network that dry out in
the summer to rescue trout that get trapped in drying pools. This means that they know the river sections
that dry out each year very well. Because of their experience and knowledge of the area, we consider their
opinions to be a very valuable source of data and, thus, an appropriate validation approach for the final
map. In order to take advantage of their knowledge and experience and use it for our purposes, the final
map with the spatial distribution of perennial and temporary segments was presented to them at meetings
which were held at the headquarters of the Asturias and Cantabrian regions. During those meetings, book-
lets with the maps covering the headquarters’ domain were handed out. These booklets were then recol-
lected after 2–3 weeks, containing annotations made by the headquarters’ personnel on the limits of the
perennial/temporary character of the river network within their domain.

These results were then assigned to individual segments of the river network to perform a comparative
assessment of their expert opinions, the RHS data, and the temporary/perennial characterization from our
mapping results. To achieve this, we created a confusion matrix with the mapping results, the expert opin-
ions from the forest guards and the RHS observations as reference data. Overall accuracy (proportion of the
total number of river segments that are correctly identified), sensitivity (proportion of temporary segments
that are correctly identified as such), and specificity (proportion of perennial segments that are correctly
identified as such) statistics were calculated for both with 95% CIs.

3. Results

3.1. Mapping Approach
A total of 2701 river segments of the river network were included in the a priori classification, with 1282
classified as perennial (308.5 km) and 1419 as temporary (194.5 km). Twelve independent variables were
included in the final RF model with Boruta (Table 1), all of which were selected as relevant. Therefore, all the
variables were included in the RF model to determine the temporary/perennial character of the 8555 seg-
ments without empirical information. The average of the overall accuracy (95% CIs), sensitivity (95% CIs),
and specificity (95% CIs) for the resampling results were 1 (0.98–1), 1 (0.96–1), and 0.99 (0.95–1), respec-
tively. The values of these three statistics on the test data set were 0.99 (0.98–1), 1 (0.98–1), and 0.99
(0.97–1) for overall accuracy (95% CIs), sensitivity (95% CIs), and specificity (95% CIs), respectively.

The most important independent variables
(Mean Decrease Gini Index; Figure 2) were
catchment area (AREA_SKQM), area occupied
by broadleaf forest in the upstream catch-
ment (MN_BLF), minimum monthly value of
precipitation in August in the upstream
catchment (MN_minP08), and average catch-
ment elevation of the upstream catchment
(MN_ELEV). Conversely, the variable with the
least importance in the model was the aver-
age rock hardness within the segment wings
(LC_HARD). Partial plots of the most influen-
tial variables (Figure 3) indicate that as
watershed area decreases, there is a higher
probability of a temporary classification
(Figure 3a). Conversely, as watershed area
increases, there is a higher probability of a
perennial classification with an important
threshold at approximately 20 km2. In the
case of MN_BLF, the probability of temporary
classification decreases as the percentage of

Figure 2. Importance of the independent variables (see variable code
description in Table 1) in the fitted model in relation to the Mean
Decrease Gini Index.

Water Resources Research 10.1002/2017WR020390

GONZ�ALEZ-FERRERAS AND BARQU�IN MAPPING FLOW PERMANENCE IN RIVER NETWORK 6716



forest in the catchment increases (until �20%). For MN_BLF values between �20 and 70%, the probability
of temporary segments is low and more or less constant, but doubles for MN_BLF values above 70%
(Figure 3b). For the other two most important variables (MN_minP08 and MN_ELEV; Figures 3c and 3d), the
probability of perennial classification is higher for their median values, and in the case of MN_minP08,
when these variable approaches zero (see Figure 4 for the distribution of temporary/perennial character
recorded in the empirical observations).

The fitted model predicted 6106 (818 km) river segments to be temporary, while 2449 (354 km)
were regarded as perennial (Figure 5b). The final map of the Deva-Cares catchment in low-flow conditions
(Figure 5c) comprises the predicted river segments (Figure 5b) and the river segments with initial a priori
classification data (Figure 5a). This final map shows 7525 temporary river segments (1012.5 km) and 3731
perennial river segments (662.5 km).

Figure 3. Partial dependence plots for the four most influential variables in the model for the temporary class ((a) AREA_SQKM; (b) MN_BLF; (c) MN_minP08; (d) MN_ELEV: see variable
code description in Table 1). The ‘‘rug’’ at the bottom show the deciles of the distribution of sites across that independent variable. In the case of the perennial class, partial dependent
plot is the mirror image of these partial dependence plot, and only one class was used for interpretation. The values of the left y axis (logit of probability/2) are also represented in proba-
bilities on the right y axis.

Water Resources Research 10.1002/2017WR020390

GONZ�ALEZ-FERRERAS AND BARQU�IN MAPPING FLOW PERMANENCE IN RIVER NETWORK 6717



Figure 4. Distribution of the temporary and perennial character in the 2701 segments used as dependent variables according to different ranges of the four most important indepen-
dent variables in the Random Forest model ((a) AREA_SQKM; (b) MN_BLF; (c) MN_minP08; (d) MN_ELEV: see variable code description in Table 1).

Figure 5. (a) Spatial distribution of the segments whose class membership was assigned by aerial images or field measurements. (b) Spatial distribution of the segments whose class
membership was predicted with Random Forest model. (c) Representation of the temporary and perennial segments in the entire river network comprising the segments predicted
(modeled with Random Forest) and segments used as dependent variables (assigned by aerial images or field measurements).
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3.2. Validation of Mapping Results
The validation of the perennial/temporary characterization of the mapping results (Figure 5c) with RHS data
(64 segments with RHS surveys data) shows the following values of overall accuracy 5 0.91 (0.81–0.96),
sensitivity 5 0.67 (0.09–0.99), and specificity 5 0.92 (0.82–0.97).

Regarding the evaluation of the expert opinions of the forest guards, the evaluation from Principado de
Asturias could not be quantitatively assessed, because they did not provide geographical indications on the
map. However, their general comments were that they agreed with the map, although suggesting that the
highest perennial tributaries located in the Picos de Europa National Park should be slightly trimmed down.
Conversely, the Cantabrian forest guards provided geographical indications for their entire respective area
(5623 river segments). The evaluation of the Cantabrian forest guards shows high values of overall accu-
racy 5 0.9 (0.9–0.91), sensitivity 5 0.9 (0.89–0.91), and specificity 5 0.91 (0.9–0.92).

4. Discussion

The strategy presented in this study to map the perennial/temporary character of river segments for a
whole river network has been shown to be a plausible approach from a statistical point of view, and from
the perspective of experts in the field. The length of the temporary river segments (1012.5 km) in our study
area represented around 60% of the total channel length (1675 km) of the river network, so temporary
streams should not be neglected when conducting catchment scale studies. Similar percentages have been
found in other studies. For example, Nadeau and Rains [2007] reports that 59% of the total stream length in
the USA, excluding Alaska, are temporary streams. Tzoraki et al. [2007] reports that 43% of the total area of
Greece is drained by temporary rivers. We believe that the maps generated in this study could be a key digi-
tal resource for future research and management strategies in the selected catchment, with numerous
potential applications.

4.1. Mapping Approach
Field surveys and aerial images provide information that is relatively easy to collect in order to classify rivers
as temporal or perennial together with a modeling approach. Other studies have used other sources of
data, such as the involvement of citizens [e.g., Datry et al., 2016; Turner and Richter, 2011] and gauging sta-
tions [e.g., Snelder et al., 2013]. Gauging stations provide information about the frequency and duration of
temporary flow using flow time series, and facilitate a more specific definition of flow intermittency. How-
ever, most catchments typically have few gauging stations, and these are usually located in perennial river
segments. This was the case in our study area, in which there were few active official gauging stations (three
in river channels and four in reservoirs) all of which were situated in perennial river segments.

In this study, modeling the temporary and perennial character of river segments yielded high values of
overall accuracy, sensitivity and specificity in the evaluation of the fitted model on the training and testing
data set. These high values demonstrate the model’s capacity to learn from the training data set and to
identify the main relationships between the dependent and independent variables, and indicates the pre-
diction capacity of the model. Conversely, Snelder et al. [2013] reported that RF performed poorly at classify-
ing flow regimes and suggested that the performance results were due to the fact that intermittence is also
controlled by processes acting at smaller scales. We believe that the good performance of the model in our
case might be related to a number of different issues. First, the hydrogeological functioning of the Deva-
Cares catchment allowed us to make some assumptions (section 2.2.2; i.e., considering any segment
upstream of a segment empirically classified as temporary to also be temporary, and any segment down-
stream of a segment empirically classified as perennial to also be perennial) that may have improved the
performance of some of the selected predictor variables. In this regard, the catchment area played an
important role in differentiating between temporal and perennial river segments, with 20 km2 being an
important catchment size threshold. However, these assumptions might not hold in other catchments
where different hydrological processes dominate, for example in large rivers where alluvial aquifers gener-
ate temporary flows [e.g., Larned et al., 2011], or where anthropogenic water regulation changes the tempo-
rary/perennial character of a river segment (e.g., water abstraction or diversion [Datry et al., 2014]). In these
cases, it might also be necessary to include other variables related to groundwater dynamics, such as river-
bed permeability or aquifer structure [Snelder et al., 2013] or anthrophic variables such us the distance to
the point of abstraction. Second, our modeling approach was developed in a local catchment in which very
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small tributaries were considered (employing a slope-dependent drainage area threshold for estimating the
location of channel heads in the delineation of the river network), but limitations to identifying temporary/
perennial segments had been previously identified using different criteria (e.g., permanent channel length
criteria). These assumptions might also be inappropriate when working at very large regional scales where
most of the headwaters have been trimmed off from the river network (e.g., establishing a minimum area
or order) and local knowledge regarding the abundance and location of special cases (e.g., catchments with
numerous sinkholes) is not available [e.g., Snelder et al., 2013]. Third, the use of aerial images in the current
study was possible because of the lack of woody vegetation at high altitudes and the large channel width
of the lower segments. These characteristics allowed us to use the aerial images to identify temporary and
perennial segments, respectively, in the river network. In other locations with different characteristics, the
use of unmanned aerial vehicles (UAVs) might be an appropriate approach to cover large parts of the river
network that could be used as segments in the training data set. While the use of UAVs for hydrological pro-
cesses and modeling is still experimental and in continuous development, some studies have already
shown satisfactory results [Spence and Mengistu, 2016]. Finally, our training data set included a balanced
training data set (47.5% perennial and 52.5% temporary), which has been shown to be very relevant for
increasing the accuracy of RF models [Gonz�alez-Ferreras et al., 2016]. Conversely, extremely imbalanced clas-
ses result in poor accuracy for the minority class because RF tends to focus more on the prediction accuracy
of the majority class [Chen et al., 2004].

In relation to the independent variables, the catchment area and broadleaf-forest-percentage cover in the
upstream catchment were the most important variables for classifying a segment as temporary or perennial,
together with the minimum monthly value of precipitation in August, and the average catchment elevation.
Catchment area has been shown to be an important determinant of perennial and temporary channels in
other studies [Snelder et al., 2013; Svec et al., 2005]. The high frequency of temporary river segments in small
catchment areas is supported by the temporary/perennial character distribution obtained from the empiri-
cal observations (Figure 4a).

The second most important variable, forest cover in the catchment, showed similar responses at either
extreme of its continuum. It is known that different types of forest can have an important role in hydrology
[Cui et al., 2012]. However, within this study we only considered broadleaf forest, because other types of for-
ests were only present in 1% of the river segments with very low cover values. Minimum forest cover values
tend to correlate with temporary character occurring more frequently (Figure 3b). These results match with
the high occurrence of temporary river segments in the alpine area (Figure 4b). In the Deva-Cares catch-
ment, temporary segments are common in the alpine karst areas where mountain grasslands and denuded
rocks dominate and, consequently, a low percentage of forest is found. At the other extreme, the probabil-
ity of temporary river segments also increased with higher values of forest cover. This result is consistent
with studies that find increased water yields following timber harvesting [e.g., Smerdon et al., 2009]. In our
case, this result corresponds to small catchments (�5 km2) where broadleaf forests have been preserved
(i.e., a high percentage of cover). Catchment forest coverage has also been shown to play a key role in
determining hydrological spatial patterns in other studies [e.g., Cui et al., 2012]. Moreover, other variables
related to forest presence could also play important roles in determining the temporary or perennial charac-
ter of small river segments. For example, Belmar et al. [2016] has shown that mature forests in Cantabrian
catchments may provide higher base flows during the summer months compared to young forests.

4.2. Validation of Mapping Results
The validation of our results using RHS survey data and expert knowledge from forest guards supports the
methodology proposed in this work for mapping the temporal and perennial character of river segments.
Both validations have shown high values of overall accuracy (�0.9). In the specific case of RHS data, the pro-
portion of perennial segments correctly identified was high (specificity 5 0.92), but the proportion of tem-
porary segments correctly identified presented lower values (sensitivity 5 0.67). This sensitivity value could
be related to the lower proportion of temporary segments (n 5 3) within the RHS data set (n 5 64). This
could negatively influence the validation process due to an unbalanced class data set or a dearth of infor-
mation caused by a small sample size [Ali et al., 2015]. For this reason, including a larger number of tempo-
rary segments within the RHS data set would provide for a more robust validation process. When using the
expert opinion data, the quantitative evaluation showed high values of sensitivity and specificity (0.9 and
0.91, respectively) in the Cantabrian region, which represents more than 50% of the study area. The
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qualitative assessment of the other administrative area (Principado de Asturias) was also positive. Regarding
the model and the independent validations, we consider that the final map results represent a major
improvement of the digital cartography of temporary and perennial river channels in the study area. The
length of the segments using our mapping approach is greater than in existing maps. Our map has
1675 km of river segments, entailing 1012.5 km of temporary rivers and 662.5 km of perennial rivers, while
the most detailed existing map of the area [National Geographic Institute (IGN), 2016] (National Topographi-
cal Base of Spain at scale 1: 25000, BTN25) has 1126 km of river channels, listing 845 km of temporary rivers
and 280 km of perennial rivers. Other studies have shown that this kind of topographic map also underesti-
mates the total length of river channels [e.g., Hansen, 2001]. Moreover, comparing this map with our results,
a great part of the length of the temporary rivers in the BTN25 (�40%) are actually perennial according to
our map, while less than 15% of the total length of perennial rivers in the BTN25 are temporary according
to our mapping approach. Thus, our results extend and improve the existing information, highlighting the
need to update the current information.

The knowledge gathered from the forest guards from the Cantabrian region allowed us to identify sinkholes
in the area, which were not taken into account in the a priori classification which was based on our assump-
tions. This situation comprised six zones, where perennial flows exist upstream of temporary segments. The
total length of temporary river segments downstream of perennial flows is 3.4 km, and the total length of
perennial river segments upstream of temporary segments is 16.3 km. These values support our initial
assumptions, because their length in relation to the whole river network length (temporary and perennial)
in the Cantabrian part of the catchment (850.5 km) is minimal. However, the identification of these areas,
especially in catchments where such areas are significantly represented, is important for the continuity of
river processes and has a major impact on river biodiversity and functioning patterns. Accordingly, we stress
the need to gather this type of punctual information in future studies whenever possible.

4.3. Potential Applications
Mapping the temporary or perennial character of a river network can provide a better understanding of
hydrologic systems and the interaction between terrestrial and aquatic interfaces at large spatial scales (i.e.,
landscapes or watersheds). The current lack of data on how temporary and perennial river segments are
spatially organized in river networks hinders the development of regional applications. To compensate,
upscaling methods are needed to extrapolate information from river segments to whole catchments
[Bl€oschl, 2006]. In our study, the combined use of field data, aerial images, and modeling provides a simple
and replicable methodology to upscale information about perennial and temporary river channel character
to the whole river network. This simple representation of the limits between temporary and perennial river
segments for whole river networks at a catchment scale constitutes a first step in various applications. This
exercise estimates the extent and magnitude of each class in the catchment and can stimulate research
and management for a variety of different objectives. Below, we describe the importance of some of these
applications to illustrate the relevance of this exercise:

1. Monitoring of areas likely to experience changes due to global change. Some evidence suggests that
climate-driven temporary flow has increased and that it will continue to increase in the future [Larned
et al., 2010]. It is therefore important to delineate the potentially most sensitive zones that might suffer
from the effects of global change. RF models can provide class probability results to help to delineate
these zones by mapping the probability of a segment’s being temporary or perennial instead of using
the hard binary classification (temporary/perennial). In our study area, for example, we ran RF probability
class and around 130 km of channels have a temporary class probability between 0.45 and 0.55. All of
them are located in catchments with areas less than 8.5 km2 and could be identified as potentially most
sensitive or transition zones.

2. Delimit terrestrial and aquatic systems and locate their interfaces. Because temporary streams are hydro-
logically dynamic, providing both terrestrial and aquatic habitats, their characterization and delimitation
is important for determining different interactions, such as exchanges between terrestrial and aquatic
organic matter and biotic interactions between terrestrial and aquatic organisms [Datry et al., 2011].
Moreover, temporary channels function differently than perennial ones with respect to biogeochemical
fluxes [Datry et al., 2014] and may have different impacts on carbon and nutrient fluxes. Therefore, it is
important to identify the transitions between aquatic and terrestrial phases, referred to as hot spots and
hot moments for biogeochemistry [McClain et al., 2003].
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3. Habitat delineation for different groups of organisms. In temporary streams that desiccate entirely, fish
must seek refuge in perennial segments, whereas in streams that dry partially, some fish can survive in
disconnected pools [e.g., Pires et al., 1999]. Considering that stream drying is stressful for fish and causes
high mortality [Davey and Kelly, 2007], fishes are generally restricted to perennially flowing segments. In
the case of amphibians, temporary streams are important, because the differential vulnerability of larvae
to aquatic predators may exclude some species from perennial streams [Woodward, 1983]. The tempo-
rary/perennial character of a channel has been shown to be important for invertebrates [e.g., Leigh et al.,
2016] and algae [e.g., Robson and Matthews, 2004]. The spatial distribution of temporary and perennial
channels has important implications for the distribution patterns of aquatic species and is thus a key fea-
ture for aquatic biodiversity management and conservation.

5. Conclusions

This study proposes a relatively easy method for estimating the occurrence and extent of perennial and
temporary segments in whole river networks at catchment scale. This strategy allows the determination of
which variables are the most important based on catchment characteristics which play a fundamental role
in determining the spatial distribution of flow permanence. Our approach can be applied anywhere in the
world using minimal data resources, although the applicability of our assumptions to other locations should
be carefully considered and be based on a working knowledge of the fundamental hydrological processes
of the studied catchment. Thus, with a few field surveys taken in the low-flow season, access to aerial
images and a virtual watershed approach [Benda et al., 2015], it is possible to obtain dependent and inde-
pendent variables to build a temporal and perennial river segment classification model. Incorporating avail-
able knowledge from locals and experts in the area can also enhance the mapping approach and improve
the final digital map representing the spatial distribution of temporary and perennial segments in the par-
ticular river network.
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