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that measured average interception loss for the nine plots 
were 17.9% and 9.4% of gross rainfall during periods with 
leaves (the growing season) and without leaves, respectively. 
Average canopy storage capacity estimated using an indirect 
method was 1.3 mm in the growing season and 0.2 mm in the 
leafless season. Correlations of relative interception loss and 
canopy storage capacity to canopy variables were highest 
for leaf/wood area index (LAI/WAI) and canopy cover, fol-
lowed by bark area, basal area, tree height and stand density. 
Combined canopy cover, leaf/wood area index and bark area 
multiple regression models of interception loss and canopy 
storage capacity were established for the growing season and 
in the leafless season in 2015. It explained 97% and 96% of 
the variations in relative interception loss during seasons 
with and without leaves, respectively. It also explained 98% 
and 99% of the variations in canopy storage capacity during 
seasons with and without leaves, respectively. The empiri-
cal regression models were validated using field data col-
lected in 2016. The models satisfactorily predicted relative 
interception loss and canopy storage capacity during seasons 
with and without leaves. This study provides greater under-
standing about the effects of changes in tree canopy structure 
(e.g., dieback or mortality) on hydrological processes.

Keywords Rainfall interception loss · Canopy storage · 
Canopy structure · Regression models · China’s Loess 
Plateau

Introduction

Over the past several decades, large-scale afforestation 
efforts have been carried out in semiarid regions to convert 
farmlands, grasslands and shrublands into forest plantations 
because trees are vital for controlling desertification and soil 

Abstract Understanding the interaction between canopy 
structure and the parameters of interception loss is essen-
tial in predicting the variations in partitioning rainfall and 
water resources as affected by changes in canopy structure 
and in implementing water-based management in semiarid 
forest plantations. In this study, seasonal variations in rain-
fall interception loss and canopy storage capacity as driven 
by canopy structure were predicted and the linkages were 
tested using seasonal filed measurements. The study was 
conducted in nine 50 m × 50 m Robinia pseudoacacia plots 
in the semiarid region of China’s Loess Plateau. Gross rain-
fall, throughfall and stemflow were measured in seasons 
with and without leaves in 2015 and 2016. Results show 
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erosion (Sexton et al. 2013; FAO 2015). In water-scarce 
areas where rain is the main source of water for vegetation 
growth, such changes in land use could have far-reaching 
effects on local water balances (Chang 2003). Thus, a thor-
ough understanding of the interactions between afforestation 
and ecohydrological processes is needed for effective water 
resource management and land use planning in semiarid 
regions.

As a process, canopy interception loss (I, mm) is the 
fraction of rainwater retained in the canopy until it evap-
orates back into atmosphere, and it constitutes a net loss 
of 9%–60% of gross rainfall (Ma et al. 2019). The loss of 
this fraction to vegetation ecosystems not only modifies the 
energy and water balance of the surface atmosphere, but 
also exerts a negative effect on water use and the develop-
ment of vegetation (Price and Carlyle-Moses 2003; Fathi-
zadeh et al. 2017). I is controlled by many factors, including 
canopy morphological traits (e.g., canopy storage capacity), 
rainfall characteristics (amount, duration and intensity), cli-
matic conditions (e.g., wet canopy evaporation) and species 
composition (Crockford and Richardson 2000; Price and 
Carlyle-Moses 2003; Llorens and Domingo 2007). Among 
these factors, canopy storage capacity (S), rainfall distribu-
tion and wet canopy evaporation rate are considered the 
key factors influencing I. To this end, several empirical and 
conceptual models have been developed based on these key 
factors to estimate the magnitude of I (Rutter et al. 1975; 
Gash et al. 1995). In these models, the minimum rainwater 
needed to saturate the canopy is referred to as S and it can 
be estimated either by using coupled gross rainfall and net 
rainfall (throughfall + stemflow) data (Klaassen et al. 1998; 
Wallace and McJannet 2008) or by scaling up through a 
water immersion method (Llorens and Gallart 2000). In rain 
events that are insufficient to saturate the canopy, almost all 
the rainwater retained in the canopy evaporates back into 
the atmosphere. When S is exceeded however, some of the 
rainwater drips down from the canopy as throughfall and 
some is channeled down branches and stems as stemflow.

The amount of rainfall intercepted by the canopy (S) 
depends on the vegetation type and canopy morphological 
characteristics (Galdos et al. 2012; Fathizadeh et al. 2017). 
For instance, in plants with distinct phenological characteris-
tics such as deciduous trees, the magnitude of I and S change 
seasonally. This is because evaporation rate, and morpho-
logical and structural characteristics of the canopy change 
seasonally throughout the year (Pypker et al. 2005; Gerrits 
2010). Domingo et al. (1998) pointed out that morphologi-
cal and structural traits of forest canopies are the key factors 
affecting rainfall interception and hence the magnitude of S. 
Therefore, it is important that the linkages between I, S and 
morphological characteristics of the canopy are understood 
in order to develop appropriate forest management practices 
and land use policies. However, studies relating I and S with 

morphological traits of canopies of forest plantations in sem-
iarid areas are rare (Fathizadeh et al. 2017).

Canopy structural and morphological characteristics can 
be described using variables related to eco-physiological 
processes of vegetation. Such variables include canopy 
cover (C), leaf area index (LAI), wood area index (WAI), 
basal area (BA) and bark surface area  (BA_bark). These vari-
ables are descriptors of vegetation growth and are also used 
as input parameters in various eco-hydrological models 
(Gash et al. 1995; Hormann et al. 1996). Canopy cover, for 
example, defined as a percent of forest area occupied by 
vertical projection of the canopy, is a fundamental compo-
nent of the landscape which influences rainfall interception, 
evapotranspiration, photosynthesis and other components of 
hydrological processes. Canopy cover is a key input of the 
revised Gash analytical model for the prediction of rainfall 
interception (Gash et al. 1995). Moreover, studies show that 
changes in C have a strong effect on the flow of water in 
a watershed (Wang et al. 2008; Feng et al. 2016). Overall 
changes in C exert significant effect on I, water yield and 
other hydrological processes. Thus, in a study of the impact 
of land cover changes on water yield, hydrological models 
should adequately incorporate parameterized sub-models 
which relate different variables of canopy morphology and 
physical processes of rainfall interception.

Aside from phenology, tree mortality results in distinct 
changes in morphological characteristics of forest canopy 
(Franklin et al. 1987). This usually involves complex interac-
tions between endogenous factors such as stand character-
istics and genetics, and exogenous factors such as stresses 
due to drought, climate, pests and diseases (Savage 1994; 
Allen and Breshears 1998; Guarin and Taylor 2005). Some 
of these factors were identified for the recent mortality of 
trees in the semiarid Loess Plateau region, where Robinia 
pseudoacacia was widely planted as a drought-tolerant, fast-
growing, nitrogen-fixing species, accounting for over 90% 
of species planted in the hilly-gully topography of the Pla-
teau (Ma et al. 2017). The plantations suffered wild-spread 
dieback and mortality (Du et al. 2011; Jia et al. 2017). This 
reduced canopy cover leading to loss of canopy interception, 
and an increase of soil moisture and surface runoff (Ande-
regg et al. 2013; Fathizadeh et al. 2017). Thus, to assess 
the effect of plantation establishment and associated tree 
dieback/mortality on regional water balances, it is important 
to understand the interactions between canopy structure and 
canopy hydrological components I and S. Since the calcula-
tions of I and S are expensive and time-consuming, the use 
of selected measurable morphological traits as predictors is 
an efficient alternative for application in forest management 
and policy making. The specific objectives of this study were 
to: (1) identify the key variables of canopy structure that best 
predict canopy hydrological components I and S; and, (2) 
estimate and validate the relationship between the variables 
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of canopy structure and I and S during the growing season 
and the period without leaves.

Materials and methods

Study site

The field experiment was conducted from 1st Jan. 2015 to 
31st Dec. 2016 in the Yeheshan watershed (34°31.76′ N, 
107°54.67′ E, Fig. 1), located in the Yeheshan Provincial 
nature forest reserve in Fufeng County, Shaanxi Province. 
The reserve area is 10 996 ha with an elevation range of 
449–1662 m a.s.l.

The area has a monsoon semiarid continental climate 
characterized by hot, humid summers (June–August) and 

cold dry winters (December–February). According to the 
Fufeng Bureau of Meteorology (which lies <10 km south 
of the watershed), long-term (1958–2016) mean annual air 
temperature is 12.7 °C, relative humidity 72%, wind speed 
1.5 m  s−1 and precipitation 580 mm. Precipitation mainly 
occurs during the growing season (~81% of the annual total) 
and has a large inter-annual variation (coefficient of varia-
tion of 0.3).

The Yeheshan watershed has a hilly-gully topography 
typical of the Loess Plateau. The main soil type is silt loam 
with mean particle size distribution of 73.4% silt, 20.9% 
clay and 5.8% sand. The water table is over 50 m below the 
surface. Forest covers ~90% of the watershed and is made up 
of a mosaic of pure plantation stands of different deciduous 
and coniferous species, dominated by Robinia pseudoacacia 
plantations.

Fig. 1  Location of the study site

Table 1  Characteristics of the 
experimental plots

Asp. is aspect, Elev. is elevation (m.a.s.l.), Den. is tree density (tree  ha−1), DBH is diameter at breast height 
(cm), Height is tree height (m), BA is basal area  (m2  ha−1), C is canopy cover, LAI is leaf area index  (m2 
 m−2), data are the mean of respective experimental plot during both leaf and leafless seasons in 2015 and 
2016

Plot Latitude Longitude Slope Asp. Elev Den DBH Height BA C LAI

34.55 N 107.9223E 7° SW 920 1480 11.8 11.2 16.5 0.54 1.50
2 34.5507 N 107.9226E 5° SW 930 1600 11.7 11.1 17.5 0.53 1.48
3 34.5501 N 107.9239E 5° S 940 1720 11.7 10.7 17.8 0.56 1.54
4 34.5492 N 107.9233E 4° S 915 1520 11.2 11.2 14.3 0.54 1.45
5 34.5718 N 107.9269E 7° S 1040 1120 9.5 8.5 8.6 0.37 1.05
6 34.5542 N 107.9265E 5° S 1020 1240 9.7 8.3 10.7 0.35 1.01
7 34.5625 N 107.9113E 9° SE 1085 2000 10.8 9.7 17.9 0.49 1.42
8 34.56 N 107.92E 9° SE 1050 1800 11.0 10.3 17.8 0.48 1.38
9 34.5584 N 107.9195E 7° S 1035 2080 10.5 9.4 17.1 0.46 1.39
Mean – – – – 993 1618 10.9 10.0 15.4 0.48 1.35



532 C. Ma et al.

1 3

Nine 50 m × 50 m plots in one Robinia plantation with 
different structural characteristics were selected and estab-
lished at least 50 m from each other (Table 1). The plots 
were located in a relatively gentle slope with gradients of 
4–9°. The Robinia plantation was established in 2002 on 
former farmlands and there were no systemic management 
practices because of prohibitions under protection forest 
laws. The understory is species of grasses, including Stipa 
bungeana Trinius, Artemisia sacrorum Ledeb. and Artemisia 
scoparia Waldst et Kit. Detailed description of the charac-
teristics of forest structure in the experimental plots is sum-
marized in Table 1.

Gross rainfall, throughfall and stemflow

From 1st Jan. 2015 to 31st Dec. 2016, measurements of 
gross rainfall, throughfall and stemflow were taken simul-
taneously for each forest plot. Gross rainfall was measured 
using both automatic and manual rain gauges. Three manual 
funnel rain gauges (30 cm diameter) were installed <30 m 
from each plot in the open. Manual rain gauges were posi-
tioned 0.8 m above the forest floor to avoid splash and pre-
vent damage from animals. The horizontal angle between the 
gauge and the surrounding tree rows was reduced to less than 
45° in order to reduce any disturbance from the surrounding 
environment on gauge measurement. Due to limited finan-
cial resources, only two T-200B type weighing bucket rain 
gauges (Geonor AS, Eiksmarka, Norway) were used in the 
study. The two automatic rain gauges were connected to a 
CR1000 data logger (Campbell Scientific Inc., Logan, UT, 
USA) and installed in an open location <30 m next to plots 
5 and 7. The manual rain gauges were read immediately 
after each rainfall event. In the study area, a rainfall event is 
defined as a period with more than 0.2 mm of total rainfall 
occurring at least six hours apart (Ma et al. 2019). Field 
measurements with two leaf wetness sensors (237L, Camp-
bell Scientific Inc., Logan, UT, USA) confirmed that this 
time interval was sufficient for the canopy to dry completely. 
During the experimentation period, there were good matches 
between manual and automatic rain gauges readings (<5% of 
difference), with no systematic bias. Therefore, the average 
rain gauge was used in the analysis of rainfall partitioning.

Throughfall in each plot was measured using 30 manual 
rain gauges identical to those used for gross rainfall measure-
ment. The throughfall rain gauges were installed randomly 
under and between trees in each plot, and covered by a nylon 
mesh to prevent leaves and other debris from entering the 
collectors and to reduce rainwater loss through splashing. To 
reduce spatial variability of throughfall measurements, half 
of the rain gauges were replaced randomly in new positions 
after every three rainfall events (Crockford and Richardson 
2000). The stand level throughfall was determined as the 
average of the 30 rain gauges in each plot.

Stemflow was measured on 13 trees in each plot and was 
collected using spiral stemflow collars constructed from 
ordinary 20-cm plastic garden hoses. The garden hose was 
attached at breast height in an upward spiral pattern using 
silicon sealant. In the case of trees with rough bark, the bark 
was shaved prior to installation of the stemflow collar. Stem-
flow down the trunks was diverted to a 50-L bucket placed at 
the base of the tree. Stemflow depth (Sf) was determined as:

where, VSF is stemflow volume and CA is canopy area  (m2). 
Tree level stemflow depth was scaled up to the stand level 
following Fan et al. (2014) using Eq. (2):

where Sf_stand is the upscaled stemflow depth (mm) for a 
specified stand area of A  (m2); n is the number of DBH 
classes; and Sn the average stemflow volume (ml) collected 
from m trees in the DBH class.

Interception loss (mm) was determined as the difference 
between gross rainfall amount and the sum of throughfall 
and stemflow.

Canopy storage capacity (S)

Canopy storage capacity (S), is the maximum amount of 
rainwater a canopy can hold (Klaassen et al. 1998). S can be 
estimated from direct and indirect methods (Pypker et al. 
2005; Sadeghi et al. 2015). Due to the relatively low cost 
and lack of complex instrumentation, the regression-based 
indirect method proposed by Wallace and McJannet (2008) 
was used in this study to extrapolate the linear relationship 
between gross rainfall and the sum of throughfall and stem-
flow for a rainfall event large enough to saturate the canopy. 
S was recorded as the negative intercept on the y-axis for the 
established relationship where gross rainfall minus the sum 
of throughfall and stemflow is equal to S.

Canopy parameter measurement

Leaf area index (LAI) and canopy cover (C) are two physi-
ological parameters widely used to quantify the forest can-
opy structure, and are also good indicators of tree growth 
and phenology (Fathizadeh et al. 2017; Tie et al. 2017). 
The crown and leaf surfaces are the main sites for rainwa-
ter retention and are reflected by LAI and C in controlling 
canopy rainfall interception. To investigate the relationship 
between rainfall interception and canopy structure, LAI and 
C were estimated using hemispherical photographs taken 

(1)Sf =
VSF

CA

(2)Sf_stand =

n
∑

i=1

Sn ⋅ m

A ⋅ 104
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with a Nikon D100 digital camera fitted with a fish-eye 
adapter lens (Baret and Weiss 2004). LAI and C were meas-
ured twice every month (on the first and on the last 10 days) 
in each plot. Twelve photographs were taken each time 
within each plot on cloudy days or at dusk or dawn under 
uniform sky conditions. To reduce the effect of the surround-
ing environment on LAI and C estimates, the camera was 
oriented such that the edge of the photo was perpendicular 
to the tree row in each plot (Macfarlane et al. 2007). The 
photos were processed using CAN-EYE software (version 

6.3) to obtain LAI (during the leaf season), WAI (during the 
leafless season) and C for each forest site.

BA_bark is an important dimension of a forest, with 
significant implications for respiration, energy exchange, 
and water and mineral budgets (Whittaker and Woodwell 
1967). To estimate  BA_bark of Robinia pseudoacacia in this 
study, allometric equations which relate DBH to stem bark 
surface area (SBA) and branch bark surface area (BBA) were 
used, and the two formed the components of the  BA_bark. 
The allometric equation was developed using an extentsive 
destructive sampling method. In October 2014, 10 Robinia 
trees were felled next to the experimental plots, and the 
bark surface area of trunks and branches measured accord-
ing to Whittaker and Woodwell (1967). The logarithms of 
the variables were then regressed with the logarithms of 
DBH. A detailed description of the equations is shown in 
Fig. 2. Other forest morphological characteristics such as 
stand density (trees/ha), height (TH), basal area (BA) were 
also measured in each plot.

Statistical analysis

One-way ANOVA analysis (p < 0.05) was used to test 
statistical differences of the percentages of throughfall, 
stemflow and interception loss between leaf and leafless 
seasons. Additionally, multiple linear regression models 
were developed using field measurements in leaf and leaf-
less seasons in 2015 to determine the relationship between 
relative canopy interception losses (ratio of interception 

Fig. 2  Relationship between DBH (cm) and bark surface area (BBA, 
branch bark surface area; SBA, stem bark surface area,  cm2) for a Rob-
inia plantation; data were log transformed and significance of linear 
regression verified using F-test (p < 0.05)

Fig. 3  Canopy storage capac-
ity (S) was estimated from 
the regression-based indirect 
method (Wallace and McJan-
ner 2008), relative interception 
loss was calculated as the ratio 
between measured interception 
loss and gross rainfall (GR)
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loss to gross rainfall), S and canopy parameters of C, LAI, 
WAI and BA. Data obtained in the seasons with and with-
out leaves in 2016 were used to validate the regression 
models. The differences in observed and predicted rela-
tive canopy interception loss and S were evaluated using 
the coefficient of determination (R2) and root mean square 
error (RMSE). High values of  R2 and low values of RMSE 
indicated high accuracy of the developed regression mod-
els in predicting relative interception loss (ratio of inter-
ception loss to total gross rainfall) and S. The descriptive 
regressions and statistics were performed using SPSS 25.0 
statistical software (SPSS Inc., Chicago, IL, USA). The 
flowchart of this study is shown in Fig. 3.

Results

Rainfall partitioning

The measured rainfall and the partitioned components (i.e., 
throughfall, stemflow and interception loss) during the grow-
ing season and months without leaves in 2015 and 2016 
are given in Table 2. A total of 163 rainfall events were 
identified during the two years in the season with leaves, the 
growing season (120 events) and the season without leaves 
(43 events), resulting in a cumulative rainfall of 1002.1 mm 
(80.7% of total gross rainfall (Pg) in the growing season and 
240.1 mm (19.3% of Pg) in the leafless season These per-
centages were similar to the long-term (1958–2014) mean 
seasonal values of 80.5% in the growing season and 19.5% 
in the leafless season. The range of rainfall was 0.2–57.6 mm 
in the growing season, with an average of 8.4 mm and SD 
of ± 11.4 mm. The corresponding amounts in the leafless 

season was 0.2–41.6 mm, with an average (SD) of 5.6 mm 
(± 6.7 mm).

Overall, the average cumulative throughfall was 
1020.5 ± 297.9 mm, accounting for 82.2% of Pg. The aver-
age was 80.6% during the growing season, with a range of 
77.6%–85.0%. This increased to 88.7% in the leafless sea-
son, with a range of 86.9%–91.1% (Table 2). The average 
cumulative stemflow across the plots was 15.3 mm for the 
growing season and 4.6 mm for the leafless season, with the 
former accounting for 1.5% and the latter for 1.9% of the 
rainfall. In contrast to throughfall and stemflow percentages, 
average interception loss (I: Pg) was higher in the growing 
season (17.9%) than for the months without leaves (9.2%). 
However, the difference between the two seasons was not 
significant at p = 0.46 (Table 2). Accordingly, the event-
based average interception loss was 14.5%–20.0% for the 
growing season and 6.9%–11.1% for the leafless season.

Bark surface area  (BA_bark) and canopy storage (S)

Figure 2 shows the relationship between DBH and  BA_bark 
(BBA and SBA) for the Robinia plantation. Linear regression 
analysis for BBA, SBA and DBH showed that log  (BA_bark) was 
significantly positively correlated (p < 0.05) with log (DBH). 
However, there were marked differences in the slopes, inter-
cepts and coefficients of determination between BBA and SBA, 
indicating that they increased differently with increasing tree 
size. Overall, the estimated average  BA_bark was 12.9  m2, 
with a range of 6.2–18.0  m2.

The estimated canopy storage for the Robinia plantation 
plots during the growing seasons and leafless seasons in 
2015 and 2016 are shown in Figs. 4 and 5 and Figs. S1 and 
S2. The relationships between canopy interception loss and 

Table 2  Throughfall, stemflow 
and interception loss in the plots 
during 2015–2016

I is interception loss; Tf is throughfall and Sf is stemflow; gross rainfall during growing and leafless seasons 
are 1002.1 mm and 240.1 mm, respectively, the number of rainfall events during growing and leafless sea-
sons are 120 and 43, respectively; values in parentheses are the percentage to corresponding gross rainfall; 
different lower-case letters in the mean value (%) between the growing and leafless seasons indicate sig-
nificant difference at p < 0.05. Growing season: May 2015–Oct. 2015 and May 2016–Oct. 2016; Leafless 
season 2015: Jan.–Apr. and Nov.–Dec.; 2016: Jan.–Apr. and Nov.–Dec

Plot Growing season (May–October) Leafless season (November–April)

I Tf Sf I Tf Sf

1 196.4 (19.6%) 786.1 (78.5%) 19.5 (2.0%) 25.5 (10.6%) 208.6 (86.9%) 6.0 (2.5%)
2 187.4 (18.7%) 789.2 (78.8%) 25.6 (2.6%) 24.5 (10.2%) 211.4 (88.1%) 4.2 (1.8%)
3 199.9 (20.0%) 777.1 (77.6%) 25.1 (2.5%) 26.7 (11.1%) 209.8 (87.4%) 3.6 (1.5%)
4 194.4 (19.4%) 782.1 (78.1%) 25.6 (2.6%) 25.9 (10.8%) 209.0 (87.1%) 5.2 (2.2%)
5 150.8 (15.1%) 843.3 (84.2%) 8.0 (0.8%) 17.5 (7.3%) 216.0 (90.0%) 6.6 (2.8%)
6 145.3 (14.5%) 851.8 (85.0%) 5.0 (0.5%) 16.6 (6.9%) 218.7 (91.1%) 4.8(2.0%)
7 186.4 (18.6%) 801.7 (80.0%) 14.0 (1.4%) 21.8 (9.1%) 214.4 (89.3%) 3.8 (1.6%)
8 174.9 (17.5%) 821.2 (82.0%) 6.0 (0.6%) 21.5 (9.0%) 215.1 (89.6%) 3.4 (1.4%)
9 177.4 (17.7%) 815.7 (81.4%) 9.0 (0.9%) 22.2 (9.3%) 213.4 (88.9%) 4.4 (1.9%)
Mean 179.2 (17.9%)a 807.6 (80.6%)b 15.3 (1.5%)b 22.6 (9.4%)a 213.0 (88.7%)a 4.6(1.9%)a
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the sum of throughfall and stemflow differed between the 
plots and seasons. Over the study period, the estimated aver-
age canopy storage was 0.8 ± 0.1 mm, with the highest aver-
age (0.9 mm) occurring in plot 3 and the lowest (0.6 mm) 
in plot 6. For the different seasons, the estimated average S 
was 1.3 ± 0.1 mm and range of 1.0–1.5 mm for the growing 
season. This dropped significantly (p < 0.05) to an average 
of 0.2 mm and range of 0.1–0.3 mm for the leafless season.

Canopy structure variables and hydrological 
relationships

The relationships between canopy structure variables, 
including tree density (trees  ha−1), TH (m), BA  (m2  ha−1), 
C and  BA_bark  (m2  tree−1), LAI/WAI  (m2  m−2) and canopy 
hydrological components of S and I: Pg are plotted in Figs. 6 
and 7. On the whole, linear relationships existed between the 
six canopy structure indices and the two canopy hydrologi-
cal components. The performance was more robust (except 
for tree density) in the leafless season than in the growing 
season. R2 values were different among the relationships, 

indicating that controls on canopy structure were different 
for S and I: Pg. Based on the R2, the correlations generally 
indicated that C and LAI/WAI were the key canopy structure 
variables driving the variations of S and I: Pg, followed by 
 BA_bark, BA, TH and tree density (Figs. 6 and 7).

Multiple linear regression analysis

For the experimental periods of the growing season and 
leafless season in 2015, canopy structure variables (C, LAI/
WAI and  BA_bark) with significant correlations (p < 0.05, 
R2 > 0.65) with canopy hydrological components (i.e., S and 
I:Pg), were used to build the multiple regression models for 
the prediction of S and I: Pg (Table 3). Three variables were 
positively linearly correlated with S and I: Pg, with R2 > 0.98 
for S and R2 > 0.96 for I: Pg. This suggested that the variables 
were key indicators for canopy hydrological components. To 
test and verify the regression models, observed and simu-
lated values of S and I: Pg for the growing season and the 
leafless season in 2016 were compared (Fig. 8). The results 
showed that the slopes of the linear regressions between the 

Fig. 4  Linear flux-response relationship (Spearman correlation) 
between POD1 within the Light Exposed Sampling Site (POD1_
LESS) and the percentage of symptomatic plant species within the 

LESS (VI_LESS) over the period 2017–2019 (n = 24), with 95% 
confidence interval of observed (gray line) and predicted (dot-dashed 
gray line) values
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observed and simulated values were close to 1.0 (0.90–1.14) 
with R2 > 0.95. This indicated that the regression models had 
an overall robust and stable performance.

Discussions

Canopy interception loss

During the growing season, average canopy interception 
loss was 17.9% of Pg, consistent with the 18.4% reported 
by Ma et al. (2019) and the 20.0% reported by Sadeghi 
et al. (2016) for a Robinia pseudoacacia plantation in a 
semiarid region in Iran. For the leafless season, average 
interception loss for all plots was 9.4%, similar to the 
9.2% report by Ma et al. (2019). The significantly higher 
(p < 0.05) interception loss percentage for growing sea-
son relative to the leafless season is in agreement with 
the findings in other studies for R. pseudoacacia planta-
tions and for deciduous forests (Levia and Frost 2003; Šraj 

et al. 2008; Fathizadeh et al. 2018; Ma et al. 2019). The 
decrease in percent interception loss for the leafless season 
was likely due to the loss in leaf mass, LAI and C. This 
is evident in the positive relationship between LAI, C and 
canopy interception loss percent plotted in Fig. 6 (Park 
and Cameron 2008; Molina and del Campo 2012). The 
drop in interception loss (or increase in net rainfall) in for-
est ecosystems increased soil water content, which in turn 
enhanced tree growth and water use efficiency (Worbes 
1999). Thus, in water-limited arid/semiarid regions, where 
rainfall is the main source of water for vegetation growth, 
management policies should be driven by prevailing water 
conditions, e.g., thinning vegetation to limit canopy inter-
ception loss and the resilience/resistance of remaining 
trees to drought stress.

Fig. 5  Estimation of canopy storage capacity (S, mm) during the leafless season (November–April) in 2015 according to Wallace and McJannet 
(2008); Tf is throughfall, Sf stemflow and GR gross rainfall
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Bark surface area  (BA_bark) and canopy storage 
capacity (S)

For all plots, log (SBA or BBA) was significantly (p < 0.05) 
and positively correlated with log (DBH) (Levia and Her-
witz 2005; Hofhansl et al. 2012). Similarly, Whittaker and 
Woodwell (1967) investigated  BA_bark relations with DBH 
in temperate deciduous forest communities and noted that 

SBA or BBA could be estimated from the regression of log 
 (BA_bark) and log (DBH).

In terms of S, the average values were significantly 
higher (p < 0.05) for the growing season (1.3 mm) than 
for the leafless season (0.2 mm); this is consistent with 
the findings in other Robinia pseudoacacia plantations and 
deciduous forests (Carlyle-Moses and Price 2007; Fathiza-
deh et al. 2017; Ma et al. 2019). Carlyle-Moses and Gash 
(2011) noted that S is influenced by several factors such as 
plant morphological attributes (e.g., LAI, C,  BA_bark and 

Fig. 6  The relationship between canopy storage capacity and canopy 
variables: tree density (D, trees  ha−1), canopy height (TH, m), basal 
area (BA,  m2  ha−1), canopy cover (C), bark area (BA_bark,  m2  tree−1) 

and leaf/wood area index (LAI/WAI,  m2  m−2) for all plots during the 
growing seasons and leafless seasons in 2015 and 2016
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BA) and rainfall characteristics (rainfall intensity, dura-
tion and amount, and rain drop size distribution), climatic 
conditions (wind speed and direction) and measurement 
errors. This makes it difficult to generalize the behavior 
of S. However, this study showed that the decrease in can-
opy storage capacity during the leafless season depended 
mainly on the reduction in LAI and C. This is reflected 
in the positive relationship between C, LAI (WAI) and 
S (Waterloo et al. 1999; Fathizadeh et al. 2017; Ma et al. 
2019).

Key canopy characteristics controlling S and I:  Pg

Rutter et al. (1975) and Gash et al. (1995) noted that can-
opy interception loss is driven by S, C, wet-canopy evapo-
ration rate, rainfall characteristics ( rainfall intensity and 
amount) and other plant morphological traits, for example, 
trunk water storage capacity and the proportion of rainwa-
ter diverted into stemflow. Among these factors, S and C 
are the two most important traits driving interception loss 
(Fathizadeh et al. 2017). Moreover, S has a close relation-
ship with canopy structure parameters such as LAI, C, TH, 

Fig. 7  Relationship between the relative interception loss (the ratio 
of interception to gross rainfall) and canopy variables: tree density 
(D, trees  ha−1), canopy height (TH, m), basal area (BA,  m2  ha−1), can-

opy cover (C), bark area (BA_bark,  m2  tree−1) and leaf/wood area index 
(LAI/WAI,  m2  m−2) for all plots during the growing seasons and leaf-
less seasons in 2015 and 2016
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 BA_bark, DBH and tree density (Deguichi et al. 2006; Li et al. 
2016). To explore the key factors of canopy structure con-
trolling variations in I and S in R. pseudoacacia plots in 
this study, the relationships between average interception 

loss (I: Pg), canopy storage capacity (S) and the six main 
canopy parameters (stand density, TH,  BA_bark, C, BA and 
LAI/WAI) during the growing seasons and the leafless sea-
sons in 2015 and 2016 were depicted in scatter-plots (Figs. 6 
and 7). They show significant (p < 0.05) linear correlations 
between S and C, LAI and  BA_bark for the growing season, 
explaining 91%, 90%, and 65%, respectively, of the variation 
in canopy storage capacity (Figs. 8d–f). The correlations 
(R2 = 0.65–0.91) of S to C, LAI and  BA_bark were stronger 
than those of S to BA and HT (R2 = 0.56–0.57). Fathizadeh 
et al. (2017) carried out a study in Zagros forest in a semi-
arid region in Iran and noted that the correlations of S to 
C, LAI and HT (R2 = 0.82–0.92) were similar to that of S 
to BA (R2 = 0.93). However, there was no significant cor-
relation between S and stand density (p = 0.17; R2 = 0.21) 
for the growing season (Fig. 6a), consistent with the report 
by Fathizadeh et al. (2017). Similar to the regression results 
for the growing season, correlations of S to C, WAI and 
BSA (R2 = 0.89–0.94, Fig. 6) for the leafless season were 
stronger than that of S to BA and TH (R2 = 0.58, Fig. 6). 
There was also no significant correlation of S to stand den-
sity (p > 0.05, R2 = 0.12). Similarly, Fathizadeh et al. (2017) 
reported higher correlations (R2 = 0.70–0.97) of S to canopy 
parameters including C, WAI and BA for the leafless season.

There was a significant relationship (p < 0.05) between 
I: Pg and C and LAI for the growing season, accounting for 
92% and 94%, respectively, of the variation in I: Pg (Figs. 7d, 
and 7f). The positive correlations of C and LAI to I: Pg 
were significantly higher (p < 0.05) than those of  BA_bark 
and BA to I: Pg (Fathizadeh et al. (2017). However, in a 
study of a lower montane rainforest in Central Sulawesi in 

Table 3  Results of multiple regression models investigating canopy 
storage capacity (S) and relative interception loss (interception/gross 
rainfall) to the predictor variables bark area  (m2/tree), canopy cover 
(C) and leaf /wood area index (LAI,WAI),  m2  m−2) for all plots in 
2015

Coefficients Growing season (May–
October)

Leafless season 
(November–April)

S Relative inter-
ception

S Relative 
intercep-
tion

Intercept 0.272 0.059 -0.217 0.015
SE 0.105 0.013 0.094 0.022
p-value 0.041 0.004 0.061 0.509
Bark area 0.002 0.001 0.007 0.001
SE 0.006 0.001 0.003 0.001
p-value 0.108 0.065 0.037 0.041
c 0.842 0.067 0.107 0.053
SE 0.306 0.039 0.026 0.121
p-value 0.033 0.013 0.015 0.067
LAI (WAI) 0.181 0.029 0.824 0.140
SE 0.081 0.010 0.477 0.110
p-value 0.046 0.021 0.013 0.024
R2 0.98 0.97 0.99 0.96
F-statistic 91.17 77.35 100.19 57.15
p-value 0.00 0.00 0.00 0.00

Fig. 8  Comparison between 
observed and predicted relative 
interception loss (I: Pg) and 
canopy storage capacity (S) 
during the growing season and 
leafless season in 2016
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Indonesia, Dietz et al. (2006) found that LAI and C were 
weakly negatively correlated with interception loss, but had 
a higher positive correlation of  BA_bark with interception 
loss. In studies of two boreal forests in Siberia and five tem-
perate forests in Japan, Toba and Ohta (2005) observed that 
canopy interception loss was inversely correlated with LAI/
WAI. This was attributed to the stronger effect of meteoro-
logical variables on interception loss than in canopy struc-
ture. Dietz et al. (2006) also noted that canopy interception 
loss was significantly positively correlated (p < 0.01) with 
TH. Although this was similar to the findings in this study, 
the correlations in our study were much weaker (with much 
lower R2) than those reported by Dietz et al. (2006) and 
Fathizadeh et al. (2017). In this study, stand density was 
not significantly correlated with canopy interception loss 
(Dietz et al. 2006; Fathizadeh et al. 2017). In the leafless 
season, the correlation of I: Pg with each of the six canopy 
parameters was similar to the regression results obtained for 
the growing season with similar R2. WAI and C were highly 
correlated with interception loss, followed by  BA_bark, BA, 
TH and tree density.

The findings in this study, to some extent, indicate that 
the methods used in some canopy interception loss models 
driven by canopy parameters (such as S and C), should con-
sider LAI/WAI and tree  BA_bark for deciduous species under 
environmental/hydroclimatic conditions similar to those on 
the Loess Plateau. However, a more in-depth analysis of the 
correlation between canopy interception loss and LAI/WAI 
and tree  BA_bark is still needed. This can be guided on the 
basis of individual rainfall events to better show the effects 
of LAI/WAI and tree  BA_bark on canopy interception loss.

Multiple regression equations for S and I:  Pg

To accurately predict canopy interception loss, multiple 
regression models, instead of the frequently used single 
regression models, for the influencing factors of rainfall 
interception were used (Zheng et al. 2018). Rainfall char-
acteristics (all amount, duration and intensity) have been 
used in combination with canopy structure parameters (e.g., 
leaf area index or LAI) to estimate interception loss (Zhang 
et al. 2015; Zheng et al. 2018). To better represent the effect 
of canopy parameters on I: Pg and S, three canopy param-
eters (C, LAI/WAI and tree  BA_bark), strongly correlated 
with relative interception loss and S, were used to establish 
the regression equations for the estimation of I: Pg and S 
(Table 3). The results indicate that regression equations with 
the selected canopy parameters greatly improved estimation 
of I: Pg and S. The correlations of I: Pg and S in combina-
tion with C, LAI/WAI and  BA_bark were all more significant 
(p < 0.05) than with individual C, LAI/WAI and  BA_bark for 
both growing seasons and leafless seasons. The combined 
parameters explained 97% and 96% of the variations in I: Pg 

for the growing seasons and leafless seasons, respectively. 
The corresponding values of S for the growing seasons and 
leafless seasons were 98% and 99%, respectively.

To test and verify the application of the regression models 
developed in this study, the predicted relative interception 
loss and S from regression models were further compared 
with measured values for the growing season and leafless 
season in 2016 (Fig. 8). It showed that the slopes of the 
linear regressions between the simulated and observed val-
ues (I:Pg and S) were close to 1.0, suggesting satisfactory 
performance of the models. However, the RMSE for the 
observed and simulated I:Pg and S was slightly higher for 
the growing season (I:Pg = 0.008; S = 0.04 mm) than for the 
leafless season (I:Pg = 0.006; S = 0.02 mm). This indicated 
less influence of the three canopy parameters, C, LAI and 
BSA on I:Pg and S during the growing season. The relatively 
higher RMSE and lower R2 of the simulated and measured 
I:Pg and S for the growing season in 2016 was caused by the 
larger differences in C and LAI between 2015 and 2016. In 
this study, the regression models used were based on meas-
ured data in 2015, for which mean values of C = 0.75 and 
LAI = 2.33  m2  m−2 were higher than those in 2016, with 
means of C = 0.71 and LAI = 2.21  m2  m−2. This potentially 
induced larger bias in the coefficients of the regression mod-
els (Table 3) that eventually resulted in even larger bias in 
the simulated and observed I: Pg and S in 2016 (Fig. 8).

Implications of the regression models

The results confirmed that canopy hydrological components 
such as I and S have a strong correlation with canopy struc-
ture variables such as leaf area index, canopy cover, height, 
bark area, diameter at breast height and stand density. Thus, 
to investigate the effects of changes in canopy structure 
on the water balance in forest watersheds, the correlation 
between canopy structure variables and canopy hydrologi-
cal processes cannot be ignored. Moreover, changes in can-
opy structure variables such as canopy cover and leaf area 
index induced by tree dieback or mortality can directly limit 
transpiration and interception loss of rainwater, influencing 
variations in soil water and surface runoff. Thus, species 
with large- scale dieback and mortality, as was the case in 
most R. pseudoacacia plantations on the Loess Plateau, can 
have substantial indirect effects on hydrological processes 
and regional water balances. The strong correlation between 
dieback and mortality and canopy variables observed in this 
study can help to better understand their effects on plant 
hydrological processes.



541Estimation and testing of linkages between forest structure and rainfall interception…

1 3

Conclusions

In this study, approximately 18% in the growing season 
and 9% in the leafless season of gross rainfall in semiarid 
Robinia pseudoacacia plantations evaporated back into the 
atmosphere during or after a rainfall event. Average canopy 
storage capacity estimated using the regression method of 
Wallace and McJannet (2008) was 1.3 mm for the growing 
season and 0.2 mm for the leafless season. Canopy struc-
ture variables, including leaf/wood area index (LAI/WAI), 
canopy cover, height, bark area, diameter, and stand density 
were good indictors of canopy hydrological processes such 
as relative interception loss and storage capacity, although 
this changed with changing variables and seasons. With 
canopy cover, leaf/wood area index, and bark area, canopy 
hydrological components for both the growing seasons 
and the leafless seasons were predicted accurately by the 
regression models developed in this study. Overall, canopy 
structure variables were informative in predicting canopy 
hydrological processes. However, further studies with fur-
ther description of the linkages between canopy structure 
variables, including the ones used in this study, and canopy 
hydrological processes are needed for better understanding 
of the effects of changes in canopy morphology on forest 
hydrological processes for integration into future hydrologi-
cal models.
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