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Summary Flash floods may influence the development of
trees growing on channel bars and floodplains. In this study,
we analyze and quantify anatomical reactions to wounding
in diffuse-porous (Alnus glutinosa L.) and ring-porous (Frax-
inus angustifolia Vahl. and Quercus pyrenaicaWilld.) trees in
a Mediterranean environment. A total of 54 cross-sections and
wedges were collected from trees that had been injured by past
flash floods. From each of the samples, micro-sections were
prepared at a tangential distance of 1.5 cm from the injury to
determine wounding-related changes in radial width, tangen-
tial width and lumen of earlywood vessels, and fibers and pa-
renchyma cells (FPC). In diffuse-porous A. glutinosa, the
lumen area of vessels shows a significant (non-parametric test,
P-value <0.05) decrease by almost 39% after wounding. For
ring-porous F. angustifolia and Q. pyrenaica, significant de-
creases in vessel lumen area are observed as well by 59 and
42%, respectively. Radial width of vessels was generally more
sensitive to the decrease than tangential width, but statistically
significant values were only observed in F. angustifolia.
Changes in the dimensions of earlywood FPC largely differed
between species. While in ring-porous F. angustifolia and Q.
pyrenaica the lumen of FPC dropped by 22 and 34% after
wounding, we observed an increase in FPC lumen area in
diffuse-porous A. glutinosa of ∼35%. Our data clearly show
that A. glutinosa represents a valuable species for flash-flood
research in vulnerable Mediterranean environments. For this
species, it will be possible in the future to gather information
on past flash floods with non-destructive sampling based on
increment cores. In ring-porous F. angustifolia and Q. pyre-
naica, flash floods leave less drastic, yet still recognizable,
signatures of flash-flood activity through significant changes
in vessel lumen area. In contrast, the use of changes in FPC
dimensions appears less feasible for the determination of
past flash-flood events as these two species do not react with
the same intensity and clarity as A. glutinosa.

Keywords: anatomical changes, fibers and parenchyma cells,
flash flood, growth rings, vessel, wounding.

Introduction

One of the most common hydrological processes in Mediter-
ranean mountain ecosystems are flash floods (Roca et al.
2008) characterized by both very high discharge and impor-
tant debris transport rates. In addition, an abrupt rise and fall
of flood hydrographs combined with high flow velocities is
normally observed during flash floods, which often results in
damage or removal of the riparian vegetation.
Hydrological processes interfere with and play an impor-

tant role in the establishment and survival of riparian vegeta-
tion (Sigafoos 1964, Kozlowski 1997). Hydrological and
hydraulic parameters such as flood frequency, flood duration,
flow regime and sediment transport often determine tree age
and species distribution, as well as the morphology and ana-
tomical structures of riparian trees (e.g., Oliveira-Filho et al.
1994, Kozlowski and Pallardy 1997).
Over the past decades, tree rings have been widely used by

hydrologists for flood frequency reconstructions (Harrison
and Reid 1967, Gottesfeld and Gottesfeld 1990, Zielonka et
al. 2008) or peak discharge estimations of singular flood
events (McCord 1996). Most of the flood events in these
studies were determined using classical dendrochronological
techniques (see Stoffel and Bollschweiler 2008, 2009, Stoffel
et al. 2010) and events were dated based on the position of
scars in the tree-ring series (Yanosky and Jarrett 2002). More
recently, research started to focus on the anatomical response
of conifers to flash floods (Ballesteros et al. 2010) and debris
flows (Bollschweiler et al. 2008, Stoffel 2008). Wood ana-
tomical features in broadleaved trees have, in contrast, only
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been used in the study of large and prolonged floods so far,
where the root system and lower trunk remained submerged
over several days or weeks and the transport of growth hor-
mones was interrupted as a result of lack of soil aeration
(Kozlowski 1997). Moreover, experimental studies report on
the anatomical effects of flooding treatments on seedling

plants (Harrington 1987, Colin-Belgrand et al. 1991) or the ef-
fect of prolonged floods on the bark (Yáñez-Espinosa et al.
2008). Dendrochronological investigations of past floods in-
clude the work of Astrade and Bégin (1997), who related the
presence of smaller and fewer vessels in Populus tremula L.
(aspen) and Quercus robur L. (English oak) to persistent
floods at the beginning of the growing season. Yanosky
(1984) observed the formation of fibers with thinner cell walls
and larger lumina after floods occurring at the end of the
growing season. More recently, St. George et al. (2002) cor-
related the lumen of vessels in Quercus macrocarpa Michx.
(bur oak) with spring floods and discussed their use for paleo-
flood studies.
In contrast, there is still a considerable lack of knowledge

on how broadleaved trees growing in Mediterranean environ-
ments react to short-lived but much more energetic impacts
of flash floods.
Our objective, therefore, is to characterize wood anatomi-

cal signatures in diffuse- and ring-porous Mediterranean
broadleaved trees (European alder, Alnus glutinosa L.; nar-
row-leafed ash, Fraxinus angustifolia Vahl.; and Pyrenean
oak, Quercus pyrenaica Willd.) wounded by recent flash
floods. The knowledge of these anatomical signals associated
with flash floods is of particular interest for the reconstruc-
tion of time series of past events and the design of future sam-
pling strategies that can be based on non-destructive methods
(i.e., increment cores). The study reports on results obtained
from the measurement of earlywood vessels and fibers and
parenchyma cells (FPC) of 54 micro-sections prepared from
trees injured by flash floods.

Materials and methods

Study site

The study was performed with trees growing on the banks of
the Arroyo Cabrera torrent (40°24′28″N; 4°39′25″W), locat-
ed 3 km distant from the east of Navaluenga on the northern
slopes of Sierra del Valle (Gredos Mountain Range, Spanish

Figure 1. (A) General view of the Venero Claro catchment and the
riparian trees on both sides of themain channel (foreground). (B) Stem
of A. glutinosa L. scarred by debris transported by a flash flood.

Figure 2. Subdivision of increment rings in (A) diffuse-porous A. glutinosa, (B) ring-porous F. angustifolia and (C) ring-porous Q. pyrenaica.
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Central System; Figure 1A). The local forest stand is formed
predominantly by Pinus pinaster Ait. (maritime pine), Pinus
sylvestris L. (Scots pine) (81%) and Q. pyrenaica Willd.
(13%). In addition, riparian broadleaved species (6%, A. glu-
tinosa (L.), F. angustifolia Vhal.) colonize both banks of the
river corridor. Mean annual temperature is 14.6 °C and mean
annual rainfall amounts to 414 mm (AEMET 2009).
Torrential rainfall events usually occur in winter, resulting

in abundant surface runoff, mobilization of sediments and re-
lated flash-flood events. At the study site, recent events oc-
curred in the winters of 1989/90, 1997/98 and 2004/05
(Ballesteros et al. 2010). The flash flood recorded on 18 De-
cember 1997 was particularly severe and resulted in abundant
damage in the riparian vegetation and the removal of Salix sp.
and other shrubs.

Sampling design

Sampling was based on visibly injured trees located on the
banks of the torrent (Figure 1B). We only considered injured
trees with scars oriented in the flow direction. Trees with
scars located elsewhere on the stem or with doubtful geom-
etry such as unusually large or elongated scars were avoided
since they could result from the toppling of neighboring trees.
In the field, wedges were cut from the overgrowing callus
with a handsaw. For each tree sampled, we took one incre-
ment core from the side opposite to the flow direction at
breast height to determine tree age.

Sample preparation

Samples were air-dried, sanded and polished up to 400 grit to
facilitate visibility of individual tree rings. We scanned the
samples in high resolution (400 d.p.i.) before small cubes
(8- to 10-mm edges) were prepared from each wedge at a tan-
gential distance of 1.5 cm from the wound. Micro-sections
(∼15 μm) were obtained using a Reichert sliding microtome
equipped with wedge-shaped blades. Samples were prepared
following the procedure described by Schweingruber et al.
(2006) and pictures taken from each micro-section with a dig-
ital imaging system (Leica DFC320) attached to an optical
microscopic at 50× magnification and in 200 d.p.i. We pre-
pared a total of 20 micro-sections from A. glutinosa, 18 from
F. angustifolia and 16 from Q. pyrenaica.

Sample analysis

Wood anatomical analysis and microscopic observations fo-
cused on tree reactions after wounding (Stoffel and Hitz
2008). According to Stoffel et al. (2005) and Arbellay et
al. (2009), annual rings of diffuse-porous A. glutinosa were
subdivided into dormancy (D; i.e., the first cell layer formed
in each ring), early (EE) and late (LE) earlywood, as well as
latewood (L), as illustrated in Figure 2A. For ring-porous F.
angustifolia and Q. pyrenaica, increment rings were divided
into D, earlywood (E; i.e., the portion of the ring containing
large vessels) and L. As all wounds were located in the very

first layer of the increment rings—indicating that the wound
was inflicted during D (i.e., sometime between October and
March)—we restricted quantitative analysis of normal ana-
tomical features related to flash floods to EE in A. glutinosa
and to E in F. angustifolia and Q. pyrenaica. In addition, E
layers are considered to represent a good proxy for environ-
mental influences (García-González and Fonti 2006).
The growth ring formed immediately after the impact was

assigned an ‘i’, the two tree rings preceding were defined
as −2 and −1, and the two tree rings following the impact
ring +1 and +2. Analyses of earlywood FPC and vessels
were performed with the automated image analysis program
WinCell Pro Version 5.6c (Régents Instruments 2008) in the
E layers. Measurements of lumen area, radial width and tan-
gential width of FPC and vessels were realized with a precision
of 1 μm. We considered a lower error margin of 5 μm2 for
intercellular interstices, a minimum error margin of 100
μm2 for the limit between FPC and vessels in A. glutinosa
and an upper error margin of 50,000 μm2 for several vessels
with poorly discernible cell walls in Q. pyrenaica. Results un-
derwent the Friedman test at 95% least squares difference to
check median values of anatomical variables for statistical
significance. This is a test analogous to the t-test but a non-
parametric test (Sprent and Smeeton 2001) is used for more
robust results when the data distribution is unknown. Assum-
ing a normal distribution for our data would be incorrect since
the number of samples analyzed is <30.

Results

General aspects

The main descriptive parameters of trees and wounds consid-
ered for the analysis are given in Table 1. Mean injury sizes
in tangential orientation amount to 31.9 ± 21.2 cm for A. glu-
tinosa, 26.5 ± 23.4 cm for F. angustifolia and 32.3 ± 8.2 cm
for Q. pyrenaica. Injury lengths average 49.5 ± 50.8, 51.0 ±
51.2 and 28.7 ± 21.7 cm, respectively. The riparian species A.
glutinosa and F. angustifolia exhibit larger injury sizes than
Q. pyrenaica as they were located closer to the river channel.
Similarly, while Q. pyrenaica showed single scars and only
one sample with multiple scars was identified in F. angusti-
folia, 14 trees with multiple scars (1998, 2001 and 2005)
were found in A. glutinosa trees.

Macroscopic observations

Callus tissue was the feature most commonly observed in all
samples next to the injury (Figure 3A–C). At a tangential dis-
tance of 1.5 cm from the wound, however, only 25% of dif-
fuse-porous A. glutinosa, but 55% and 56% of ring-porous F.
angustifolia and Q. pyrenaica, samples showed this feature.
Tangential bands with smaller and flatter FPC and thicker

cell walls have been observed in 35% of the A. glutinosa
samples in the increment ring formed directly after wounding
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(Figure 4). These density fluctuations exhibit a gradual flat-
tening and broadening of cells, which clearly distinguish
them from latewood cells. At the edge of the injuries, these

bands are located at the very beginning of the increment ring,
but they move to later portions of the tree ring with increasing
distance from the wound.

Figure 3. Macroscopic view of callus tissue in (A) A. glutinosa, (B) F. angustifolia and (C) Q. pyrenaica. Note the change in orientation of
radial rays in the wood overgrowing the wound.

Figure 4. Tangential bands of flatter and smaller FPC with thicker cell walls, known as density fluctuations, are formed in 35% of the samples in
diffuse-porous A. glutinosa. (A) The density fluctuation is located in EE and characterized by a gradual narrowing and re-widening of FPC. (B)
in contrast, shows the sharp limit between two increment rings.

Table 1. Descriptive parameters of the trees and wounds considered for analysis.

Tree age
(years)

Tree height
(m)

DBH
(cm)

Injury width
(cm)

Injury length
(cm)

Event years
(years, no. of samples)

A. glutinosa
Mean ± SD 55.4 ± 13.6 34.0 ± 3.5 34.0 ± 5.9 32.0 ± 21.2 49.6 ± 32.9 1997 (20); 2000

(6); 2004 (9)Rank 49.0−8.0 18.3−22.3 44.6−22.3 91.0−10.5 109.0−5.0

F. angustifolia
Mean ± SD 37.8 ± 9.7 11.1 ± 3.8 26.6 ± 7.6 26.5 ± 23.5 51.0 ± 27.7 1981 (1); 1997

(18)Rank 52.0−10.0 16.6−4.0 43.6−15.0 80.0−4.0 100.0−5.0

Q. pyrenaica
Mean ± SD 40.8 ± 14.2 11.9 ± 3.4 23.4 ± 5.4 30.0 ± 8.2 28.8 ± 21.7

1997 (16)Rank 69.0−21.0 18.0−8.0 31.8−19.1 40.0−20.0 60.0−10.0

DBH, diameter at breast height.
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Table 2. Results obtained from the measurement of earlywood vessels. The mean of the lumen area, radial length and tangential widths of vessels are given for the year of the impact (i), 2 years before
(−1, −2) and 2 years after (+1, +2) the event. Values given in bold are statistically significant (P-values <0.005).

A. glutinosa F. angustifolia Q. pyrenaica

Increment ring Lumen
area (µm2)

Radial
length (µm)

Tangential
width (µm)

Lumen
area (µm2)

Radial
length (µm)

Tangential
width (µm)

Lumen
area (µm2)

Radial
length (µm)

Tangential
width (µm)

−2 Mean ± SD 1045.3± 303.6 32.2 ± 4.5 27.0 ± 3.7 3213.5 ± 836.8 70.9 ± 13.4 60.8 ± 11.8 2766.8 ± 1113.0 75.3 ± 26.1 65.8 ± 18.4
% 162.4 113.4 114.4 247.3 162.6 150.5 179.9 126.3 122.3

−1 Mean ± SD 1048.3 ± 202.9 32.9 ± 11.4 26.7 ± 6.3 3159.9 ± 1129.6 68.0 ± 14.9 57.7 ± 9.7 3057.3 ± 1453.8 75.7 ± 18.9 67.1 ± 15.5
% 162.9 115.8 113.1 243.2 156.0 142.8 198.8 127.0 124.7

i Mean ± SD 643.6 ± 171.8 28.4 ± 8.5 23.6 ± 3.6 1299.4 ± 559.5 43.6 ± 8.9 40.4 ± 8.8 1538.2 ± 655.2 59.6 ± 22.4 53.8 ± 16.1
% 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0

+1 Mean 867.2 ± 211.7 33.9 ± 8.2 26.7 ± 4.0 1849.3 ± 973.1 52.3 ± 14.4 45.6 ± 10.9 2836.2 ± 2372.2 69.9 ± 24.8 63.4 ± 23.5
% 134.7 119.4 113.1 142.3 120.0 112.9 184.4 117.3 117.8

+2 Mean 893.7 ± 251.4 34.1 ± 8.7 28.0 ± 6.4 2465.5 ± 946.6 62.0 ± 12.1 51.9 ± 8.8 3130.1 ± 2374.3 75.9 ± 26.7 65.6 ± 21.7
% 138.9 120.1 118.6 189.7 142.2 128.5 203.5 127.3 121.9

F-ratio 3.49 0.55 0.92 16.45 15.01 14.17 2.53 1.46 1.66
P-value 0.018 0.700 0.460 <0.001 <0.001 <0.001 0.043 0.219 0.164
Mean
number
of vessels
per sample

36 ± 9.7 26.9 ± 5.8 15.3 ± 7.0
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Changes in vessel dimensions after wounding

The size of vessels undergoes significant changes as a result
of wounding by flash floods. Table 2 and Figure 5 summarize
and illustrate results on lumen area, tangential width and ra-
dial width of vessels for the three tree species. The number of
vessels identified per increment ring on an averaged sample
area of almost 0.6 mm2 (0.57 ± 0.09 mm2) total 36 in A. glu-
tinosa, 26 in F. angustifolia and 15 in Q. pyrenaica. All three
species show a distinct reduction in vessel lumen area in the
increment ring formed immediately after the flash-flood im-
pact (i) as compared with the two preceding increment rings
(−1 and −2). Reduction amounts to 39% in A. glutinosa, 59%
in F. angustifolia and 42% in Q. pyrenaica. Non-parametric

tests indicate that reduction is in all cases statistically signif-
icant (P-values = 0.018, <0.001 and 0.043, respectively).
We also observe differences in recovery rates between the

species in the 2 years after wounding (+1 and +2). In A. glu-
tinosa and F. angustifolia, vessel lumen areas attain only 84
and 64% of the pre-event values. In contrast, vessel lumen
areas of Q. pyrenaica reach values that are comparable to
or even larger than those measured in the tree rings formed
before wounding (i.e., outliers in Figure 5).
The reduction of radial width and tangential width of ves-

sels amounts to 13 and 12% in A. glutinosa and 21 and 19%
in Q. pyrenaica. The highest values are observed in F. angu-
stifolia, where radial width is significantly reduced by 37%
and tangential width by 31%.

Changes in earlywood FPC dimensions after wounding

The dimensions of earlywood FPC were measured on a
sample area of 0.06 mm2 and yielded, on average, data
on 950 FPC per growth ring and sample in A. glutinosa,
349 in F. angustifolia and 517 in Q. pyrenaica. Results of
the measurements of lumen area, radial lengths and tangen-
tial widths are provided in Table 3 and illustrated in the
form of boxplots in Figure 6.
In diffuse-porous A. glutinosa, wounding results in a sig-

nificant increase (P-value = 0.012) in lumen area in FPC of
35%. Interestingly, the same impact results in a non-signifi-
cant decrease in FPC lumina in ring-porous F. angustifolia
(22%) and Q. pyrenaica (34%).
The changes in lumen area result from changes in radial

width and tangential width. It seems that in the investigated
tree species, radial width is slightly more affected by flash-
flood impacts than tangential width. While the radial width in
Q. pyrenaica and F. angustifolia decreased by ∼18 and 19%,
tangential width decreased by around 8 and 16%. In the case
of diffuse-porous A. glutinosa, both radial length and tangen-
tial width of FPC increased by 22 and 19%, respectively.

Discussion and conclusion

In this study, 54 injuries caused by flash floods have been
analyzed to identify reactions and anatomical signatures relat-
ed to wounding. Among these, 20 injuries correspond to A.
glutinosa, 18 to F. angustifolia and 16 to Q. pyrenaica trees.
Noteworthy, 14 out of the 20 A. glutinosa trees selected for

analysis showed multiple scars. In contrast, we identified only
one out of 18 injured F. angustifolia and none of the 16 Q.
pyrenaica trees with more than one wound. The closer posi-
tion of A. glutinosa trees with respect to the river channel
(Brown et al. 1997) is certainly one of the reasons for the
more abundant presence of injuries, as this renders them more
exposed to flash floods than the other two species investigat-
ed. Another possible explanation may be the hardness of the
wood and bark of each of the species and therefore their sen-
sitivity to being injured. As a result of the vessel arrangement

Figure 5. Boxplots representing the vessel lumen area in the incre-
ment rings preceding the wounding (increment ring −2, −1), in the
increment ring of the year of the event (i) and after the event (incre-
ment ring +1, +2).
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within the increment rings and according to results on the av-
erage radial and tangential wood penetration obtained for dif-
ferent forest species with Janka hardness tests (Forest
Products Laboratory 1999), the xylem structure of Alnus sp.
would be much softer than that of Fraxinus sp. and Quercus
sp. This implies that Alnus sp. would require smaller impact
energies to generate sizeable scars.
The most important anatomical signature observed in our

flash-flood samples was the change in vessel size after
wounding. All species showed a statistically significant re-
duction in vessel lumina. The decrease was most important
in F. angustifolia where a reduction of almost 59% was ob-
served in the tree ring formed immediately after the impact as
compared to the two increment rings preceding the year of
wounding. In a similar way, data indicate that wounding by
flash floods also causes changes in FPC size. Here, in con-
trast to the uniform and statistically significant response ob-
served in vessel lumina, changes differed among the three
species studied. While earlywood FPC lumen area exhibits
a considerable, yet non-significant, decrease in ring-porous
F. angustifolia and Q. pyrenaica, we observe a statistically
significant increase in FPC lumina by >40% in diffuse-po-
rous A. glutinosa.
The decrease in vessel size as a result of flash-flood im-

pacts is in concert with data obtained for different broad-
leaved species after artificial wounding (Rier and Shigo
1972, Aloni and Zimmermann 1984, Kuroda 1986, Lev-Ya-
dun and Aloni 1993, Lev-Yadun 2001). The increase in FPC
lumen area in A. glutinosa observed in our samples is, in con-
trast, in contradiction with the findings of the above cited
studies, which were realized under laboratory conditions
and with predominantly young trees or seedlings.
For vessels and FPC, we see that radial width was more

sensitive to changes than tangential width for all species. This
is especially true for A. glutinosa where radial length de-

creased by almost 37%. Considerable changes in the radial
length of earlywood cells appear to be a common reaction
of trees to wounding and have been reported for Larix decid-
uaMill. (European larch) impacted by rockfall and snow ava-
lanches (Stoffel and Hitz 2008) and P. pinaster Ait. injured
by flash floods (Ballesteros et al. 2010).
While FPC dimensions and lumina almost attained pre-

event values 2 years after the impact in A. glutinosa and F.
angustifolia, it also becomes obvious from our data that Q.
pyrenaica overcompensates for the decrease in FPC reduction
(see outliers in Figure 5). According to Schweingruber et al.
(2006), such overcompensation could result from less compe-
tition and improved light conditions after the elimination of
neighboring trees and shrubs by the very large 1997 flash-
flood event. On the other hand, it is also feasible that the
overcompensation represents a form of reaction of Q. pyre-
naica to the very unusual disturbance by flash floods and a
stress-generated attempt to increase the efficiency of water
transport (Hacke et al. 2006).
Despite the decrease in vessel size observed in all species

after flash-flood impacts, there is an increase in the number
of vessels (Figure 7). This increase could result from an
overcompensation of conductance area and therefore be re-
lated to water transport efficiency, as a decrease in vessel
sizes implies a reduction in water transport efficiency
(Hacke et al. 2006).
One-third of the A. glutinosa samples show tangential

bands of flattened and smaller FPC in the increment ring pro-
duced immediately after wounding. These bands resemble in-
tra-annual density fluctuations and could therefore be
indirectly related to the severity of the wound and the vitality
of the tree, as suggested by Kozlowski and Pallardy (1997).
On the other hand, it is also feasible that these intra-annual
density fluctuations simply reflect changes in the water table
and related drought stress (see Fritts 1976, Schweingruber

Table 3. Changes in FPC dimensions as a result of wounding by flash floods. Values are given for the year of the impact (i), the 2 years
preceding (−1, −2) and 2 years following (+1, +2) the event. Values in bold are statistically significant (P-values <0.005).

A. glutinosa F. angustifolia Q. pyrenaica

Increment
ring

Lumen
area
(µm2)

Radial
length
(µm)

Tangential
width
(µm)

Lumen
area
(µm2)

Radial
length
(µm)

Tangential
width
(µm)

Lumen
area
(µm2)

Radial
length
(µm)

Tangential
width
(µm)

−2 Mean ± SD 34.5 ± 13.8 6.5 ± 1.5 6.4 ± 1.3 26.8 ± 8.1 6.6 ± 1.2 4.9 ± 0.5 80.8 ± 18.9 11.8 ± 2.6 10.1 ± 1.8
% 74.5 81.2 83.1 131.3 124.5 108.8 162.2 128.2 123.1

−1 Mean ± SD 34.1 ± 12.4 6.6 ± 1.3 6.5 ± 1.6 26.0 ± 10.4 6.4 ± 1.5 4.9 ± 0.8 72.0 ± 10.0 10.9 ± 1.3 9.5 ± 1.0
% 73.6 82.5 84.4 127.4 120.7 108.8 144.5 118.4 115.8

i Mean ± SD 46.3 ± 16.7 8.0 ± 1.5 7.7 ± 1.7 20.4 ± 7.4 5.3 ± 1.1 4.5 ± 0.8 49.8 ± 21.0 9.2 ± 2.2 8.2 ± 1.8
% 100 100 100 100 100 100 100 100 100

+1 Mean ± SD 35.3 ± 10.6 6.8 ± 1.0 6.5 ± 1.3 21.9 ± 5.7 5.7 ± 0.9 4.6 ± 0.7 61.8 ± 19.8 11.6 ± 2.8 9.6 ± 1.4
% 76.2 85 84.4 107.3 107.5 102.2 124.0 126.0 117.0

+2 Mean ± SD 35.5 ± 10.18 6.8 ± 1.1 6.4 ± 1.1 23.6 ± 2.6 5.9 ± 0.5 4.7 ± 0.4 71.4 ± 27.1 11.0 ± 2.2 9.8 ± 1.3
% 76.6 85 84.4 107.3 107.5 102.2 124.0 126.0 117.0

F-ratio 3.5 1.05 2.01 1.04 1.57 0.3 1.55 1.33 1.5
P-value 0.012 0.387 0.104 0.400 0.203 0.800 0.215 0.213 0.226
N 950 ± 335 350 ± 121 517 ± 233
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2001) resulting from the flash flood and changes in the water
course.
The present analysis has clearly shown that diffuse-po-

rous A. glutinosa represents a valuable species for flash-
flood research in vulnerable Mediterranean environments.
It will therefore be possible in the future to gather data
on past flash floods with non-destructive sampling methods
(i.e., increment cores) and to reliably date past flash floods
with the purpose of assessing hazards and risks in mountain
catchments where systematic hydrological data are not

available. In ring-porous F. angustifolia and Q. pyrenaica,
flash floods leave less drastic, yet still recognizable, signa-
tures of flash-flood activity through significant changes in
vessel lumen area. A determination of past events based ex-
clusively on changes in FPC dimensions appears, in con-
trast, less feasible, as they do not react with the same
intensity and clarity as A. glutinosa.

Acknowledgments

This paper was funded in part by CICYT, the DendroAvenidas proj-
ect (number CGL2007-62063 of the Spanish Ministry of Science
and Innovation) and the Instituto Geológico y Minero de España
(IGME). The authors acknowledge the valuable feedback of Estelle
Arbellay and the kind collaboration of the Environment Department
of Ávila (Castilla-Leon), in particular forester J.L. Galán.

References

AEMET. 2009. Spanish Meteorological Agency www.aemet.es.
Aloni, R. and M.H. Zimmermann. 1984. Length, width and pattern

of regenerative vessels along strips of vascular tissue. Bot. Gaz.
145:50–54.

Arbellay, E., M. Stoffel and M. Bollschweiler. 2010. Dendrogeo-
morphic reconstruction of past debris-flow activity using injured
broad-leaved trees. Earth Sur. Proc. Land 35:399–406.

Astrade, L. and Y. Bégin. 1997. Tree-ring response of Populus tre-
mula L. and Quercus robur L. to recent spring floods of the Sâone
River, France. Ecoscience 4:232–239.

Figure 6. Boxplots representing FPC lumen area in the increment rings preceding the wounding (−2, −1), that formed immediately after the
event (i) and in the two rings formed following the event year (+1, +2).

Figure 7. Number and size of vessels in A. glutinosa, F. angustifolia
and Q. pyrenaica before the flash flood event (B), in the year of im-
pact (“i”) and after the event (A). Please note that vessel size of A.
glutinosa has been multiplied by a factor o2.

BALLESTEROS ET AL.780

TREE PHYSIOLOGY VOLUME 30, 2010

 at U
niversit? de G

en?ve on June 3, 2010 
http://treephys.oxfordjournals.org

D
ow

nloaded from
 

http://treephys.oxfordjournals.org


Ballesteros, J.A., M. Stoffel, J.M. Bodoque del Pozo, M. Bollsch-
weiler, O.M. Hitz and A. Diez-Herrero. 2010. Changes in wood
anatomy in tree rings of Pinus pinaster Ait. following wounding
by flash floods. Tree-Ring Res. 66, in press.

Bollschweiler, M., M. Stoffel, D.M. Schneuwly and K. Bourqui.
2008. Traumatic resin ducts in Larix decidua stems impacted by
debris flows. Tree Physiol. 28:255–263.

Brown, A.G., D. Harper and G.F. Peterken. 1997. European flood-
plain forest: structure, functioning and management. Global Ecol.
Biogeogr. 6:169–178.

Colin-Belgrand, M., E. Dreyer and P. Biron. 1991. Sensitivity of
seedlings from different oak species to waterlogging: effects on
root growth and mineral nutrition. Ann. Sci. For. 48:193–204.

Forest Products Laboratory. 1999. Wood handbook—wood as an en-
gineering material. General Technical Report US Department of
Agriculture, Forest Service, Forest Products Laboratory, Madison,
p 463. FPL-GTR-113.

Fritts, H.C. 1976. Tree rings and climate. Academic Press, London,
567 p.

García-González, I. and P. Fonti. 2006. Selecting earlywood vessels to
maximize their environmental signal. Tree Physiol. 26:1289–1296.

Gottesfeld, A.S. and L.M.J. Gottesfeld. 1990. Floodplain dynamics
of a wandering river, dendrochronology of the Morice River, Brit-
ish Columbia, Canada. Geomorphology 3:159–179.

Hacke, U.G., J.S. Sperry, J.K. Wheeler and L. Castro. 2006. Scaling
of angiosperm xylem structure with safety and efficiency. Tree
Physiol. 26:689–701.

Harrington, C.A. 1987. Response of red alder and black cottonwood
seedling to flooding. Physiol. Plant. 69:35–48.

Harrison, S.S. and J.R. Reid. 1967. A flood-frequency graph based
on tree-scar data. Proc. Natl. Acad. Sci. USA 21:23–33.

Kozlowski, T.T. 1997. Responses of woody plants to flooding and
salinity. Tree Physiol. Monogr. 1:1–29.

Kozlowski, T.T. and S.G. Pallardy. 1997. Physiology of woody
plants 2nd edn. Academic Press, San Diego, 404 p.

Kuroda, K. 1986. Wound effects on cytodifferentiation in the sec-
ondary xylem of woody plants. Wood Res. 72:67–118.

Lev-Yadun, S. 2001. Wound effects arrest wave phenomena in the
secondary xylem of Rhamnus alaternus (Rhamnaceae). IAWA J.
22:295–300.

Lev-Yadun, S. and R. Aloni. 1993. Effect of wounding on the rela-
tions between vascular rays and vessels in Melia azedarach L.
New Phytol. 124:339–344.

McCord, V.A. 1996. Fluvial process dendrogeomorphology: recon-
struction of flood events from the southwestern United States using
flood-scarred trees. In Tree-Ring, Environment and Humanity: Ra-
diocarbon Special Issue. Ed. J.S. Dean, pp 689–699.

Oliveira-Filho, A.T., E.A. Vilela, M.L. Gavilanes and D.A. Carval-
ho. 1994. Effect of flooding regime and understorey bamboos on
the physiognomy and tree species composition of a tropical semi-
deciduous forest in Southeastern Brazil. Vegetatio 113:99–124.

Régents Instruments. 2008. WinDendro for tree-ring, stem, wood
density analysis and measurement http://www.regentinstru-
ments.com.

Rier, J.P. and A.L. Shigo. 1972. Some changes in red maple, Acer-
rubrum, tissues within 34 days after wounding in July. Can. J.
Bot. 50:1783–1784.

Roca, M., J.P. Martín-Vide and P.J.M. Moreta. 2008. Modelling a
torrential event in a river confluence. J. Hydrol. 364:207–215.

Schweingruber, F.H. 2001. Dendroökologische Holzanatomie. Paul
Haupt, Stuttgart, 472 p.

Schweingruber, F.H., A. Börner and E.-D. Schulze. 2006. Atlas of
woody plant stems evolution, structure, and environmental mod-
ifications. Springer, Berlin, p 229.

Sigafoos, R.S. 1964. Botanical evidence of floods and flood-plain
deposition. Geol. Surv. Prof. Pap. (U.S.) 485-A:1–35.

Sprent, P. and N.C. Smeeton. 2001. Applied nonparametric statisti-
cal methods. Chapman & Hall/CRC, Boca Raton, 461 p.

St. George, S., E. Nielsen, F. Conciatori and J. Tardif. 2002. Trends
in Quercus macrocarpa vessel areas and their implications for
tree-ring paleoflood studies. Tree-Ring Bull. 58:3–10.

Stoffel, M. 2008. Dating past geomorphic processes with tangential
rows of traumatic resin ducts. Dendrochronologia 26:53–60.

Stoffel, M. and M. Bollschweiler. 2008. Tree-ring analysis in natural
hazards research—an overview. Nat. Hazards Earth Syst. Sci.
8:187–202.

Stoffel, M. and M. Bollschweiler. 2009. What tree rings can tell
about earth-surface processes. Teaching the principles of dendro-
geomorphology. Geography Compass 3:1013–1037.

Stoffel, M. and O.M. Hitz. 2008. Snow avalanche and rockfall im-
pacts leave different anatomical signatures in tree rings of Larix
decidua. Tree Physiol. 28:1713–1720.

Stoffel, M., I. Lièvre, M. Monbaron and S. Perret. 2005. Seasonal
timing of rockfall activity on a forested slope at Täschgufer (Va-
lais, Swiss Alps)—a dendrochronological approach. Z. Geomor-
phol. 49:89–106.

Stoffel, M., M. Bollschweiler, D.R. Butler and B.H. Luckman. 2010.
Tree rings and natural hazards: a state-of-art. Springer, Heidelberg,
505 pp.

Yáñez-Espinosa, L., T. Terrazas and P.G. Angeles Alvarez. 2008.
The effect of prolonged flooding on the bark anatomy of man-
grove trees. Trees Struct. Funct. 22:77–86.

Yanosky, T.M. 1984. Documentation of high summer flows on the
Potomac River from the wood anatomy of ash trees. Water Re-
sour. Bull. 20:241–250.

Yanosky, T.M. and R.D. Jarrett. 2002. Dendrochronologic evidence
for the frequency and magnitude of paleofloods. Ancient floods,
modern hazards: principles and application of paleoflood hydrol-
ogy. Water Sci. Appl. 5:77–89.

Zielonka, T., J. Holeksa and S. Ciapala. 2008. A reconstruction of
flood events using scarred tree in the Tatra Mountains, Poland.
Dendrochronologia 26:173–183.

FLASH-FLOOD IMPACTS CAUSE CHANGES IN WOOD ANATOMY OF BROADLEAVED TREES 781

TREE PHYSIOLOGY ONLINE at http://www.treephys.oxfordjournals.org

 at U
niversit? de G

en?ve on June 3, 2010 
http://treephys.oxfordjournals.org

D
ow

nloaded from
 

http://treephys.oxfordjournals.org



