
1. Introduction
Non-perennial watercourses are rivers or streams that periodically cease to flow somewhere along their network. 
Within this definition, the terms “intermittent” and “ephemeral” refer, respectively, to those streams in which 
surface flows are generated by both precipitation and groundwater, or solely by precipitation (Busch et al., 2020). 
In this work, we used the term “IRES,” which stands for Intermittent Rivers and Ephemeral Streams (Costigan 
et al., 2017), and the term “non-perennial” (Busch et al., 2020) referred to a watercourse that periodically cease 
to flow. We used the term “temporary” only referred to those points of the stream network that experienced such 
dynamic (see Section 3). IRES can be observed across a variety of climate settings from humid headwater catch-
ments (Botter & Durighetto, 2020; Larned et al., 2010) to dryland regions (Tooth, 2000) and represent a major 
fraction of the global river network (Costigan et al., 2017; Datry et al., 2014; Messager et al., 2021). In the last few 
decades, the interest of the scientific community in non-perennial rivers increased and gave rise to several stud-
ies on the hydrological, biogeochemical, and ecological function of IRES which also provided a novel view on 
the relevant conservation, restoration and policy issues (Leigh et al., 2016). Empirical studies conducted across 
many regions of the world described how the drainage networks of rivers and streams do not occupy predefined 
portions of the landscape, but expand and contract in response to seasonal climate variations and individual 
rainstorms (e.g., Durighetto et al., 2020; Zanetti et al., 2022). Many recent works focused on the development of 
theoretical and modeling tools for the description of such dynamical behavior (Botter & Durighetto, 2020; Botter 
et al., 2021; Durighetto & Botter, 2022; Godsey & Kirchner, 2014; Jensen et al., 2018; Lapides et al., 2021; 
Prancevic & Kirchner, 2019; Senatore et al., 2021; Serrano-Notivoli et al., 2022). The change in spatiotempo-
ral extent of drainage networks affects ecosystem services provided by IRES (Pastor et al., 2022; Stubbington 
et al., 2020) and on key river ecological functions, for example, carbon and nutrient cycling, in-stream bioge-
ochemical processes, hyporheic exchange and biotic communities (Banegas-Medina et  al.,  2021; Burrows 
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et al., 2017; Datry et al., 2014; Durighetto et al., 2022; Giezendanner et al., 2021; Gómez-Gener et al., 2021; 
Larned et al., 2010; Miliša et al., 2022; Sarremejane et al., 2021; Steward et al., 2022).

The interrelationships between multiple abiotic and biotic factors that characterize complex environments, such 
as the IRES, makes monitoring and managing these systems particularly challenging (Borg Galea et al., 2019). 
Field surveys are the common method to monitor the intermittence of streamflow and the implied changes in the 
flowing network extension (Durighetto et al., 2020; Godsey & Kirchner, 2014; Jensen et al., 2017), even though 
these surveys are highly time consuming. Several alternative methods to map flow intermittency have been 
also proposed, such as overland flow detectors (Kirkby et al., 1976; Vertessy & Elsenbeer, 1999; Zimmermann 
et al., 2014), temperature sensors (Constantz, 2008), electrical resistance (ER) sensors (Peirce & Lindsay, 2015; 
Zanetti et al., 2022), uncrewed aerial vehicles (Micieli et al., 2022), remote sensing (Borg Galea et al., 2019; 
Spence et al., 2015; Tulbure et al., 2022) and time-lapse imagery using cameras (Herzog et al., 2022; Kaplan 
et al., 2019). A combination of such techniques has been also used in a few instances to detect temporal patterns 
of active network extension (Assendelft & van Meerveld, 2019; Kaplan et al., 2019). However, the main issue 
in remote flow detection techniques concerns the identification of zero-readings (Herzog et al., 2022; Zimmer 
et al., 2020) and the problem of integrating technologies with different spatial and temporal resolutions has not 
been fully addressed by the existing literature.

In this work we combine field surveys and digital cameras, two techniques that are characterized by different 
spatial and temporal resolutions, to reach the following goals: (a) reconstruct the spatiotemporal dynamics of 
the stream network in a Mediterranean catchment; and (b) test and identify the hierarchical structure of the 
observed dynamics. The hierarchical principle that underlies stream network dynamics, first introduced by Botter 
et al. (2021), enables the identification of the unique set of active network configurations that can be observed 
during the complex expansion-retraction cycles experienced by IRES. This principle allows the prediction of the 
state (wet vs. dry) of the entire stream network based on the observed state of a subset of strategic nodes. Conse-
quently, it provides a useful tool for the characterization or modeling of stream network dynamics and can signifi-
cantly facilitate the field mapping of IRES in difficult-to-access environments. While the value of the hierarchical 
structuring of stream networks has been already discussed by previous studies, the potential of the hierarchical 
model to integrate heterogeneous data sources on stream network dynamics has been poorly investigated.

The research questions addressed in this paper are the following:

1.  How can we combine heterogeneous information on surface flow presence, gathered via different techniques 
to extrapolate observational data in space and time, and then reconstruct network dynamics in case of missing 
information?

2.  What are the distinctive characteristics according to which stream drying and wetting dynamics take place in 
a small headwater catchment with a Mediterranean climate?

These questions will be addressed by combining experimental data and theoretical tools, with specific reference 
to the Montecalvello field site, which is a small non-perennial Mediterranean catchment located in central Italy.

2. Materials and Methods
2.1. Study Site

The selected site for this study is the Montecalvello catchment, located in central Italy, about 30 km north-east of 
Viterbo (Figure 1b). The drainage area at the outlet is 3.73 km 2 and the elevation ranges from 130 to 340 m a.s.l. 
The stream mainly runs south-eastward through ravines, where the highest slopes of the catchment are observed. 
According to Corine Land Cover 2018 (Figure 1c) the catchment is mainly covered by heterogeneous vegetation 
types: a broad-leaved forest (19%) is found in riparian areas around the geomorphic stream network, while olive 
groves (41%), vineyard (5%) and other crops (35%) are observed in the plateaus and the parts of the basin where 
the slope is gentler. According to the Geological map of Lazio region, the dominant lithology is represented by 
the class “tufa, diatomite, and clays” (67%) which is observed in the plateaus and in the north-western branches 
of the stream network. Gravel and conglomerates are found mainly in the riparian zone (22%), while travertine is 
observed in the north-eastern plateaus (11%) (Figure 1d).

This site belongs to the Mediterranean climatic region, based on the calculation of the ombrothermic index for 
the summer quarter (Ios3), which is defined as the ratio between the cumulated rainfall in mm (during the period 
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from June to August) and the sum of the monthly mean temperature in Celsius degrees during the same period 
(Ios3 = 1.42 in this case) (Rivas-Martínez et  al., 2011). The climate of the study catchment is characterized 
by relatively high precipitation throughout spring and fall, and dry summers (from June to August). The mean 
annual rainfall is 903  mm, and the mean annual temperature is 14.2°C. These statistics were obtained from 
the available daily weather data collected between 2004 and 2022 by the nearest weather station of the SIARL 
(Servizio Integrato Agrometeorologico della Regione Lazio) located in Bagnoregio Castel Cellesi, 4 km far from 
the catchment centroid. To gather local data during the study period, a weather station 0.75 km east of the outlet 
of Montecalvello catchment was installed. It has been active since 10 March 2020 and the logging time was 
10 min. We compared the 2020–2022 rainfall data from the Montecalvello weather station to the averaged long-
term rainfall timeseries from Bagnoregio weather station (Figure S1 in Supporting Information S1). Except for 
winter 2021 and summer 2020, the seasonal observed rainfall amounts were below the corresponding long-term 
average. Moreover, observed rainfall dynamics highlighted a generic decreasing trend of the monthly rainfall 
depth during the study period (Figure S2 in Supporting Information S1), especially for the summer season. A 
significant decrease in the seasonal rainfall depth occurred both in the winter and summer of 2022 as compared to 
2021, while a slighter reduction was observed in the spring. Thus, the site experienced particularly dry conditions 
during the last part of the study period.

2.2. Active Drainage Network Mapping

To map the drainage network, we conducted field surveys between October 2019 and August 2022 and installed 
21 stage cams (Noto et al., 2022) in correspondence of strategic nodes since June 2021 to cover the period from 
June 2021 to August 2022. At the beginning of the mapping surveys all the stream segments and the catchment 
hillslopes were visited by trained researchers (who explored the Montecalvello catchment during the 3 years 
of the study period), also taking into account their accessibility. Then, the geomorphic network (i.e., the fixed 
domain of the potential network) was defined by merging the ensemble of the streams meeting at least one of the 

Figure 1. (a) Orthophoto of the Montecalvello catchment and geomorphic stream network (blue line). (b) Montecalvello catchment location. (c) Land cover according 
to Corine Land Cover 2018. (d) Lithology according to the regional Geological map.
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following conditions: (a) presence of flowing water during at least one or more surveys; (b) presence of perma-
nent channelization signs (Durighetto et al., 2020). Though being aware of the biological importance of pools 
and standing water along the network (Vander Vorste et al., 2020), we treated the status of each stretch as a binary 
random variable with two possible states (wet or dry, see Section 2.3). In particular we considered as wet only 
the segments which experienced flowing water with a wet width of at least 10 cm, while we considered as dry 
the stream with no water and the streams with ponds or stagnant water in line with previous studies carried out 
in similar frameworks and with analogous goals (Botter et al., 2021; Durighetto et al., 2020; Ilja Van Meerveld 
et al., 2019; Senatore et al., 2021). The analysis was conducted by conceptualizing the whole stream network 
using 58 reference nodes (Figure 2a). The nodes were used to subdivide the network into a number of stretches. 
In particular, in this case we considered a stretch as a section of the drainage network which embeds the node 
(Botter et al., 2021). The density and the distribution of the nodes (hereafter monitoring nodes) varied along the 
network to better capture the dynamic of the active length: the higher the spatial variability, the higher the density 
of the nodes. Figure 2 depicts the spatial distribution of the 58 monitoring nodes of the Montecalvello catchment. 
Some portion of the network were characterized by a poor accessibility. This did not enable the monitoring of the 
stream segments between node 5 and 6, 38 and 39, 45 and 46, 46 and 47, 50 and 51, 53 and 54. The initial nodes 
placement was decided during the first 15 surveys based on the spatial heterogeneity of observed flow properties 
and morphological attributes, as mentioned above, while the entire network inspection at daily scale was possible 
just in a few cases, when the visual surveys were combined with the cameras observation (see Section 2.2.2). The 
stretch length associated to each monitoring node and the mean distance between the nodes are displayed in Table 
S1 of the Supporting Information S1. The table indicates that each node represent a stretch with a variable length, 
and an average length of about 100 m.

2.2.1. Visual Surveys

The wet/dry state of the stream has been visually surveyed (Figure 3) from October 2019 to August 2022, walking 
along the geomorphic stream network of the Montecalvello catchment and providing a KML map of 58 nodes, 
through the android app Geo Tracker, and relative observed status during each survey as per the procedure 
identified by Durighetto et al. (2020). The spatiotemporal resolution of the visual surveys was affected by the 
limited accessibility of the site. The number of nodes that were monitored during an individual survey increased 
with time (from a few nodes per survey to the whole set of 58 monitoring nodes) as deeper knowledge of the 

Figure 2. Monitoring nodes and network accessibility. (a) Monitoring nodes progressively numbered downstream-upstream and clockwise at each confluence; white 
dots represent the nodes monitored by cameras. (b) Accessibility of the network. Here, the accessibility refers to the overall accessibility of the streams.
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drainage network and morphology of the basin turned in quicker surveys. Moreover, some of the visual surveys 
were carried out during the pandemic period due to Covid-Sars 19. These circumstances led to a low temporal 
resolution of the available data during certain periods. In what follows, Nf defines the number of nodes monitored 
by field surveys with a biweekly/monthly time resolution (Nf = 58).

2.2.2. The Camera Network

To enhance the temporal resolution of the visual surveys, a monitoring method based on a network of Camera 
Traps was also used. A similar method has also been proposed for the monitoring of non-perennial streams (Kaplan 
et al., 2019). The stage-camera system proposed in Noto et al. (2022) and Tauro et al. (2022) were tested at node 34 
of the actual monitoring network and then, the camera network was installed. The cameras selected for this appli-
cation were the same ones of the referenced works. The 32 Gb SD card and the 8 Duracell rechargeable AA batter-
ies used in this study ensured a running period of 1 month before requiring maintenance. Moreover the cameras 
were covered with a plastic gable roof (50 cm × 50 cm) to prevent poor image quality due to rainsplash effect.

The camera-based network consisted in 21 monitoring stations along the stream network, with a relative distance 
between cameras of about 270 m (Table S1 in Supporting Information S1). The main practical issue for the 

Figure 3. Example of visual surveys carried out at node 34: (a) fall and (b) summer. (c) Wildlife camera trap used in this work and (d) summary of the specifics.
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installation was the accessibility of the stream network. The camera nodes were set downstream at each accessible 
confluence and nearby the most accessible heads with a nearly homogeneous distance along the tributaries and 
the channel of main stream (Figure 2). Some cameras were installed in locations in which flowing water occurred 
only during heavy rainfall events. To capture this phenomenon the camera monitoring network acquired images 
with a 20 min time resolution.

In what follows, Nc denotes the number of nodes monitored by cameras (Nc = 21). The position of the cameras 
corresponded to 21 of the 58 nodes monitored by the visual surveys. The cameras were active from 6 June 2021 
to 30 August 2022. The number of cameras grew from 16 to 21 during the study period. Since 30 September 
2021 all the cameras of the monitoring network were installed. Due to some technical issues (e.g., low battery) 
the number of nodes in which the cameras collected useable images ranged between 11 and 21 per day. During 
the study period, the mean percentage of cameras for which no information was available on the daily status 
of  the  nodes was 14.5%.

2.3. Exploiting the Hierarchical Principle to Combine Data Sets With Heterogeneous Spatial and 
Temporal Resolutions

In our framework, the stream network was represented by a set of N nodes, where each node i (i ∈ (1, N)) identi-
fies a uniform stretch of a stream length. The dynamic of the stretches could be represented by a time-dependent 
state Xi, which can be interpreted as a Bernoullian binary random variable. The presence (“wet”) or absence 
(“dry”) of flowing water corresponded to Xi = 1 and Xi = 0 respectively. Pi is the probability of the node i to be 
wet, and it is termed local persistency (Botter & Durighetto, 2020):

𝑃𝑃𝑖𝑖 = Prob [𝑋𝑋𝑖𝑖 = 1] = 𝐸𝐸[𝑋𝑋𝑖𝑖] (1)

The local persistency was calculated from the observed data as number of surveys in which the node i was wet 
over the total number of surveys:

𝑃𝑃𝑖𝑖 =
𝑛𝑛
◦

wet observations

𝑛𝑛
◦

total observations
 (2)

The active drainage network length is expressed as:

𝐿𝐿(𝑡𝑡) =
∑𝑁𝑁

𝑖𝑖=1
∆𝑙𝑙𝑖𝑖 𝑋𝑋𝑖𝑖(𝑡𝑡) (3)

where L(t) is the length of the active drainage network at a given day t, Δli is the length of the stretch associated 
with the node i.

In this work, two different data sets with contrasting spatiotemporal resolutions were merged (Table 1). The aim 
of this section is to define a procedure to combine this dual information and optimize the description of stream 
dynamics in complex settings of the type investigated here.

The features of the two data sets to be merged can be summarized as follows:

•  Nf nodes visually surveyed nf times with biweekly/monthly time interval
•  Nc nodes surveyed by cameras nc times with 20 min time interval

The merged data set is represented by a number of nodes that is equal to:

𝑁𝑁𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑁𝑁𝑓𝑓 ∪𝑁𝑁𝑐𝑐 (4)

Inspection N° of nodes Temporal resolution

Observed Nf Visual 58 Biweekly/monthly

Nc Cameras 21 20 min

Ntot Observed 58 From 20 min to biweekly/monthly

Merged data set Ntot Merged 58 Daily

Note. Nf stands for nodes monitored by field surveys; Nc stands for nodes monitored by cameras; Ntot stands for total of the monitoring nodes.

Table 1 
Summary of Data Sets: Number of Nodes for Each Technique and Time Resolution
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where Ntot = 58 is the total number of nodes surveyed by either field surveys or cameras. In this case Ntot = Nf 
as the nodes surveyed by cameras correspond to a subset of the nodes surveyed by visual inspection (Table 1).

The state of a node (Xi) represents the hydrological condition of the node during the day in which field survey 
was performed, or the state of the node when the image was taken by a camera, depending on the data source. 
Thus, a suitable homogenization of the data resolution was needed to merge the two data sets. The data from the 
cameras consisted in 72 snapshots per day. To convert this sub-hourly information to a daily information, a node 
i that experienced flowing water at least in one frame captured by the camera during a given day was considered 
wet in that day (Figure 4). This choice was done to capture quick variations of the state of a node in response to 
short rainstorms.

Let us define ntot as the number of days in which at least one node of the network was surveyed:

𝑛𝑛𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑛𝑛𝑓𝑓 + 𝑛𝑛𝑐𝑐 − 𝑛𝑛𝑓𝑓_𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 (5)

where nf and nc represent the number of days, in which the nodes were monitored by field surveys or cameras 
respectively, while nf_Over represents the number of times in which both camera-derived and field mapping-derived 
data were gathered. The merged data set consisted in Ntot nodes observed ntot times (in this work Ntot = 58 and 
ntot = 480). The observation matrix was made up of Ntot columns and ntot rows and was built as follows. The 
assignment of the state Xi of the nodes depends on the data availability during each day of the study period. If 
the nodes were observed only by visual survey, the states Xi corresponded to the states of the Nf nodes. This is 
the case for all the observations pertaining the period before the installation of the cameras. If the nodes were 
observed only through cameras, the states Xi corresponded to the state of the Nc nodes as derived from the anal-
ysis of the snapshots taken by the cameras during that day. This happened in the time periods in between two 
visual surveys. In case of missing information, for example, due to maintenance issues, the gaps (Xi = NaN) 
were filled with the field survey derived information if it was available. Otherwise, “NaN” was assigned to the 
states of all the nodes with missing information. An excerpt of the observation matrix is depicted in Supporting 
Information S1 (Figure S3).

The observation matrix represented the input for the hierarchical model. The hierarchical principle postulates 
that the nodes can be ordered in a Bayesian chain (Koski & Noble, 2011) based on their local persistency and 
this chain of nodes dictates the order of activation/deactivation during expansion and retraction cycles (Botter 
& Durighetto, 2020). The chain in this case was built as follows: for each couple of nodes, i and j, the number 
of times in which i was wet while j was dry, Nij, and the number of times in which j was wet and i was dry, Nji, 
were calculated. If Nij > Nji, the node i precedes the node j in the chain (hierarchy). If Nij = Nji (except for Nij = 0 
and Nji = 0) the nodes were considered synchronous. The procedure was repeated for each couple of nodes. In 

Figure 4. Merging data set scheme. Sub-hourly data from cameras were converted to daily information to match the information from the visual survey: a given node i 
was considered wet (1) during the day d if flowing water was detected in at least one frame captured by camera or if it was detected during the visual survey. Opposite, 
the node i during the day d was considered as dry (0). The result of the data set merging was the observation matrix.
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case of loops, they were removed based on the more robust statistic infor-
mation (e.g., retaining only the information associated to the higher value of 
|Nij − Nij|). In this way the nodes were connected in a probabilistic space. Two 
nodes connected in the probabilistic space were not necessarily connected 
each other in the physical space. In Figure 5 a schematic representation of 
the hierarchy of the stretches of Montecalvello is depicted. Notably, some 
couples of neighboring nodes in the physical space (e.g., node 7 and 6, 2 and 
1, 5 and 2), were not directly connected in the probabilistic space.

If the observed network dynamics were strictly hierarchical, the resulting 
chain would correspond to all the nodes of the network reordered from the 
most to the least persistent, (from Pi = 1 to Pi = 0). If the hierarchical princi-
ple holds, the hierarchy dictates the activation and deactivation order of the 
nodes. Thus, the wet nodes can be separated from the dry nodes by a time 
dependent threshold T(t) along the chain (Figure 5). This principle allowed 
the reconstruction of the states of the nodes which were not observed in the 
field. The threshold is represented by a specific node, which is identified as 
the middle point in between the last observed wet node and the first observed 
dry node along the chain. The “distance” between such nodes corresponded 
to the threshold uncertainty and reflected the uncertainty in the positioning 
of the threshold in cases in which not all the nodes were observed at the 
same time. Threshold uncertainty decreased with time: values upper than 10 
nodes occurred before the installation of the camera network, while values 
equal to 0 can be found mainly in a set of surveys at the end of the study 
period. Surveys in which the uncertainty was more than 20 nodes, that were 
the 0.43% of the total number of surveys, were not considered in the recon-
struction of the dynamic, to avoid misleading interpretation of the model 
owing to the uncertainty associated to the observational data.

The accuracy of the hierarchical model (Equation  6) was obtained by the 
comparison of the observed states of the nodes to the hierarchical order in 
each date of survey (that was every date in which the nodes were observed by 
visual surveys, by the network of cameras or both):

Accuracy =
TP + TN

TP + TN + FP + TP
 (6)

Therein, TP (true positive) and TN (true negative) corresponded respectively 
to the number of nodes and times in which the model correctly estimated the 
states of the nodes, FP (false positive) and FN (false negative) corresponded 
to the cases in which the model was not able to correctly classify the state 
of a node. Moreover, the nodewise and the timewise accuracy were calcu-
lated. The nodewise accuracy represented the mean accuracy of the model at 
each node while the timewise accuracy represented the mean accuracy of the 
model during a given day.

3. Results
The temporal trend of activation/deactivation of the nodes at Montecalvello catchment followed a seasonal behav-
ior as implied by the Mediterranean climate of the site. In Figure 6 the reconstruction of the extension of the active 
drainage network during the study period is shown. Blue and orange represent the TP and the TN respectively. TP 
and TN values mean that the model correctly classified the state of the nodes. Contrarily, FP (in red) and FN (in 
dark blue) represent the surveys or nodes in which the modeled states did not fit the observed state. The expan-
sions and contractions of the network, during the fall and the summer clearly appear. In fact, the number of wet 
nodes decreased as the season got dryer and vice versa: the modeled number of nodes ranged from 16 (summer of 
2020) to 51 and 41 (January 2021 and January 2022 respectively). The maximum number of wet nodes was equal 

Figure 5. (a) Schematic representation of the main stream and of the 
tributaries of the Montecalvello catchment: the nodes connected in the 
physical space are colored in shades of blue, representing the hierarchy of the 
nodes. (b) The nodes, in shades of blue, are reordered in a chain that reflects 
the hierarchy, from the most (Pi = 1) to least persistent (Pi = 0); the threshold 
T(t), represented by the black line, separates the wet nodes from the dry nodes. 
(c) Example of the state of the stream network reconstructed based on the 
position of the threshold along the chain.
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to 56 during a heavy rainfall event (summer of 2021). The minimum and maximum modeled extent of the active 
drainage network corresponded to 1.750 and 5.860 km respectively. Of notice that a more relevant contraction 
was observed during the summer of 2020, but during such period, a low number of nodes were monitored.

Based on their local persistency (Figure 7) we classified 8 nodes as permanently dry (Pi = 0), 18 nodes as persis-
tent (Pi = 1) and 32 nodes as temporary (0 < Pi < 1). The latter represented the nodes which changed their status 
at least one time during the study period (i.e., the dynamic portion of the network). The total accuracy of the hier-
archical model was equal to 0.996, meaning that the 99.6% of the observations were correctly classified as wet or 
dry (Figure 6). The accuracy of the model at each node was represented by the nodewise accuracy which ranged 
between 0.56 and 1.00 with a mean of 0.98, while the time-wise accuracy of the model during each survey (visual 
survey or camera, or both) ranged between 0.88 and 1.00 with a mean of 0.99 (Figure 6). The model correctly 
classified the status of all the dry and persistent nodes during the study period, while incorrect classifications 
occurred at 15 of the 32 temporary nodes of the network. Of these 15 nodes, 5 were monitored by cameras while 
the other 10 were monitored by visual surveys.

We found that the local persistency of the nodes of Montecalvello exhibited a non-monotonic and highly hetero-
geneous pattern along the network (Figure 7a).

The observed spatial patterns of local persistency can be summarized as follows: temporary or dry nodes were 
located in most cases in the proximity of the headwater, while persistent nodes were preferentially placed in the 
middle portion of the stream. Again, temporary nodes were found near the outlet, where the contributing area 
was higher. As a result, the outlet (node 1) and some nodes connected to it in the physical space (e.g., node 24) 
showed more water presence temporal variability that some nodes located in the middle portion of the network, 
which instead had always been wet (e.g., nodes 30, 31, 32, 50, 51, 53). This implies that the outlet was in a lower 
position in the hierarchical chain, as compared to other nodes with lower contributing area. The activation/deacti-
vation patterns exhibited an equally high complexity. The hierarchical order of all the nodes, which reflected the 

Figure 6. Comparison between the status of the nodes reconstructed by the model and the state of the nodes observed during field surveys and by cameras from 
January 2020 and August 2022. The nodes are ordered according to the hierarchy chain. The plot has been split in status of the nodes observed only by field surveys 
before the installation of the cameras (above the horizontal yellow line) and status of nodes observed by combined field surveys and cameras (below the horizontal 
yellow line). The black line represents the threshold T(t), which define the extension of the active drainage network, estimated by the model. The shades of blue 
represent the wet nodes: correctly classified wet node (TP), classified wet node (P) and wrongly classified dry node (FN). The shades of red represent dry nodes: 
correctly classified dry nodes (TN), classified dry node (N), wrongly wet classified nodes (FP). The red numbers represent the nodes monitored by cameras below the 
yellow line.
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activation/deactivation order of Montecalvello catchment, is shown in Figure 6. An excerpt of the pattern of the 
modeled space-time dynamic of the Montecalvello catchment is shown in Figure 5.

The dry-down of the streams during summer typically started from nodes with higher contributing area and 
progressively expanded upstream. This behavior involved the lower and the middle parts of the catchment, lead-
ing however to a series of network disconnections in early summer (Figure 8). In particularly dry weather condi-
tions (e.g., summer 2022) the wet stretch between the lower and the middle dry parts of the catchment also got 
dry. Then, the rewetting cycle started from upstream and then propagated downstream during fall. Expansion of 
the drainage network can be also found during summer, in which some nodes changed their status in response to 
short term rainfall (Figure 9). For instance, this is the case of the network expansion observed on 10 June 2021, 
during a rainfall with intensity of 45 mm/hr and duration of 1 hr (Figure 8).

4. Discussion
The main advantage of combining visual surveys and cameras is the ability of the proposed method to keep all 
the benefits of these two techniques (as compared to alternative tools such as water presence sensors and satellite 
images), though overcoming the key limits of these techniques taken separately (only cameras or only visual 
surveys). In particular, the proposed “combination” approach allows one to overcome the issue of recognizing 
no flow conditions from time series gathered by in situ sensors such as pressure transducers or water presence 
sensors, which might be problematic in case of soft river beds, complex water flow paths, erosion, and high 
sediment transport (Noto et al., 2022; Zanetti et al., 2022). Likewise, the proposed method eliminates the issues 
associated to the identification of the hydrological status of the streams from aerial images (taken with satellites 
or Uncrewed Aerial Vehicles), which is often problematic in case of dense riparian vegetation and limited streams 
width (Micieli et al., 2022). Moreover, the cameras have limited maintenance requirements: the batteries and 
the stick memories used allowed 1 month of continuous data acquisition (at least with the temporal frequency 
adopted in this study). Therefore, the visual surveys which were dedicated to the cameras' maintenance and data 
download could be significantly diluted in time, with a significant reduction of the empirical burden associated 
to manual operations. On the other hand, the limited temporal resolution of the visual surveys used in this study 
could have led to prolonged no-data periods, in case of technical issue occurring right after each maintenance 
inspection. However, the circumstance didn't happen frequently in our case study, owing the high reliability of the 

Figure 7. (a) Bayesian network of the Montecalvello catchment: nodes and stretches are colored based on their local persistency; white dots are nodes monitored by 
cameras. (b) Nodes and stretches classification based on their local persistency.
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installed cameras. However, the observation matrix contains a huge amount of data about the state of the network 
during the study period, and is well suited to the application of the hierarchical principle to eliminate potential 
data gaps.

Despite the fact that the heterogeneity of the spatiotemporal resolution of the data collected in this study might be 
an issue in terms of data management, the use of the hierarchical principle makes possible to easily merge data 
sets with diverse characteristics, thereby reaching an optimal trade-off between empirical efforts, precision and 
amount of data to be managed. In fact, merging the data gathered from the combination of the visual surveys and 
cameras provided information on the whole network with a biweekly or monthly time resolution, while offering 
a high resolution view on the temporal dynamics on a selected subset of the network nodes. The high frequency 
continuous monitoring of some nodes improved the accuracy of the estimate of the local persistency therein, an 
instance which ensured a higher precision in the reconstruction of the hierarchy when combined with the data 
collected through visual surveys. Therefore, in the proposed “combination” method, the visual surveys increased 

Figure 8. Space-time dynamics examples at Montecalvello catchment from June 2021 to August 2022: the modeled wet portion of the drainage network is represented 
by the blue line, while the dry stretches are represented by the orange line; the white dots represent the nodes monitored by cameras. Progressively drying phase from 6 
June 2021 to 15 August 2021, with an isolated daily wet phase on 10 June 2021 during a heavy rainfall event (intensity = 45 mm/hr, duration = 1 hr). Then, the wetting 
phase and maximum extent of the network recorded in autumn and winter 2021–2022. Following, the drying phase during the summer 2022.
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the spatial coverage of the data set, while the cameras improved its temporal resolution in some nodes. Likewise, 
the hierarchical principle and the visual surveys allowed us to extrapolate in space the information collected with 
cameras. Figure 6 clearly shows the improvement in the ability to describe the underlying stream network dynam-
ics when the two methods are combined (in the part of the plot below the yellow line) as compared to the initial 
part of the campaign, when only field surveys were used (in the part of the plot above the yellow line).

The homogenization of the two data sets, however, required some subjective criteria to create a homogene-
ous daily data set starting from heterogeneous sources. The visual surveys were in fact taken during randomly 
selected times of a given survey day, while the multiple sub-hourly images were gathered with the cameras 
during any individual day of the campaign. To create a daily data set, in this case, we assumed that each visual 
survey was able to represent the state of the network during the whole day in which the survey was conducted, 
regardless of the specific survey time. The assumption seems to be mild, as long visual surveys were mostly 
performed under stable weather conditions, a circumstance that enhances the stability of the flowing network. 
On the other hand, we decided to consider as wet, on a given day, a node that was observed as wet during at least 
one of the images collected by the cameras during that day. Normally, this choice is not expected to have a strong 
impact on the results, as the wetting and drying cycles experienced by the stream network are typically quite slow 
(especially in between rain events). In this specific case, however, the observed network dynamics indicated the 
presence of sub-daily dynamics in some nodes. Therefore, the criteria used to identify wet and dry days during 
the monitoring period could potentially impact the local results obtained therein. Nevertheless, it is difficult to 
identify the optimal criterion to define wet and dry days a priori, as any choice has its own limits and advantages. 
A key advantage was represented by the fact that the selected criterion was able to detect the daily wetting and 
drying cycles occurred in response to heavy rainfall events, as compared to the visual surveys which were gener-
ally performed with stable weather conditions. In any case, the technique used to define the daily state of each 
node affected the calculation of the local persistency only in a limited number of temporary nodes, and always to 
a negligible extent, because of the pronounced velocity of the wet/dry sub-daily cycles and the limited number of 
times in which such cycles occurred.

Figure 9. Example of monitoring of the streamflow state at node 1 through camera. (a) A few frames (t1-t6) captured during the study period. (b) Plot showing the 
temporal dynamic (wet or dry): t1 and t6 represent the streamflow state from fall to spring; t2 and t4 represent the state during rainfall events; t3 and t5 represent the 
state during the dry season. The data gap in the plot between November and December was due to maintenance issues.
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Potentially, the proposed experimental apparatus could be used to detect also isolated pools along the river 
network, which represent important biogeochemical hotspot of river system (Vander Vorste et al., 2020). However, 
considering the state of the network nodes as a binary random variable (wet/dry) is a very useful simplification to 
describe the spatiotemporal dynamics of non-perennial streams and their connectivity in most settings. Moreover, 
the separation between wet/dry/ponding conditions might not be operationally simple to define in some cases. 
In previous works pools were either considered as part of the wet nodes (Cunillera-Montcusí et al., 2023) or 
were excluded from the computation of the wet length of the network (Durighetto et al., 2020; Ilja Van Meerveld 
et al., 2019; Senatore et al., 2021). The latter seems to be a reasonable option, provided that only the flowing 
streams contribute to the active transport of water and matter downstream. Since the hierarchical model is based 
on the definition of the state of a node through a Bernullian, binary random variable incorporating the pools as a 
third potential state of a node seems to be quite challenging, as the basics of the hierarchical theory would need 
to be reformulated and revalidated. However, a significant number of pools along the network was not observed, 
with a few exception during the most severe dry periods. Therefore, this issue is left to forthcoming research.

The reconstruction of the wet portion of the network along the study period highlighted the complexity of the wetting/
drying cycles of the Montecalvello. In fact, while the extent of the wet portion of the stream network contracted in 
summer and expanded in fall, as implied by Mediterranean climate, the spatial patterns of the wet portion of the 
network reflected the non-monotonic pattern of the local persistency of the nodes shown in Figure 7, leading to 
a dynamically fragmented drainage network. Figure 10 depicts the state of the nodes reconstructed exploiting the 
hierarchical principle in two different dates, one during the winter of 2022 and one during the summer of 2022.

In both maps shown in Figure 10, the network disconnections are clearly visible, as some dry nodes disconnect the 
upstream flowing network from other downstream wet nodes, including the outlet. The disconnections occurred 
both in winter and summer, while the number of dry nodes significantly increased in the latter case. Interestingly, 

Figure 10. (a) Modeled states of some of the monitoring nodes during 15 February 2022. (b) Modeled states of the same nodes during 15 August 2022. (c) 
Comparison of the position of the threshold T along the chain of the nodes listed in the hierarchical order, from most (left) to least (right) persistent: the black arrows 
represent the time dependent thresholds that separated wet nodes (blue lines) from dry nodes (orange lines).
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network contraction involved not only the headwaters, but also the lower and middle parts of the catchment. In 
some cases the dry-down originated from nodes with a relatively high contributing area and then propagated 
upstream. The observed spatiotemporal variability of active streams in the Montecalvello was found to be in 
line with previous studies conducted in Mediterranean catchments. For instance, in Llanos-Paez et al. (2023), 
the stream intermittency was particularly evident in a few small stream segments located in the upstream part 
of the network. Heterogeneity in the spatial patterns of local persistency, which implies disconnections in the 
active drainage network, were previously observed in humid settings (Durighetto et al., 2020) and Mediterranean 
climates (Senatore et al., 2021). In particular, Senatore et al. (2021) highlighted the dependency of persistency 
on stationary morphologic and geolithological features of a Mediterranean catchment, emphasizing the key role 
of evapotranspiration in the observed network contraction, which was confirmed by this study (as discussed 
below). In the Montecalvello, some temporary nodes are characterized by a lower contributing area (e.g., node 
20), while others are characterized by a larger width of the streambed (e.g. nodes 34 and 1). The least persistent 
nodes in the network fall on the substrate classified as “gravel/conglomerate,” which is characterized by a higher 
permeability—an instance that is known to increase the subsurface discharge capacity of a node, reducing the 
corresponding surface flow persistence (Durighetto & Botter, 2022). Quite surprisingly, some persistent nodes 
(e.g., nodes 40, 41, 42, 49, and 50) also rely on the same substrate, although some other nodes, characterized 
by higher persistency, fall on the substrate classified as “tufa/diatomite/clays.” According to the lower hydrau-
lic conductivity values associated to clay layers (Chen,  2004; Chen et  al.,  2013), we propose that the lower 
permeability attributable to clay substrates might contribute to increase the persistency of such nodes. The nodes 
which dry first are mainly located in the lower part of the catchment and they fall in the “gravel/conglomerate” 
class (Figure S4 in Supporting Information S1). An “intermittent stream flows in response to snowmelt and/or 
elevated groundwater tables resulting from increased periods of precipitation and/or decreased evapotranspira-
tion” (McDonough et al., 2011), and it is hydrologically gaining the majority of time (Busch et al., 2020), while it 
is hydrologically losing during dry periods (McDonough et al., 2011). The evapotranspiration of the riparian zone 
affects groundwater level fluctuation (Butler et al., 2007) and it is one of the causes that lead to flow cessation 
and drying (Busch et al., 2020; McDonough et al., 2011). Actually, some of the temporary nodes, in particular 
the nodes which dry first, are located in the fraction of the network where riparian vegetation is more developed. 
Moreover, the downstream portion of the river network is characterized by lower slopes as compared to the 
upstream nodes, an instance that can facilitate the connectivity between surface and subsurface water and enhance 
the effect of evapotranspiration on surface flow presence. Thus, the combination of these hydrogeological condi-
tions is likely to enhance the degree of temporariness of the nodes located in the downstream part of the network.

The observed dynamics of the Montecalvello river network suggested that the same hierarchical pattern is valid 
for the 3 monitored years (2020–2022). However, sporadic non-hierarchical behaviors of a few nodes of the 
network, which are represented by false positives (FP) and false negatives (FN) shown in Figure 6. Globally, FP 
and FN can be found during the drying and the wetting phases, although some isolated FP and FN can be found 
even during the dry and wet seasons. The presence of FP and FN implied that the state (wet vs. dry) of the nodes 
as imposed by the hierarchy during a certain survey didn't reflect the observed state of such nodes. For instance, 
this was the case of nodes 24, 1, 48, 21, 15, and 20 (listed here with a descending hierarchical order). The order 
according to which these nodes got dry in the summer 2021 did not exactly follow the sequence dictated by the 
hierarchical chain, as node 1 got dry first, followed by the least persistent ones (nodes 24, 15, 20, see Figure 6). 
We assume that this non-hierarchical behavior can be attributable a non-linearity in the hydrological response 
possibly emerging only during certain periods of the year, or the presence of specific hydrologic conditions 
observed only within the most intense dry periods.

In spite of the complexity of the processes driving the wetting and drying of the network in the Montecalvello site 
and the non-monotonic pattern of local persistency, the hierarchical model properly described the expansion and 
contraction dynamic of the network with a very high accuracy (>99%). Once the hierarchy is known based on 
information on the state of pairs of nodes in the network, it is possible to estimate the state of the entire network 
based on the inspection of a few strategic nodes. In fact, the hierarchical activation scheme allows the optimi-
zation of the number of monitored nodes: when a wet node is observed, all the more persistent nodes must be 
wet too, opposite, when a dry node is observed, all the less persistent nodes must be dry. This implies that much 
smaller number of nodes need to be inspected in any survey. While the application of the hierarchical principle 
represents a useful tool for reconstructing the active portion of the network, allowing the definition of the state 
of each node in the network based on the inspection of a few nodes, several observation of the state of all the 
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nodes in the network (or some of them) are needed to construct the hierarchy. Experimental data is always key to 
enhance understanding of hydrological processes, but is particularly important in complex environments such as 
the Montecalvello catchment, in which the spatial heterogeneity of the observed stream dynamics was particu-
larly pronounced. In this context the use of cameras represents a useful tool to obtain long-term information about 
the observed state on some key nodes and it remains the only technique available to provide information about 
spatially distributed runoff dynamics in response to short-term rain events.

5. Conclusions
In this work the data gathered using two different methods (cameras and visual surveys) with heterogeneous 
spatial and temporal resolutions, were merged exploiting the hierarchical principle. This combination method was 
applied to reconstruct the spatiotemporal stream dynamics of a Mediterranean intermittent catchment of central 
Italy. The following conclusions are worth emphasizing:

•  The proposed method, consisting on merging data from visual surveys and cameras, was able to keep all the 
advantages of each technique—namely the high temporal resolution of the cameras and the high spatial reso-
lution of visual surveys—and overcame the limits of the above methods taken separately, thereby allowing an 
accurate description of the spatiotemporal dynamics of the Montecalvello stream network.

•  The reconstruction of the spatiotemporal dynamics of stream network exploiting the hierarchical principle 
highlighted the complexity of the patterns of drying/wetting cycles in the Montecalvello. The wet portions 
of the stream network contracted during summer and expanded in fall with a highly heterogeneous spatial 
patterns, which led to important dynamical disconnections along the main stream and the tributaries. The set 
of factors such as geology, morphology, and vegetation cover could be one of the various potential factors 
which explain the observed pattern dynamic in the montecalvello catchment.

•  Despite the above complexity, the observed stream network dynamics in the Montecalvello catchment were in 
line with previous studies conducted in similar climatic settings, and they followed the hierarchical principle, 
with a mean accuracy of the hierarchical model of 99.6%.

•  The cameras were found to be a useful tool to support other traditional methods to gather experimental data 
about the hierarchy of the stream network, especially in conditions in which the monitoring is particularly 
challenging. Once the hierarchy of the stream is known, it is possible to estimate the states of the entire 
network through the inspection of a few nodes. This facilitates the monitoring of stream network dynamics in 
complex and difficult-to-access environments such as the Montecalvello.

Data Availability Statement
The data used in this study is publicly available at https://researchdata.cab.unipd.it/id/eprint/831.
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