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Abstract  

Intense rain events have become more frequent in some regions due to climate change, and 

this trend is particularly concerning in dryland regions where the ecological and 

geomorphological impacts of rainfall are intimately tied to its intensity. The interception of 

rainfall by vegetation is a critical process in the water balance of drylands; thus, this study 

estimated the canopy interception capacity and interception rates as well as stemflow of three 

typical Mediterranean shrub species (Rosmarinus officinalis, Thymus vulgaris, and 

Macrochloa tenacissima) of three size classes in Spain under a simulated extreme rainfall 

rate (~8 mm min-1, historical return period of >100 years). Given that these plants’ canopy 

structures markedly differ from taller woody plants (i.e., trees), a novel method was 

developed to assess the stemflow fraction. Results showed significant differences in 

interception amount, rates, and storage capacity among the shrub species, with variations in 

plant morphology, such as shrub height and canopy diameter, being the key factors 



determining interception capacity. R. officinalis had the highest interception fraction per unit 

canopy area, or ‘specific interception,’ (18.4%). In contrast, the lowest specific interception 

fraction was measured for M. tenacissima (6.5%). Thymus vulgaris was characterized by the 

highest stemflow yields per unit canopy area (4.85 mm) and fraction (up to 29.6% of 

rainfall), which was the lowest for M. tenacissima (1.09 mm, ~1-4%). Strong linear 

correlations were found between canopy interception and  shrub canopy diameter (|r| > -0.51, 

max = -0.90), when observations were grouped for size class. These linear correlations 

between shrub morphology and partitioning enabled multiple-regression linear models to be 

developed that predicted canopy interception and stemflow with good accuracy (r2 > 0.64, 

with a maximum of 0.82) from shrub height, canopy diameter, dry biomass, size class, and 

species. Despite these measurements being conducted under one extreme storm depth and 

intensity, the results provide: (i) values of rainfall partitioning for important shrub species in 

Mediterranean dryland environments; and (ii) a simple but reliable model that may be further 

developed (e.g., embedding variable rainfall values as weather input or incorporating other 

morphological parameters) and may be integrated into complex hydrological models.  

 

Keywords: canopy interception capacity; canopy interception rate; plant morphology; 

hydrological models; multiple-regression analysis; rainfall simulation. 

 

1. INTRODUCTION 

Rainfall interception is an essential process in the hydrological cycle (Arnell, 2003), as it 

affects the interplay between infiltration and runoff as well as soil erosion via droplet impacts 

and overland flow generation (Calder, 2001). This process regulates the amount of rainwater 

that directly falls on the ground (Muzylo et al., 2009) by temporarily retaining a portion of 

the gross rainfall that contacts vegetation surfaces and evaporating it into the atmosphere 

(“interception”), while the remaining portion either falls to the ground as drops 

(“throughfall”) or as flows down branches and stems (“stemflow”). Together, throughfall and 

stemflow are net rainfall (Muzylo et al., 2009). Although throughfall, interception  and 

stemflow are highly variable across vegetation structure and climate condition, their global 

average proportions of gross rainfall over forests are estimated as 77%, 22% and ~1% of 

gross rainfall, respectively (Porada et al., 2018; Van Stan and Gordon, 2018; Magliano et al., 

2019a). These processes alter the quantity, quality, and distribution of precipitation that 

reaches the ground (Wood et al., 1998; Van Stan et al., 2020), thereby affecting the amount 

and spatial distribution of rainwater that enters and leaves a catchment.  



 

Rainfall partitioning by plant canopies into these fluxes is influenced by several factors, 

primarily related to each storm’s meteorological conditions and the canopy’s architectural 

characteristics. Rainfall amount and intensity generally determine whether a canopy saturates 

and when this saturation occurs (Coenders-Gerrits et al., 2020; Klamerus-Iwan et al., 2020), 

thus influencing the fraction of rainfall that is intercepted, as well as the amount and timing 

of throughfall and stemflow (Sadeghi et al., 2020). The amount of rainfall needed to saturate 

the canopy (its water storage capacity), however, is generally controlled by the canopy’s leaf, 

branch and bark characteristics (Carlyle-Moses and Gash, 2011) and, when present, the 

vegetation residing on these canopy surfaces epiphytically (Mendieta-Leiva et al., 2020). 

These same canopy architectural characteristics appear to also influence the effect of rainfall 

intensity by modulating in-canopy flows and storage elements, like leaf and stem water 

impoundments (Klamerus-Iwan et al., 2020). Results from indirect investigations of canopy-

rainfall interactions applying multivariate statistical approaches to include other storm 

variables, like wind characteristics and atmospheric moisture demand (i.e., vapour pressure 

deficits), suggest that such variables influence rain amount- and intensity-driven interactions 

with canopy structure (Van Stan et al., 2014, 2017). 

 

Climate change is altering rain events and their partitioning by plant canopies in ways 

relevant to ecosystem functioning (Di Nuzzo et al., 2022; Lian et al., 2022), thus, much 

research has explored rainfall interception. However, interception research has been 

overwhelmingly focused on forest environments (Carlyle-Moses and Gash, 2011; Levia et 

al., 2019), while croplands, shrublands, and grasslands have received less attention 

(Belmonte Serrato and Romero Diaz, 1998; Dunkerley, 2000; Snyder et al., 2022). This is 

surprising as shrublands account for a meaningful fraction of land cover, ~11% (Ritchie and 

Roser, 2013), shrubs can compose a substantial fraction of understory communities in many 

forests (Sun et al., 2022), shrub encroachment is a global area of research interest and 

conservation concern (Maestre et al., 2016), and the interception by shrubs can be even 

greater compared to forest stands within a given area. This demonstrates that shrubs may 

have a similar influence as trees on the local water cycle (if not larger). Still, the paucity of 

data on shrub interception to date suggests that rainfall interception by shrubs plays an 

important role in ecohydrological processes of arid or semi-arid ecosystems, which cover 

40% of the Earth’s surface (Zhang et al., 2017). Examining shrub interception for dryland 



ecosystems is, therefore, likely to inform our understanding of drylands ecosystem services 

(Maestre et al., 2012; Magliano et al., 2019a).  

 

Mediterranean regions contain substantial drylands with shrub cover; however, a review of 

90 papers on vegetation interception in this region concluded that only 11% of studies 

focused on shrubs or bushes (Llorens and Domingo, 2007; Zhang et al., 2015). This is a 

problematic knowledge gap for the Mediterranean, as water is a limiting factor that controls 

plant productivity and economic development in this region (Dunkerley, 2000; Zhang et al., 

2017) yet annual rainfall interception by dry shrublands exhibits large variability, ranging 

from 3% to 37% (Zhang et al., 2017). A major reason for this knowledge gap is that 

obtaining accurate interception data for various shrub species (and herbaceous species) is 

difficult due to the challenges in measuring interception flows (Díaz and Serrato, 1994; 

Belmonte Serrato and Romero Diaz, 1998; Gordon et al., 2020). Still, this magnitude and 

uncertainty in shrubland interception indicates that studies seeking to improve understanding 

of this topic may yield valuable insights into semi-arid and arid ecosystem hydrology (Zhang 

et al., 2017). Accurate estimation of interception by shrubs may also aid in efforts to predict 

water flow dynamics, sediment movement, vegetation growth, and impacts of vegetation 

restoration on stream flow and water quality. Constraining the uncertainty in shrubland 

interception processes may also inform global climate change scenarios (Gutmann, 2020).  

  

In Mediterranean Spain, climate change scenarios project alarming alterations to rainfall 

frequency and intensity, with the latter being a critical factor in determining whether a storm 

is beneficial or hazardous (Camarasa-Belmonte et al., 2020). Multiple studies have shown an 

increasing trend in meteorological conditions that can result in extremely intense rainfall 

events (Sumner et al., 2003; Cantos, 2017; Camarasa-Belmonte et al., 2020; Ferreira, 2021; 

Llasat et al., 2021). Global circulation models suggest greater frequency of severe 

thunderstorms in the region due to increased incidence of moist easterly atmospheric flows 

(Sumner et al., 2003), and recent rain intensity observations indicate that this has occurred 

(Camarasa-Belmonte et al., 2020). These atmospheric flows can intersect with upper-

tropospheric cut-off low systems, locally called ‘gota fría’, which can generate intense and 

widespread rain episodes (Porcù et al., 2007)—and have been attributed to ~1/3 of the 

catastrophic floods on record for the region (Llasat et al., 2007). Recent projections suggest 

that cut-off lows and related extreme rainfall may increase in frequency by 60-80% for the 

region (Ferreira, 2021). A warming climate also contributes to increased convective activity, 



resulting in more intense rainfall, concentrated in fewer, more extreme events, across 

Mediterranean Spain (Llasat et al., 2021). Given these alarming current and projected 

meteorological conditions, there is a need for research on the response of the region’s 

shrubland ecohydrology. As the shrub canopy is literally at the forefront of rainfall 

intensification, understanding the shrub interception response to intense rainfall is of 

particular interest. 

 

To begin addressing these fundamental knowledge gaps, this study estimates the rainfall 

interception of three shrub species (Rosmarinus officinalis, Thymus vulgaris and Macrochloa 

tenacissima) that are typical of the Mediterranean semi-arid landscape in Castilla La Mancha 

(Central Eastern Spain). The interception estimates are based on observations during 

simulated rainfall at high intensity and, then, associated with major morphological 

characteristics of each study species. Stemflow is rarely examined for shrubs, especially 

grassy shrubs, due to the physical difficulties of collecting water at the base of the canopy—

which is immediately above the ground (Sadeghi et al., 2020). However, the limited data 

available suggests that woody and grassy shrubs are capable of substantial stemflow 

generation (exceeding 50% of rainwater across the canopy, (Sadeghi et al., 2020). Thus, a 

novel method was developed where measurements were taken from two simulations; first, 

with an impermeable sheet fit around the stem that left a gap of open soil for the stemflow 

water to infiltrate; then, with this sheet-stem gap being sealed. The difference allows 

estimation of stemflow. Simple prediction models are also developed using multiple 

regression analysis. To the authors’ knowledge, while interception magnitudes for R. 

officinalis and T. vulgaris have been previously studied by Belmonte Serrato and Romero 

Diaz (1998), this process has never been explored with reference to plant morphology for all 

study species. Furthermore, no previous investigations have estimated interception for M. 

tenacissima, and for R. officinalis and T. vulgaris under extreme rainfall. 

 

2. MATERIALS AND METHODS 

 

2.1 Study area 

The investigation was carried out in a shrubland close to the 

municipality of Villamalea (39,36422° N, −1,59689° E, province 

of Albacete, region of Castilla La Mancha, Spain) (Figure 1).  

 



1. [Insert Figure 1] 

 

The climate of the area, typically Mediterranean, can be classified 

as “Csa” type, according to the Köppen-Geiger classification 

(Kottek et al., 2006). The mean rainfall is 407 mm per year and 

the mean temperature is 14 °C, according to the historical data of 

the last 20 years, recorded at the nearest weather station (Hellín) 

by the Spanish Meteorological Agency (AEMET). Rainfall is 

mainly concentrated in spring and autumn, and a long dry period 

occurs in summer (usually from June to September). These dry 

climate conditions reduce the natural vegetation cover in the 

landscape. 

 

Elevation of the area, a flat terrain that is typical for the Iberian 

Plateau (Meseta), is close to 765 m a.s.l. The natural tree 

vegetation mainly consists of Pinus pinea L. and Pinus halepensis 

M. The main shrub species are Rosmarinus officinalis L., Thymus 

vulgaris L., and Macrochloa tenacissima (L.), but Brachypodium 

retusum (Pers.) Beauv., Lavandula latifolia Medik., Quercus 

coccifera L. and Plantago albicans L. are also present. The mean 

density/cover of the three shrub species examined in this study is 

~2.5 plants m-2. According to the Soil Map of the World of FAO-

UNESCO (FAO-UNESCO, 1981) and the International Soil 

Classification System proposed by IUSS Working Group WRB 

(WRB-IUSS, 2015), the prevalent soils are Calcic cambisols with 

sandy-clay-loamy texture over a limestone parent material and an 

average organic matter content of 1.1 g dm-3.  

 

2.2 Experimental design 

Canopy rainfall interception under extreme rain intensity was measured for R. officinalis, T. 

vulgaris, and M. tenacissima using a rainfall simulator (see section 2.3) and according to the 

experimental procedure depicted in Figure 2. The frame of the rainfall simulator was placed 

over the ground supporting an individual of each species on a surface area of 0.33 m x 0.33 m 

(the net area receiving simulated rainfall is 0.1089 m2). Care was taken to avoid disturbing 



the soil and its cover. Attention was paid to ensure that all simulated rainfall fell onto the 

runoff collecting device, placing a plastic screen close to each side of the simulator (but 

outside of the plant canopy). These screens also avoided wind disturbance to the rainfall 

drops. For plants having larger canopy area compared to the rainfall area, the centres of 

simulator frame and plant horizontal projection were made coincident. In this case, the plastic 

screens contained all the plant canopy; however the canopy edges were unavoidably pushed 

slightly against these plastic sides. For plants with smaller canopy, the experiment was 

carried out on sites with no more than one individual per species.  

 

[Insert Figure 2] 

 

Two series of rainfall simulations (hereafter S1 and S2) were carried out on the same plant 

individual, to measure separately throughfall and stemflow.  

 

To both prevent infiltration of simulated rainwater and divert the portion of water that 

reached the surface to a collection system, a thin plastic sheet was first weighted and then 

placed over the ground inside the frame of the simulator and around the plant stem. In the S1 

series, the plastic sheet was placed, caring that stemflow could infiltrate (Figure 3). In the S2 

series, the sheet was sealed around the plant stem using silicone, in order to convey also the 

stem flow to the collection system. After rainfall simulation, the plastic sheet and screens 

were carefully removed and weighed, in order to estimate the fraction of water stored (e.g., 

due to the presence of folds and small ponds on ground) and not diverted to the collecting 

device. Five experiments of rainfall simulation were carried out for each species. 

2.  

3. [Insert Figure 3] 

 

2.3 Simulations of extreme rainfall 

The rainfall rate applied in this study represents observed extrema reported in past literature 

(Quinn and Laflen, 1983; Carlyle-Moses and Gash, 2011; Lin et al., 2011; Zheng et al., 2012, 

2018; Ma et al., 2016). Importantly, extreme rainfall rates are difficult to observe for various 

reasons. Principally, extreme rainfall rates can damage equipment due to accompanying 

hazards (like wind and lightning) or flooding. If rain gauges are able to collect observations 

through periods of extreme rainfall, these observations suffer from substantial under-catch—

especially for the more affordable gauge designs that rely on tipping bucket mechanisms 



(Duchon and Biddle, 2010; Duchon et al., 2014; Pollock et al., 2018). Still, throughout 

Mediterranean Spain, extreme rainfall rates are being more frequently recorded (Camarasa-

Belmonte et al., 2020). In the Prebaetic Mountains near the southern coastline, Mount Aitana 

(1558 m) can experience rainfall rates that surpass 800 mm in 24 h (Peñarrocha et al., 2002). 

In Júcar (Cuenca, Spain), rainfall rates have been observed to reach 1000 mm in 24 h (Llasat 

et al., 2021). Of course, this extreme rainfall rate is not consistent for 24 h. Rather, it varies 

throughout the storm and, according to a recent analysis of high temporal resolution (5-min) 

rainfall observations in the eastern Iberian Peninsula, rainfall rates may reach sustained 

intensities that exceed 35 mm in a 5-min period. Thus, we selected an extreme rainfall rate 

near this maximum that was achievable using an off-the-shelf rainfall simulator: 36 mm over 

4.5 minutes. This equates to a mean intensity of 432 mm h-1—an intensity with a historical 

return period of >100 years in the studied area, simulating an extremely heavy event, as 

representative of a worst-case scenario for the study area (Lucas-Borja et al., 2022). 

 

In each experiment, artificial rainfall (raindrop size of 5.9 mm) was produced using an 

Eijkelkamp® rainfall simulator from 40 cm height over the top canopy of plants (Iserloh et 

al., 2013; Hlavčová et al., 2019), and the resulting surface runoff was measured.  

 

Both rainfall simulations and surface runoff measurements were done according to the 

methodology proposed by Carrà et al., (2021) and Lucas-Borja et al. (2022), where more 

details can be found. To summarize, a hole was dug in the experimental area, where a small 

bucket was placed to collect runoff water. The frame of the simulator was then installed 

upslope of the hole. A gutter, installed downslope of the frame, conveyed all runoff into the 

bucket. The sprinkler, whose tank was filled with 2.2 L of clean water, was ten placed on top 

of the frame, for the immediate rainfall simulation. During the rainfall simulation, the runoff 

volume was measured at every 30 s with a meterstick. The experiment ended 30 s after the 

end of rainfall, when no more runoff was coming into the bucket. In S1 series, the 

interception was estimated by subtracting the instantaneous runoff from gross rainfall. Then, 

the interception graph was built, reporting the flow rate over time.  

 

2.4 Estimation of canopy rainfall interception and its components 

Rainfall interception, throughfall and stemflow are reported at various scales, yet studies 

must take care that the observations recorded from specific study plants in an experimental 

setting—like specific water storage capacity of an individual canopy or canopy component—



be scaled to representative landscape values—actual water storage capacity of the plant 

community—to enable study intercomparison (Klamerus-Iwan et al., 2020) and integration of 

scaled results into modelling efforts (Gutmann, 2020). In this study, which was performed at 

the individual shrub scale, volume observations for precipitation (PV, [L] and runoff (RV, [L] 

were recorded. Then, the volume of interception (IV, [L] was calculated as the difference 

between PV and RV in the S2 series of rainfall simulations. The specific interception of the 

study plant (Is [mm]) was calculated dividing IV by C, and its fraction [%], was estimated as: 

 

IS = IV/(P x C)         (1) 

 

where P is the simulated precipitation amount [36.8 L m-2] and C is the canopy area of the 

study plant [m2] over which the simulation was conducted.  

 

Rainfall intercepted by the plant canopies per m2 at the landscape scale, IC, was estimated 

based on the plant density [2.5 plants m-2]. First, assuming each experimental shrub 

represented the 2.5 plants m2 of the landscape, the projected plant canopy cover [PC, m2 

canopy area per m2 ground area] was estimated by multiplying the experimental shrub 

canopy area [m2 plant-1] by the plant density. The total amount of rainfall supplied to PC 

within a single m2 of landscape area (PPA, [L]) could then be estimated by multiplying this PC 

by P. The product of PPA and IS results in a volume of water intercepted within 1 m2 of the 

landscape (IC [mm]).  

 

The same process was applied to the estimation of stemflow from the second simulation. 

Unscaled stemflow (SF, [L]) was calculated as the difference between the surface runoff 

collected in S1 (equal to throughfall) and S2 (equal to throughfall and stemflow) series, 

respectively. Its specific value (SFs, [mm]) was determined as for Is. The fraction of SFC on 

P ([%]) as well as the landscape-scale stemflow (SFC) were also calculated. Specific 

throughfall fraction (TFS, [%]) was then estimated as the total recovered rainfall minus the 

stemflow, divided by P.  

 

 

2.5 Measurement of shrub morphology 

The following morphological parameters for the surveyed plant individuals were measured: 

total height (cm), canopy diameter (cm), dry biomass (g). Canopy area was estimated by 



considering its horizontal projection as an ellipse, of which we measured the shortest and the 

longest axes by a meterstick. The meterstick was also used to manually estimate plant 

height. For plants having canopies larger than area receiving simulated rainfall, the latter was 

considered equal to the canopy area as the canopy was constrained to the simulation area. 

After the rainfall simulations, each plant was cut (therefore, with a destructive sampling) and 

brought to the laboratory. Leaves and branches were dried in oven, and dry biomass was 

determined by weighing after at least 48 h at 72 ° C.  

 

Plant size was classified in small (R. officinalis height < 30.0 cm; T. vulgaris height < 20.0 

cm; M. tenacissima height < 35.0 cm), medium (R. officinalis height between 30.0 cm and 

40.0 cm; T. vulgaris height between 20.0 cm and 35.0 cm; M. tenacissima height between 

35.0 cm and 50.0 cm) and large (R. officinalis height between 40.0 cm and 42.2 cm; T. 

vulgaris height between 35.0 cm and 51.0 cm; M. tenacissima height between 50.0 cm and 

68.5 cm).  

 

2.6 Statistical analysis 

A two-way ANOVA was applied to the measurement of 

interception, stemflow and throughfall (unscaled, landscape scale, 

and fraction values) , in order to evaluate statistically significant 

differences among the three species according to the size. IS, IC, 

I%, SFS, SFC, SF%, and TF% were the response variables, while 

species and size were the independent factors of ANOVA. 

Whenever significant differences were identified for a given 

variable, a Tukey’s test (at p < 0.05) was used to identify which 

species and size were different. Prior to the ANOVAs, normality 

and homogeneity of variance were evaluated by Shapiro-Wilk’s 

and Levene’s tests, respectively. When the tests were not satisfied, 

the data were square root-transformed prior to re-running the 

ANOVAs.  

 

Moreover, a Pearson’s correlation analysis was carried out 

between I0 on one side and one of the morphological 

characteristics of plants on the other side. 

 



Finally, multiple-regression prediction models between I%, SF%, 

and TF% (predicted variables) and these morphological 

characteristics (predictors) were setup, and the predictions were 

evaluated for “goodness-of-fit” with the corresponding 

observations using a scatterplot and the coefficient of 

determination (r2, ranging from zero, in the case of no agreement 

between model and data variance, to one, for perfect agreement 

(Parhizkar et al., 2021)). All statistical analyses were carried out 

using the XLSTAT 2019 software (Addinsoft, Paris, France). 

 



3. RESULTS  

 

3.1 Shrub morphological variability 

The two-way ANOVA revealed that all the surveyed morphological parameters were 

significantly different among the three species (F < 42.035, p < 0.0001), size classes of plants 

(F < 314.024, p < 0.0001) as well as interaction between these two factors (F < 10.321, p < 

0.0001). Regarding the plant size, as expected, height, canopy diameter and dry biomass 

followed the pattern: small < medium < large for all species. On average, M. tenacissima had 

the highest height and canopy diameter (48.1 ± 0.78 cm and 39.9  ± 0.62 cm, respectively), 

while the highest dry biomass was measured for T. vulgaris (60.9 ± 1.12 g). Height (31.7 ± 

0.79 cm) and canopy diameter (23.8 ± 1.16 cm) were the smallest for T. vulgaris and R. 

officinalis, respectively, while the latter species evidenced the lowest dry biomass (51.4 ± 

0.61 g) (Figure 4). 

 

4. [Insert Figure 4] 

 

3.2 Shrub partitioning of extreme rainfall 

The (unscaled) specific interception, throughfall and stemflow fractions (IS, SFS, and TFS 

[%]) for any study shrub varied significantly among the three species (F < 9.590, p < 0.0001), 

size (F < 6.293, p < 0.0001), while the interaction between these factors was significantly 

different only for SFS (F = 4.332, p < 0.01). The interception and stemflow magnitudes (IS 

and SFS [mm]) were also different significant among the three species (F < 9.590, p < 

0.0001) and size (F < 8.066, p < 0.0001). The interaction between these factors was 

significant only for SFS (F = 4.332, p < 0.01).  

 

 

Regarding unscaled values derived from individual plant canopies of all species and canopy 

size, interception volumes ranged from 40 – 720 mL over the simulation period. This volume 

of intercepted rainwater equated to a specific interception magnitude of 0.18 – 1.11 mL cm-2 

of projected canopy area and an IS ranging from 4.9 – 30.1%. This was generally highest for 

R. officinalis, with the greatest mean ± SE IS being observed for the moderate-sized shrub 

(18.4 ± 3.8%) and was generally lowest for the M. tenacissima with the smallest-sized shrub 

producing a mean IS of 6.5 ± 0.5%. Thymus vulgaris showed a relatively intermediate value 

that was consistent across sizes (13.7 ± 0.8%), yet this species produced the largest mean 



specific stemflow fraction, 13.6%, and the greatest variability in stemflow across shrub sizes, 

± 22.2% (Figures 5 and 6). In fact, a statistically significant gradient in specific stemflow 

yield was found for T. vulgaris (4.85 ± 0.76 mm) > R. officinalis (3.37 ± 0.43 mm) > M. 

tenacissima (1.09 ± 0.09 mm), which, furthermore, was significantly higher on small plants 

compared to both medium and large individuals. The maximum stemflow was measured for 

medium-size plants of T. vulgaris (6.17 ± 1.21 mm), while the minimum value was detected 

for small plants of M. tenacissima (0.89 ± 0.11 mm) (Figure 5).  As a result of the generally 

large specific fraction of interception and stemflow, T. vulgaris exhibited the lowest specific 

throughfall fractions. The largest specific throughfall fractions were indirectly estimated for 

M. tenacissima, which had low stemflow and interception (Figure 6). 

 

5. [Insert Figure 5] 

6.  

7. [Insert Figure 6] 

8.  

Landscape-scale estimates of interception (IC) and stemflow (SFC) varied significantly among 

the three species (F < 11.570, p < 0.0001), size (F < 39.461, p < 0.0001), while its interaction 

was significantly different only for IC (F = 7.391, p < 0.0001). In more detail, IC increased 

with increasing canopy size for all shrub species. The larger canopy diameters of M. 

tenacissima (Figure 3) enabled this species to produce the largest IC values for two size 

classes, being 0.50 ± 0.19 mm (small) and 1.24 ± 0.22 mm (medium). The large shrubs for M. 

tenacissima and T. vulgaris were similarl in their IC magnitudes, being 1.55 ± 0.27 mm and 

1.59 ± 0.23 mm, respectively. Small R. officinalis produced the lowest IC, being 0.17 ± 0.03 

mm; yet, this was similar to the small T. vulgaris shrub estimate of 0.19 ± 0.02 mm. Medium-

sized R. officinalis and T. vulgaris shrubs produced IC magnitudes around 0.6-0.8 mm (Figure 

7).  

 

9. [Insert Figure 7] 

 

3.3 Interception modelling for shrub species and size 

All the surveyed morphological parameters showed high, positive and significant correlations 

each other. The values of r were 0.94 (height vs. canopy diameter), 0.81 (height vs. dry 

biomass), and 0.71 (canopy diameter vs. dry biomass). 

 



The separate analysis of the linear correlations between each shrub characteristic and the 

(unscaled) specific interception, throughfall and stemflow fractions (IS, SFS, and TFS [%])  

for plant size class confirmed high and significant values for both height (with a maximum 

absolute value of 0.91 for small plants in the case of TFS) and canopy diameter (peak of 0.92 

for large shrub, again in the case of TFS), while low coefficients of correlation were again 

found between these values and dry biomass (in the range -0.46 to 0.50). When the 

correlation analysis was carried out for plant species, SFS, and TFS were highly correlated 

only to T. vulgaris species (r between  -0.71 and 0.60  for canopy diameter, and between -

0.71 and 0.60 for dry biomass, while the correlation with height was noticeable for canopy 

diameter, r = -0.71, and for dry biomass, r = 0.61, but low, r = 0.21, for IC), while the 

correlations for the other species were always very low and non-significant (|r| < 0.50) (Table 

1).  

 

10. [Insert Table 1] 

 

The multi-regression analysis proposes linear equations to predict IS, SFS, and TFS  from two 

of the surveyed plant morphological parameters (height and canopy diameter) as well as the 

size class and species. These equations assume the following structure:  

 

IS (%) = 31.450 x Height - 0.65  x Canopy diameter + 0.16 x Dry biomass + 15.265 x Species(M. 

tenacissima) + 2.365 x Species(R. officinalis) + 14.692 x Size(Large) + 11.340 x Size(Medium) 
(2) 

SFS (%) = 28.41 + 0.219 x Height - 1.077 x Canopy diameter + 1.160 x Species(M. tenacissima) - 6.925 

x Species(R. officinalis) + 10.451 x Size(Large) + 7.188 x Size(Medium) 
(3) 

TFS (%) = 38.670 + 0.444 x Height + 1.768 x Canopy diameter - 0.182 x Dry biomass - 18.028 x 

Species (M. tenacissima) + 4.303 x Species(R. officinalis) - 25.078 x Size(Large) - 18.701 x 

Size(Medium) 

(4) 

    

where species (R. officinalis), species (M. tenacissima), size class (Medium) and size 

class(Large) are equal to one for the corresponding species or size class and zero otherwise. 

The analysis of goodness-of-fit of this model shows a r2 of 0.642 for Eq. (2), 0.793 for Eq. 

(3), and 0.823 for Eq. (4), which means that these equations have an acceptable to good 

accuracy in reproducing IS, SFS, and TFS from morphological characteristics of plants. The 

related scatterplot also shows how most of the pairs of observations vs. predictions of IS, SFS, 

and TFS are close to the line of perfect agreement (Figure 8).Moreover, only two pairs (one 

for IS and one for SFS) are out of the confidence interval.  



 

11. [Insert Figure 8] 

 

4. DISCUSSION  

 

4.1 Shrub canopy rainfall interception under an extreme storm intensity 

The study's findings demonstrate that shrubs with varying canopy structures can intercept a 

significant portion of rainfall per unit canopy area (up to28%) during a simulated extreme 

storm intensity in a Mediterranean dryland site in Spain. However, we note that this is a 

localized estimate, specific to the shrub canopies themselves—not a value achieved at the 

landscape scale. Still, this is particularly relevant in semiarid and arid shrublands of the 

Mediterranean region where large storms with high intensity and short duration can lead to 

the highest hydrological and erosive responses of soil and vegetation (Lucas-Borja et al., 

2020). Therefore, the regulation of extreme rainfall and localized runoff and erosion events 

may be mitigated by shrubland interception. Although rainfall simulation experiments are not 

exactly representative of spatial and temporal variability of precipitation, they are one of the 

most common methods to measure interception (Iserloh et al., 2013) and allow estimation of 

the amount of rainwater intercepted by plant individuals where field methods are 

extraordinarily challenging (like beneath shrub canopies). The extreme rates typically 

produced by rainfall simulators have been (rightly) criticized for not representing realistic 

rain event properties under typical conditions (Dunkerley, 2008, 2021); however, this study 

demonstrates how these simulations may be useful in assessing the response of vegetation 

(and localized soils) to the extreme rainfall conditions projected for some regions under 

climate change (and increasingly observed in Mediterranean Spain) (Duchon and Biddle, 

2010; Duchon et al., 2014; Pollock et al., 2018; Camarasa-Belmonte et al., 2020; Llasat et 

al., 2021). Additionally, these experiments can help to identify associations between the 

canopy interception capacity, the size, and the species of the shrubs. 

 

Several authors have also measured canopy interception fractions from shrub canopies that 

were in a similar range to those estimated our study, with values ranging from 3% to 28% and 

high variability due to rainfall and plant characteristics. For instance, Belmonte Serrato and 

Romero Diaz (1998) reported an interception fraction of 22.5% for R. officinalis, while 

Magliano et al. (2019) found an average value of 9.4% for 68 woody plant species in 

drylands. Additionally, Zheng et al. (2018) showed that the measured interception fraction of 



maize was on average 12.6% of cumulative gross rainfall during the whole growing season. 

Finally, interception fractions of Caragana korshinski were highly variable according to 

available studies, ranging from 11.7% (Wang et al., 2005) to 28% (Jian et al., 2012). 

 

At the landscape scale, the fraction of interception for shrublands can significantly decrease 

when a sparse shrub density results in partial canopy cover. In our study, the scaled 

interception magnitudes ranged from 0.1 – 1.8 mm event-1, which reduces landscape scale 

interception fraction to 0.3 – 5.0% and, thereby, severely limits the benefit of shrub 

interception at this scale. This interception fraction agrees with previous work showing that 

the intensity of rainfall significantly decreases the interception fraction—resulting in 

substantial decreases in rainfall interception across all canopies regardless of vegetation 

attributes (e.g., Lian et al., 2022). This may be due to the rapid overwhelming of the 

shrubland canopy water storage capacity. Storage capacity estimates from past literature 

agree well with the range of landscape-scale interception losses reported here. 

 

For example, in Mediterranean conditions, Garcia-Estringana et al. (2010) found SC values of 

0.35 to 3.24 mm for Medicago strasseri and Lavandula latifolia, respectively. In tallgrass 

prairie, Zou et al. (2015) reported highly variable SC values of shrub species, ranging from 

0.27 mm (early growing season) to 3.86 mm (senescence). The canopy interception capacity 

of Hippophae rhamnoides and Syringa pubescens ranged from 1.07 to 1.28 mm and from 

0.88 to 1.07 mm, respectively (Zhang et al., 2017). Yang et al. (2019) reported interception 

losses for Caragana intermedia in the range of 0.1 mm to 3 mm, with an average value of 1 

mm.  

 

Since shrub size significantly affects aspects of canopy rainfall interception process for these 

species (which plays important ecosystem regulatory roles), future work may benefit from 

more directly assessing the SC for these shrubs under extreme rainfall intensities.  

 

Indeed, observations and estimates of rainfall interception shows a large variability that 

depends on weather characteristics and plant morphology (Zhang et al., 2017). However, 

accurately quantifying interception remains a challenge due to the indirect estimation of 

related fluxes by subtracting throughfall and stemflow from gross rainfall, resulting in large 

errors in estimated net rainfall values (Zhang et al., 2015; Magliano et al., 2022). In this 

study, we employ a relatively novel approach to disentangling the throughfall and stemflow 



contributions during rainfall simulations (i.e., the sealing of the impervious sheet to the stem 

base after an initial simulation). Stemflow estimates generated agree with those from 

previous work, ranging from ~2% to 30% of simulated rainfall (Belmonte Serrato and 

Romero Diaz, 1998; Shou et al., 2017; Magliano et al., 2019a, 2019b, 2022; Yue et al., 2021; 

Zhang et al., 2023). These stemflow estimates agree with past reviews of stemflow across 

plant functional types, showing that shrubs often generate greater stemflow fractions than 

other woody plants (Sadeghi et al., 2020). The higher stemflow rates observed in this study 

may offset the local interception benefits under extreme rainfall by increasing erosion at the 

stem base (Dunkerley, 2020). If large stemflow fluxes were running off at the stem base, this 

may have underestimated stemflow fluxes due to a portion of this water not infiltrating at the 

stem base (as assumed). Moreover, measurements of interception over long time scales 

(typically a season or a year) are less problematic than estimations at the event scale, which 

are affected by high variability over short periods  (e.g., the intensity and angle of rainfall, 

and wind speed and direction, Crockford and Richardson, 2000). Still, future work focused 

on shorter time scales and simulations that align with projected climate changes may yield 

important insights.  

 

4.2 Variability in canopy rainfall interception with shrub species and size 

The three species in the study exhibited significantly different morphological parameters, 

indicating that each species may respond differently to rainfall and intercept variable amounts 

of rainwater. T. vulgaris and R. officinalis showed the highest average specific canopy 

interception fraction compared to M. tenacissima, intercepting 27% to 37% more rainwater, 

respectively. However, the specific canopy interception fraction of M. tenacissima was 

higher, at 60% and 37% more than R. officinalis and T. vulgaris , respectively. Since the three 

species were exposed to the same rainwater input/experiment, the observed differences in 

interception can be attributed to variations in canopy structure (Zhang et al., 2017), which 

generally correlates with shrub height and canopy area. Taller and larger shrubs have denser 

foliage with more stratified layers, resulting in higher interception per unit of incident 

rainfall. Additionally, larger foliage, often measured as Leaf Area Index (LAI), leads to a 

decrease in throughfall and stemflow, resulting in higher interception loss (Zhang et al., 

2017). The temporal variability of rainfall interception rate for all size classes and shrub 

species was found not noticeably variable over time in this study. This is contrary to some 

previous studies that showed higher interception at the start of rainfall, progressively 

decreasing until a steady value is reached, as predicted by relevant models (e.g., Friesen et 



al., 2015). The lack of variability in this study may be due to the extreme depth of the 

simulated precipitation, which has a return interval of many decades in the study area. The 

high amount of rainwater on the plants from the beginning of the rainfall event may lead to 

the interception reaching its final and steady value without significant temporal variability. 

Future studies under different rainfall conditions and at different temporal scales are needed 

to confirm these findings. 

 

4.3 Linear modelling of extreme rainfall interception by shrubs 

Our correlation analysis found strong associations between shrub morphological parameters 

and rainfall partitioning fractions, suggesting that these parameters can serve as good 

predictors of this hydrological variable. In contrast, the results of correlation analyses 

conducted by other authors have been more mixed. For example, Garcia-Estringana et al. 

(2010) found generally low and non-significant correlations between canopy interception and 

morphological parameters (i.e., < 0.19 for fresh total biomass), except for LAI (r = 0.30) and 

canopy projection area (r = -0.38). Meanwhile, Zou et al. (2015) did not find a significant 

relationship between canopy interception ratio and canopy area. Plant height and breast 

diameters were classified as significant predictors in determining interception loss in forests 

by a review of Chinese field studies. Zhang et al. (2017) indicated that interception loss from 

one species, H. rhamnoides is better predicted using rainfall amount, while the canopy 

structure should be considered when predicting interception loss for another differently-

structured species, S. pubescens. 

 

Although this study found that plant height is a reliable predictor of canopy interception, 

canopy area is also an important factor. Combining multiple parameters may provide a more 

comprehensive estimate of a canopy’s ability to intercept rainfall. Linear functions are often 

the best-fit functions for predicting interception capacity, and the regression slopes differ 

among plant species and size classes. Therefore, our study agrees with others that linear 

models with different parameters may be used to predict canopy interception loss. These 

correlations are particularly high for T. vulgaris, and especially when canopy diameter is 

chosen as morphological predictor of interception. In contrast, interception for both R. 

officinalis and M. tenacissima can not be accurately predicted by those morphological 

parameters. This also supports that, at least for these species, interception strongly depends 

on plant size class, and no reliable models can be built, if this size is not taken into 

consideration. The results of this study are in close agreement with the findings of Shou et al. 



(2017), who found different correlation coefficients between shrub height or canopy area and 

interception (from -0.02 to 0.7) for different species (C. microphylla, H. fruticosum and S. 

gordejevii). The lack of correlation between canopy interception capacity and dry biomass, 

found in this study, contrasts to the results of Wood et al. (1998), who reported that dry 

biomass has the strongest relationship with the rainwater intercepted for many species. 

 

The linear equations proposed in this study accurately predict rainfall partitioning variables 

for the three main species in the study area using two easily measurable morphological 

parameters, plant type and size class. This finding is consistent with previous research (Zheng 

et al., 2012, 2018; Zhang et al., 2015), stating that the canopy interception loss can be 

predicted reasonably better using multiple linear regression models compared to single 

regressions, due to the interactions of multiple factors affecting rainfall partitioning among 

stemflow, throughfall and interception. Following the statement of (Magliano et al., 2022), 

the good accuracy of the linear multiple-regression models suggests its feasibility for 

incorporation into complex hydrological models (e.g., Hydrus 2D, Skaggs et al., 2004, 

SPLASH, Urgeghe et al., 2010, or CREST, Wang et al., 2011), to enhance the prediction 

accuracy of water amount reaching the soil surface. 

 

Although this study provides important insights into the role of shrub morphological 

parameters in predicting canopy interception capacity, there are three limitations that should 

be addressed in future research. First, in all simulations, the study used a constant amount and 

intensity of rainfall, but the temporal dynamics of these two storm characteristics can affect 

interception process and associated water flow (e.g., Carlyle-Moses and Gash, 2011; Zhang et 

al., 2017; Snyder et al., 2022). Therefore, although the study gives indications about the 

magnitude of this hydrological process under the water input of one extremely intense rainfall 

condition, the effect of time-varying depth and intensity on the interception process needs to 

be further explored and incorporated into the proposed prediction model (Yang et al., 2019). 

Secondly, the study focused on a limited number of shrub species and further investigations 

are needed to evaluate the effects of interception loss on the water cycle in other dominant 

shrub species in dry environments, where rainfall is crucial for plant growth and yield. 

Similar investigations, also using very simple measuring devices, such as the portable rainfall 

simulators, are in general useful to identify the relationships between canopy interception, 

water storage capacity, or interception rate with shrub morphology. Finally, although this 

study measured three important plant morphological parameters, including shrub height and 



canopy area, several studies have indicated that LAI may be a more effective metric for 

predicting canopy interception. For instance, (Yue et al., 2021) showed a significant positive 

relation between LAI and interception. This suggests future research should include LAI 

measurements in models of canopy rainfall interception. Moreover, more precise methods to 

estimate the canopy area are suggested (such as destructive sampling and analysis of 

morphometry of leaves and branches or image analysis methods applied to high-resolution 

photographs), in order to increase the estimation accuracy compared to the use of a 

meterstick. 

 

5. CONCLUSIONS 

Under simulated extreme rainfall, observations of canopy interception for three species 

typical of Mediterranean drylands were of magnitudes relevant to the localized surface water 

balance (interquartile range: 12-20%) and significantly different for plant species and size. 

However, in applying a novel method (using simulation scenarios that left an open soil gap 

for stemflow water infiltration, and another with the sheet-stem gap sealed), stemflow rates 

exceeding 10% of simulated rainfall were observed. Considering the extreme rainfall rate, 

these local stemflow rates are likely to offset the interception effects and enhance local 

erosion.   

 

Strong linear correlations were found for canopy interception and the studied shrubs’ height 

and canopy diameter. Linear models were developed capable of predicting canopy 

interception and stemflow using plant height, canopy diameter, dry biomass, size class, and 

species. Limitations of the study are rooted in the use of only one value of extreme rainfall 

depth and intensity and the limited set of shrub species. Despite these limitations, the results 

provide valuable information on canopy interception magnitude, rates, and the stemflow 

inputs for important shrub species in Mediterranean arid lands under high intensity rainfall, as 

well as simple linear models that may be further developed and integrated into hydrological 

models. In these ways, this study contributes to our understanding of the response of dryland 

environments to intensified rain events and provides useful information on the canopy rainfall 

partitioning` of Mediterranean shrub species. 

 

DATA AVAILABILITY 

Data will be made available upon request to the authors. 
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TABLES 1 

 2 

Table 1 – Coefficients of correlation of linear regressions between specific interception fractions and morphological characteristics (classified 3 

for shrub species and size) measured in rainfall simulations (Villamalea, Castilla La Mancha, Spain).  4 
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Is SFs TFs 

 
Height 

Canopy 

diameter 

Dry 

biomass 
Height 

Canopy 

diameter 

Dry 

biomass 
Height 

Canopy 

diameter 

Dry 

biomass 

 Species 

R. officinalis 0.31 -0.50 -0.37 -0.42 -0.50 -0.16 -0.09 -0.04 -0.37 

T. vulgaris 0.21 -0.71 0.61 -0.68 -0.71 -0.71 0.56 0.60 0.61 

M. tenacissima 0.26 0.22 -0.14 0.17 0.22 0.09 -0.26 -0.25 -0.14 

All -0.11 -0.20 0.20 -0.62 -0.70 -0.31 0.47 0.57 0.09 

 Size 

Small -0.69 -0.82 0.47 -0.90 -0.82 -0.46 0.91 0.84 0.47 

Medium -0.41 -0.79 -0.39 -0.80 -0.79 0.19 0.77 0.81 -0.39 

Large  -0.84 -0.82 0.50 -0.81 -0.82 -0.45 0.87 0.92 0.50 

All -0.11 -0.20 0.20 -0.62 -0.70 -0.31 0.47 0.57 0.09 

Note: IS = specific interception; SFS = specific stemflow; TFS = specific throughfall; bold characters evidence significant values (p < 0.05). 6 
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FIGURE LEGENDS  

12. Figure 1 – Geographic location of the study area (Villamalea, Castilla La Mancha, Central 

Eastern Spain) (left) and individuals of the three shrub species considered in this study (M. 

tenacissima, T. vulgaris and R. officinalis) (right). 

 

Figure 2 – Flow-chart of the novel method to measure rainfall partitioning at the local scale (S1 and 

S2 refer to the two rainfall simulation series separately carried out, in order to measure rainfall 

interception and stemflow).  

 

Figure 3 – Pictures of the rainfall simulation experiments (rainfall simulation series S1, left, and S2, 

right) on a small plant of M. tenacissima. 

 

Figure 4 – Main morphological characteristics of vegetation according to shrub species and size in 

the experiments simulating rainfall and interception (Villamalea, Castilla La Mancha, Spain). 

Different lowercase letters indicate significant differences in the interaction plant species x size 

after Tukey’s test (p < 0.05).  

 

Figure 5 –Specific (unscaled) interception (IS) and stemflow (SFS) for different shrub species and 

size after rainfall simulations (Villamalea, Castilla La Mancha, Spain). Different lowercase letters 

indicate significant differences in the interaction plant species x size after Tukey’s test (p < 0.05). 

 

Figure 6 – Fractions of specific interception (IS), stemflow (SFS) and throughfall (TFS) on simulated 

rainfall for different shrub species and size in the experiments (Villamalea, Castilla La Mancha, 

Spain). Different lowercase letters indicate significant differences in the interaction plant species x 

size after Tukey’s test (p < 0.05). 

 

Figure 7 –Landscape-scale interception (IC) and stemflow (SFC) for different shrub species and size 

after rainfall simulations (Villamalea, Castilla La Mancha, Spain). Different lowercase letters 

indicate significant differences in the interaction plant species x size after Tukey’s test (p < 0.05). 

 

Figure 8 - Scatterplot of observed fractions of specific interception (IS), stemflow (SFS) and 

throughfall (TFS)  vs. values predicted by multi-regression models for different shrub species and 

size after rainfall simulations (Villamalea, Castilla La Mancha, Spain).  

 
 


