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Abstract: Large debris flows have destroyed the infrastructure and caused the death of people living 
in the Moxi Basin (Sichuan Province, Southwestern China). Inhabitants of the Moxi Basin live on the 
flat surfaces of debris-flow fans, which are also attractive for farming. During the monsoon season 
debris flows are being formed above the fans. Debris flows can destroy the houses of any people liv-
ing within the fan surfaces. In order to prevent the adverse effects of flows, people plant alder trees 
(Alnus nepalensis) at the mouths of debris flow gullies running above debris flow fans. Alders are 
able to capture the debris transported during flow events. Trees are well adapted to surviving in con-
ditions of environmental stress connected with abrupt transport and deposition of sediment from de-
bris flows. Numerous wounds, tilting and bending of alder trees caused by debris flows only very 
rarely cause the death of trees. By dating scars and dating the time of alder tilting (through the analy-
sis of annual rings), we have determined the frequency of debris flows occurring at the mouth of the 
Daozhao valley. In 1980-2012 within the studied debris-flow fan and the Daozhao gully, 2 large de-
bris flow events occurred (1996, 2005) and some smaller events were probably recorded every  
2-3 years. 
 
Keywords: debris flow; dendrochronology; tree wound dating; eccentric growth of trees dating; 
South-Western China. 

 
 
 
1. INTRODUCTION 

Debris flows mainly develop as a result of heavy rain-
falls, which are usually short-lasting (Caine, 1980; Reid 
et al., 1988; Kotarba, 1992; Fiorillo and Wilson, 2004). 

They also develop as a consequence of snow melts (Bar-
dou and Delaloye, 2004; Decaulne et al., 2005), and their 
appearance can also be intensified by earthquakes occur-
ring at the same time as strong rainfalls (Lin et al., 2003; 
Tang et al., 2012). Recently, due to the rapid melting of 
glaciers, we have observed an increase in debris flow 
occurrence in high-mountain areas (Chiarle et al., 2007). 
Because of this, more and more attention is being devoted Corresponding author: I. Malik 
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to different ways of preventing the adverse effects of 
debris flow occurrence. New methods are being devel-
oped for predicting and mitigating against debris flow 
events (Berti and Simoni, 2007; Miller and Burnett, 2008; 
Conway et al., 2010). 

Most of the debris flow events are initiated above 
timberlines or in other areas where there is a lack of 
dense forest cover. A reduction in event energy is ob-
served when debris flows enter forests. The suppression 
of debris flow movement by forests and the influence of 
trees on the shape of debris flow has been reported in a 
few research papers (May, 2002; Ishikawa et al., 2003, 
Lancaster and Hayes, 2003, Matyja, 2007; Malik and 
Owczarek, 2009; Šilhán and Pánek, 2010). 

Debris flows are a widespread and frequent phenome-
non causing extensive damage in south-western China, 
particularly in the Sichuan Province, where the studies 
presented in this paper were carried out. This area is 
referred to as both “the land of abundance” and the “geo-
logical disasters museum” (Dai, 2002; Yan and Yue, 
2004). Several debris-flow events were recorded recently 
in Southwestern China. These debris flows have threat-
ened and destroyed the local infrastructure and caused the 
death of people (Tang et al., 2012a, 2011). Therefore 

prediction and mitigation of debris flows in the area is 
particularly important (Tang et al., 2012b; Tie, 2013).  

The people living in the mountainous areas of Si-
chuan Province often occupy small debris-flow fans lo-
cated at the foot of gullies formed in loose moraine sedi-
ments (Fig. 1A). The debris flows which develop in these 
areas destroy houses and threaten human lives (Fig. 1B). 
Local people plant Alnus nepalensis saplings on fan sur-
faces in order to protect their villages from destruction by 
debris flows (Fig. 2A). Alder trees growing within the 
fans are being wounded and tilted by the debris transport-
ed during flows. At the same time, the trees slow the 
movement of debris flows and capture a portion of the 
debris, thus protecting people and their houses (Fig. 2B). 
This creates an opportunity for carrying out dendrochron-
ological studies on human-planted alder specimens. 

Dendrochronological dating is increasingly frequently 
used in geomorphic studies (e.g. Zielonka et al., 2009; 
Zielonka and Dubaj, 2010; Migoń et al., 2010; Malik and 
Wistuba, 2012; Šilhán, 2012; Šilhán et al., 2012). The 
debris flow phenomenon is often investigated by analys-
ing the ring width and wood anatomy of affected trees 
(Baumann and Kaiser, 1999; Malik, 2004; Stoffel et al., 
2005; Hrádek and Malik, 2007; Malik and Matyja, 2008; 

 
Fig. 1. The debris flow fan under study, (A) – the village is located on 
the debris flow fan and the planted alders are marked with arrows,  
(B) – one of the houses destroyed by debris flows. 

 

 
Fig. 2. Alders growing on fan under study, (A) – an alder plantation,  
(B) – an alder specimen wounded by a debris flow, (C) – an alder 
specimen tilted by a debris flow. 
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Malik and Owczarek 2009; Stoffel, 2010; Bollschweiler 
et al., 2011; Lopez Saez et al., 2011; Procter et al., 2011). 
Commonly used dendrochronological markers in this 
type of study include an abrupt reduction in tree ring 
width, growth release and scars, as well as in the age of 
adventitious roots. 

The aim of the study was to determine the role played 
by planted alders in the protection of settlements and 
people living within relatively small debris flow fan. This 
objective was realised by: 
1) estimating the amount of trees capturing debris 

transported during flow episodes, 
2) determining the frequency of debris-flow episodes by 

dendrochronological dating of wounds in trees and 
dendrochronological dating of stem tilting/bending 
using an eccentricity index of tree growth,  

3) determining the ways in which alder trees adapt to 
growth in conditions of debris flow occurrence. 

2. THE STUDY AREA 

The study site is located within the Moxi Basin, Si-
chuan Province, Southwestern China (Fig. 3A). This area 
is under a fast tectonic uplift (approximately 2 mm per 
year), which is the most important reason for the occur-
rence of intensive erosion and drainage pattern changes in 
the study area (Fielding, 1996; Clark et al., 2004). Fast 
temperate glaciers retreat in the monsoonal climate zone 
and high discharges determine the increasing river inci-
sion and slope instability (Su Z and Shi Y, 2002; Li et al., 
2010a). Due to this, valleys in the Moxi Basin are deep 
and have steep slopes. Tectonic activity and intensive 
precipitation cause the development of numerous debris 
flows and landslides in the study area.  

The research area is located in the temperate monsoon 
region with a semi-humid climate (Leber et al., 1995). It 
is characterized by a cool, wet summer season and a cold, 
dry winter season. The climatic characteristics of the area 
are influenced by the south-eastern monsoon and warm 
humid current from Sichuan basin. The yearly average 
temperature in Garze (40 km north from Moxi Basin) is 
6.2°C; and the yearly average precipitation is 631 mm, 
but the vast majority of rainfalls occur between June and 
September (Fig. 4). The amount of precipitation distinctly 
increases in the highest parts of the research area (Minya 
Konka massif) and reaches 1000-3000 mm/year (maxi-
mum in August - c. 325 mm/month) (Li Z et al. 2010b).  

In order to conduct an in-depth study, we selected a 
debris flow fan located at the mouth of a gully named 
Daozhao (Fig. 3B). The northern part of the fan is occu-
pied by small Zhetianba village. The bedrock in the study 
area is composed of Permian age granite. In the catch-
ment where the investigated debris flow gully and fan are 
located, the bedrock is mainly composed of glacial depos-
its (mainly loamy, poorly sorted moraine deposits) from 
the Pleistocene and Holocene (Tie, 2013). The valley 
head of the gully under study is located 3675 m a.s.l., 

while the debris fan is located between 2020 and 2131 m 
a.s.l. (Fig. 3). The gully is c. 4 km long, with an average 
slope of 31.5%. The debris-flow fan under study is 731 m 
long and 1100 m wide at its broadest point. Its average 
inclination is 10.1%. The total area of the fan is 0.34 km2. 
A different generation of debris flow tracks are clearly 
visible in the relief of the investigated alluvial fan (Fig. 
5). The debris flow sediments are up to 20 m thick. The 
debris fan is being undercut by the Yajiageng River. 
Within the river bank, in the cross-profile, debris accu-
mulated during different phases of gully activity and fan 
formation can be seen. These are separated by soil hori-
zons (Fig. 6).  

The vegetation covers about 60% of the Daozhao 
drainage basin. This is mostly composed of shrubs and 
bamboos. On the debris-flow fan, human-planted Alnus 
nepalensis are growing. These alder trees were planted 

 
Fig. 3. Location of the area under study. 
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over a few stages. The groups of alder trees growing 
within the fan are of equal age, which suggests they were 
planted by man. Closer to the gully, older trees are grow-
ing. Farther from the gully, near the village, younger 
alders were found. This was confirmed by local people 
living in the village located on the debris fan. 

3. MATERIAL AND METHODS 

Capturing debris flow material recorded in the mor-
phology of alder trees  

Trees are growing within an area of 0.09 km2. For the 
purposes of conducting a detailed study, we chose an area 
of 0.02 km2 (Fig. 5). In this area, we counted the trees 
which captured debris material. We assumed that alders 
were able to capture debris transported through the fan if 
their stems were buried under sediment and, additionally, 
at least two boulders were lying within a distance of less 
than 1 m from the stem. This attempt enabled us, in all 
probability, to determine the minimal amount of trees 
which capture coarse debris during debris-flow events. 
The presence of one boulder near a tree and the presence 
of more than one boulder within a distance of more than  
1 m from a tree did not, in my opinion, provide sufficient 
proof of the role of tree-stems in capturing debris. 

We also counted alders with tilted and wounded stems 
in the area of detailed study. We only took into considera-
tion trees which were tilted in accordance with the slope 
inclination and thus the direction of debris flow move-

ment. We have only counted the wounds of stems located 
in the opposite direction to debris flow movement 
(upslope). This strategy enabled us to eliminate tilting 
and wounding caused by factors other than debris flows, 
e.g. wind, which can break neighbouring trees. We meas-
ured the length of every wound. We divided wounds into 
two groups on the basis of their size: small (less than  
15 cm long) and big (more than 15 cm long). We also 
counted alders with broken stems, which were growing 
within the study site. We measured the longest axes of 
boulders at 5 points located along the debris flow tracks. 

 
Fig. 4. Climatic diagram of the Garze meteorological station (40 km to 
the north of the area under study). 

 

 
Fig. 5. Geomorphic sketch of the alluvial fan analyzed; the arrow 
indicates the wood sample collection area. 

 

 
Fig. 6. The horizon of fossil soil as evidence for the occurrence of at 
least a few stages of debris deposition within the fan under study. 
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We decided to measure only the 15 biggest boulders at each 
of the 5 selected locations (measuring points – Fig. 5). 

The frequency of debris flow events recorded in the 
tree rings of alder stems 

We took cores from 30 tilted and wounded alder trees 
growing on the debris flow fan (Fig. 5). From each tree, 
we collected at least 3 cores at breast height. One core 
was always collected from the middle of the wound/scar, 
the second – 5 cm above the wound/scar and the third, 
perpendicular to the wound/scar (Fig. 7). In the case of 
some trees, in which the three cores we had collected 
earlier were broken or damaged due to uneven wood 
density, we collected additional cores 5 cm below the 
wound/scar. 114 cores in total were collected from trees 
growing on the debris flow fan under study. Ring widths 
were measured in all the collected cores using the LinTab 
measuring system and TSAPWin Professional 4.65 soft-
ware. Cores collected from individual trees were cross-
dated for wound dating. We used visual comparison and 

skeleton plots (Zielski and Krąpiec, 2004), a method of 
pointing distinctive years (narrower or wider than neigh-
bouring rings, or years with some diagnostic anatomical 
features e.g. tension wood) on a calibrated sheet of paper. 
It allows precise cross-dating of individual ring series. 
Skeleton plots were prepared for cores from individual 
trees and compared for dating wound/scars.  

Eccentricity index calculation was applied to the date 
tilting of alder trees. The method has been described in 
detail by Malik and Wistuba (2012). It is based on the 
assumption that tilted trees (deformed by a debris flow 
event) produce wider rings on one side of the stem and 
narrower rings on the other – i.e. that eccentric growth 
occurs (Fig. 8). The first year of eccentric growth directly 
dates an episode of tree tilting and indirectly, debris flow 
occurrence. Sometimes eccentricity occurs more than 
once in one tree ring curve, which means that the tree was 
tilted more than once.  

4. RESULTS  

A total of 1250 alder trees are growing within the area 
studied in detail. 1062 of them (85%) are tilted and/or 
wounded by transported debris material. We found 137 
wounded trees, 502 tilted trees and 423 both tilted and 
wounded alder trees. Within the area of detailed investi-
gation, we only found nine broken alder trees. 

It was found that 24% of analysed alder trees had cap-
tured coarse debris during past flow events (Fig. 9). The 
diameter of boulders rapidly decreases in the alder forest 
along the debris flow tracks. In the upper part of the fan, 
the average diameter of the rock particles reaches 145 cm 
(measuring point 1), whereas in the central and lower 
parts it only reaches 40-30 cm (points 4-5); (Table 1).  

The average number of rings in cores sampled on the 
breast height is 17.5 and varies from 9 up to 30. This 

 
Fig. 7. The method of taking samples (cores) from alder stems,  
(1) – a core extracted from the middle of the scar, (2) – a core extract-
ed 5 cm above a scar, (3) – a core extracted perpendicularly to a scar. 

 

 
Fig. 8. Tree-ring eccentricity in relation to the direction of stem tilting, 
(A) – no tilting, (B) – upslope tilting, (C) – downslope tilting. 
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suggests that the sampled alder are not older than  
35 years. Of the 30 sampled alder trees, 10 were wounded 
in 2005, and 10 in 1996 (Fig 10). Most of the wounds 
which developed in 1996 and 2005 were big. The smaller 
wounds were mostly formed in 1992, 1994, 1998, 2001, 
2003, 2008 and 2010 (Fig. 10). Eccentric tree-rings were 
found in 2006 among 11 trees, and in 1997 among nine 
trees. A smaller number of trees (from 1 to 6) recorded 
eccentric growth in 1992, 1994-1996, 1998-2005 and 
2007-2011 (Fig. 10). 

5. DISCUSSION 

An interpretation of dendrochronological dating, 
taking into account the occurrence of debris flows 

The dating wounds present in the alder stems and the 
years when eccentric growth occurred indicate that the 
alder trees under study reacted most strongly to debris 
flow stress in 2005 and 1996. A weaker reaction was 
recorded every 2-3 years, when a few scars (in 1-4 
trees/year) and eccentric growth (in 1-6 years) were 
found. Results achieved through the application of den-
drochronological methods suggest that we have dated two 
strong debris flows in 1996 and 2005, when many trees 
were wounded and tilted by transported boulders. We 
have also dated numerous debris flows every 2-3 years. 
However, during these events, a relatively small number 
of trees were wounded or slightly tilted. Our results sug-
gest that these flows were much weaker compared with 
the flows in 1996 and 2005. Still, we cannot exclude the 
possibility that the energy of debris flows was diverse in 
space, in different parts of the fan under study. Therefore, 
the obtained dating results should only be analysed in 
relation to the area where the dendrochronological sam-
ples were taken. On the other hand, we have also ac-
quired information from the local authorities on the large 
debris flows which occurred in the area under study in 
2005. This suggests that the obtained dendrochronologi-
cal ages are highly accurate. 

When analysing debris flow occurrence in monsoon 
climate conditions, wound dating seems to be more pre-
cise when compared to eccentricity index calculation. 
Eccentric growth was usually recorded one year after 
scars were produced (and the debris flow event). The 
highest number of eccentric growth cases was recorded in 
1997 and 2006. The eccentric growth of stems in reaction 
to events in 1996 and 2005 seems to be divided into two 
years. It started directly after tilting during the debris 
flow, but in the middle of a growing season. So eccen-
tricity was recorded only in the second half of tree rings 
(i.e. the second half of the 1996 and 2005 rings). The first 
half of these rings developed under normal conditions. 
The general eccentricity of a ring is less pronounced than 
the eccentricity in the following year. One year after 
debris flow, any eccentric growth is fully visible (1997, 
2006), because the trees were tilted from the very begin-

 
Fig. 9. Boulders captured by the stem of alder tree during a debris flow 
event. 

 

Table 1. Maximal, minimal, and average boulder size at the 5 measur-
ing points located along the debris flow tracks. 

Measuring 
points 

Minimal size 
of boulders 

(cm) 

Maximal size 
of boulders 

(cm) 

Average size 
of boulders 

(cm) 
1 10 30 25 
2 5 40 25 
3 15 45 30 
4 60 110 85 
5 50 145 120 

 

 

 
Fig. 10. The number of debris flow events recorded by tree-ring anal-
yses, (A) – results of the dating of wounded alder stems, (B) – results 
of the dating using eccentric growth. 
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ning of a growing season. The eccentricity which started 
in 1995 or 2005 continued into 1996 or 2006.  

A comparison of results obtained using scars and ec-
centricity enabled us to confirm that debris flows in the 
study area probably occur during the growing season. A 
similar lagged reaction by trees to geomorphic events has 
also been described by Malik (2006). On the other hand, 
we cannot exclude the possibility that two or more debris 
flow episodes produced eccentric growth in alder trees 
over the course of one year. In such a case, the compari-
son of results obtained using scars and eccentricity may 
not have enabled us to find when the debris flow under 
study took place.  

The protective role of planted alder trees against the 
destructive effects of debris flow  

Most Alnus nepalensis specimens planted on the stud-
ied fan capture debris flow material and protect people 
and houses from debris flows. Alnus nepalensis is a spe-
cies which prefers wet conditions for growth. Alder roots 
are well adapted to growth in anaerobic conditions, which 
is why they endure the stress connected with root systems 
buried by sediments delivered by debris flows. The large 
radial growth dynamics of the studied alders confirm that 
their location on the debris flow fan offers a good habitat 
for this species. The average width of annual rings is as 
much as 1.4 cm. By way of comparison, alders growing 
in the riparian forests of Europe produce tree-rings with 
average widths not exceeding 1 cm (McVean, 1953). This 
means that the studied alders can very quickly reach a 
size large enough for the efficient capture of debris trans-
ported during flow events. Alnus nepalensis possesses the 
ability to quickly heal any wounds that are sustained and 
also the ability to develop suckers in the wounded parts 
of stems. Alder trees are also very plastic and can contin-
ue to grow when they are strongly tilted or bent. This 
means that the people living within the area endangered 
by debris flows probably chose alders as the trees to be 
planted in the zone where coarse grained sediments are 
delivered.  

In the studied zone of the fan, debris flows slow down 
and lose more of their energy – in comparison to the 
debris flow gully located above – due to the decreasing 
slope inclination. Planting trees on the fan surface enables 
the efficient capture of debris and additionally slows 
down transported sediment. Only a few broken alders 
were found, which means that events during which the 
flow energy is high enough to destroy the stand are a rare 
occurrence. 

It seems that in the case of small catchments, where 
debris flows pose less threat to planting, alder trees ena-
ble the protection of houses and fields from destruction 
by transported debris. Alders capturing sediment deliv-
ered from side-valleys reduce the energy of the mass-
movements which occur in the main valley. This should 
also limit any damage caused by debris flows in the areas 
located downstream of the delivery zone (e.g. the valley 

of the Yajiageng River, which is below the described 
Daozhao drainage basin). When debris flows are larger 
and develop in such locations as large post-glacial val-
leys, it is necessary to use more technically advanced 
systems of protection against mass-movements. One such 
system was introduced in the Minya Konka Massif, 
around 20 km south-east from the studied debris-flow. 
The technical solution is based on the installation of mi-
crophones in the upper part of the catchment. When a 
debris flow starts, the sounds connected with its occur-
rence are received below, where the tourist infrastructure 
has been developed. People are evacuated from the en-
dangered area. Planting alder trees on debris flow fans 
enables the amount of sediment delivered to the main 
valleys, where the greatest damage is caused by mass 
movements, to be reduced. 

6. CONCLUSIONS  

1) Over the last 20 years, two major debris flow events 
occurred on the studied fan. Probably, smaller debris 
flow events also occurred every 2 to 3 years within 
the studied fan. This suggests there was a great fre-
quency of debris flow development in the area under 
study. 

2) 24% of the human-planted alders growing on the fan 
captured debris transported during flows. Alders 
growing near to the debris flow gully captured much 
bigger boulders than the alders growing far from the 
gully. This means that alder trees can efficiently pro-
tect houses against debris flows reaching the debris-
flow fan.  

3) Alnus nepalensis specimens are particularly predis-
posed to capturing sediment from debris flows. This 
is due to: 

- their large radial growth dynamics – young trees, 
not exceeding 35 years old, are relatively large 
and can capture debris transported during debris 
flow episodes, 

- their ability to grow in anaerobic conditions when 
their root systems are buried with debris, 

- their ability to heal wounds rapidly by developing 
suckers in the damaged parts of stems, 

- their ability to grow in conditions of strong stem 
tilting and bending.  
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