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vegetation in Liiliang Mountains of China
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Abstract Forests play a major role in global carbon
(C) cycle, and the carbon density (CD) could reflect
its ecological function of C sequestration. Study on
the CD of different forest types on a community scale
is crucial to characterize in depth the capacity of
forest C sequestration. In this study, based on the
forest inventory data of 168 field plots in the study
area (E 111°30'-113°50', N 37°30-39°40'), the
forest vegetation was classified by using quantitative
method (TWINSPAN); the living biomass of trees
was estimated using the volume-derived method; the
CD of different forest types was estimated from the
biomass of their tree species; and the effects of biotic
and abiotic factors on CD were studied using a
multiple linear regression analysis. The results show
that the forest vegetation in this region could be
classified into 9 forest formations. The average CD of
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the 9 forest formations was 32.09 Mg ha™' in 2000
and 33.86 Mg ha~' in 2005. Form. Picea meyeri had
the highest CD (56.48 Mg ha™"), and Form. Quercus
liaotungensis + Acer mono had the lowest CD
(16.14 Mg ha™'). Pre-mature forests and mature
forests were very important stages in C sequestration
among four age classes in these formations. Forest
densities, average age of forest stand, and elevation
had positive relationships with forest CD, while slope
location had negative correlation with forest CD.

Keywords TWINSPAN - Carbon density -
Volume-derived method - Forest vegetation -
China

Introduction

Forests play a major role in global carbon (C) cycle
(Dixon et al. 1994; Wang 1999) because they store
80% of the global aboveground C of the vegetation
and about 40% of the soil C and interact with
atmospheric processes through the absorption and
respiration of CO, (Brown et al. 1999; Houghton
et al. 2001a, b; Goodale and Apps 2002). Enhancing
C sequestration by increasing forestland area has
been suggested as an effective measure to mitigate
elevated atmospheric carbon dioxide (CO,) concen-
tration and hence contribute toward the prevention of
global warming (Watson 2000). Recent researches
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focus mainly on carbon storage of forest ecosystem
on landscape or regional scale (Fang et al. 2001;
Hiura 2005; Zhao and Zhou 2006). Many studies
have shown that the C sequestration abilities of
different forests change considerably, which can be
well explained by their CD values (Wei et al. 2007;
Hu and Liu 2006). Meanwhile the C storage of forests
may change substantially with forest ecosystems on a
community scale. This type of moderate-scale
research into the C storage of forests, however, has
been rarely conducted.

Many methods have been used to estimate the
biomass of forest vegetation (Houghton et al. 2001a,
b). Among them, the volume-derived method has
been commonly used (Brown and Lugo 1984; Fang
et al. 1996; Fang and Wang 2001). Forest volume
production reflects the effects of the influencing
factors, such as the forest type, age, density, soil
condition, and location. The forest CD estimated
from forest biomass will also indicate these effects.
Zhou et al. (2002) and Zhao and Zhou (2005)
improved the volume-derived method by hyperbolic
function, but the method has not been used to
estimate forest CD on the moderate scale.

The Liiliang Mountains is located in the eastern
part of the Loess Plateau in China, where soil and
water losses are serious. To improve ecological
environment there, the Chinese government has been
increasing forestland by carrying out “The Three-
North Forest Shelterbelt Program,” “The Natural
Forest Protection Project,” and “The Conversion of
Cropland to Forest Program” since 1970s. Previous
studies on the forest vegetation in this region focus
mainly on the qualitative description of its distribu-
tion pattern (The Editing Committee of Shanxi Forest
1984). The objectives of this study were (1) to
classify the forest vegetation on Liiliang Mountains
using quantitative classification method (TWINSPAN)
(Zhang et al. 2003; Zhang 2004); (2) to estimate the
CD of different forest types through biomass based
on the modified volume-derived method (Zhou et al.
2002) and to clarify the distribution pattern of forest
CD in this region; and (3) to quantify the contribution
of biotic and abiotic factors (including average forest
age, density, soil thickness, elevation, aspect, and
slope) to forest CD based on a multiple linear
regression analysis. The results would provide basic
data for further study of forest C storage pattern in
this region.

Methods
Study region

The study was conducted in the middle-north of
Liiliang Mountains (E 111°30’-113°50', N 37°30/
—-39°40) with its peak (Xiaowen Mountain) 2831 m
above sea level (asl). The temperate terrestrial climate
is characterized by a warm summer, a cold winter, and
a short growing season (90-130 days) with a mean
annual precipitation of 330-650 mm and a mean
annual temperature of 8.5°C (min. monthly mean of
—7.6°C in January and max. monthly mean of 22.5°C
in July). The soils from mountain top to foot are
mountain meadow soil, mountain brown soil, moun-
tain alfisol cinnamon soil, and mountain cinnamon
soil (The Editing Committee of Shanxi Forest 1984).

There are two national natural reserves in this
region with Luya Mountain National Nature Reserve
in the north and Pangquangou National Nature
Reserve in the south, in which Crossoptlon mant-
churicum (an endangered bird species), Larix
principis-rupprechtii forest, and Picea spp. (P. mey-
eri and P. wilsonii) forest are the key protective
targets.

Based on the system of national vegetation
regionalization, this area was classified into the
warm-temperate deciduous broad-leaved forest zone.
With the elevation rising, vegetation zone are,
respectively, deciduous broad-leaved forest, needle-
broad-leaved mixed forest, cold-temperate coniferous
forest, and subalpine scrub-meadow.

Data collection

The forest inventory data from a total of 168 field
plots in 2000 and 2005 were used in this study. These
permanent plots (each with an area of 0.0667 ha)
were established systematically based on the grid of
4 km x 4 km across the forestland of 2698.85 km’
in 1980s under the project of the forest survey of the
Ministry of Forestry of P. R. China (1982), in which
the data, such as tree species, diameter at breath
height of 1.3 m (DBH), the average height of the
forest stand, and the average age of the forest stand
had been recorded along with the data of location,
elevation, aspect, slope degree, slope location, and
soil depth. For trees with >5 cm DBH, the values of
their DBH were included in the inventory.
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TWINSPAN classification

A total of 26 tree species had been recorded in the
168 plots. The importance values (IV) for every tree
species in each plot were calculated using the
following formula:

IV = (Relative density + Relative dominance
+ Relative frequency)/300

where relative density is the ratio of the individual
number for a tree species over the total number for
all tree species in a plot, relative dominance is the
ratio of the sum of the basal area for a tree species
over the total basal area of all tree species in a plot,
and the relative frequency is the percentage of the
plot number containing a tree species over the total
plot number (168) in this inventory. Based on the
matrix of IVs of 26 x 168 (species x plots), the
forest vegetation can be classified into different
formations using the two-way indicator-species
analysis (TWINSPAN) (Hill 1979).

Estimation of biomass and CD

The volume production of an individual tree could be
obtained in the volume table (Science and Technol-
ogy Department of Shanxi Forestry Bureau 1986)
according to its DBH. The volume of a species (V)
was the sum of its individual tree’s volume in a plot.
The total living biomass (B) (Mg ha_l) of a species
in a plot was calculated as:

Vv
T a+bv (1)

where V represents the total volume (m® ha™') of a
species in a plot, a (0.32-1.125) and b (0.0002—-0.001)
are constants (Zhou et al. 2002). The constants for
most of the tree species in this study were developed
by Zhao and Zhou in 2006 (Table 1).

In regard to companion tree species in this study,
their biomass estimation was based on the parameters
of above known species according to their morpho-
logical similarity, i.e., Pinus bungeana is referred to
the parameters of Pinus armandii; Ulmus pumilla and
Tilia chinensis to those of Quercus liaotungensis; and
Acer mono and the rest of broad-leaved species to
those of Populus davidiana.

Forest CD (Mg hafl) was calculated as:

Table 1 Parameters of biomass calculation for dominant
species in this study

Species Parameters in equation

a b n R?

Larix principis-rupprechtii ~ 0.94 0.0026 34 094

Pinus tabulaeformis 0.32 0.0085 32 0.86
Picea meyeri 0.56 0.0035 26 0.85
Platycladus orientalis 1.125 0.0002 21 0.97

Pinus armandii 0.542 0.0077 17 0.73
Populus davidiana 0.587  0.0071 21 0.92
Betula platyphylla 0.975 0.001 14 091
Quercus liaotungensis 0.824  0.0007 48 0.92
CD =B x C, (2)

where B is the total living biomass of tree species in a
plot; C¢ is the average carbon content of dry matter,
which is assumed to be 0.5, though it varies slightly
for different vegetation (Johnson and Sharpe 1983;
Zhao and Zhou 20006).

Effects of influencing factors

The qualitative data of the aspect and slope location
were first transformed into quantitative data to
quantify their effects on forest CD. According to
the regulations of the forest resources inventory by
the Ministry of Forestry (1982), the aspect data were
transformed to eight classes starting from north (from
338° to 360° plus from 0° to 22°), turning clockwise,
and taking every 45° as a class: 1 (338°-22°, north
aspect), 2 (23°-67°, northeast aspect), 3 (68°—112°,
east aspect), 4 (113°-157°, southeast aspect), 5
(158°-202°, south aspect), 6 (203°-247°, southwest),
7 (248°-292°, west aspect), and 8 (293°-337°,
northwest aspect). The slope locations in the moun-
tains were transformed to 6 grades: 1 (the ridge), 2
(the upper part), 3 (the middle part), 4 (the lower
part), 5 (the valley), and 6 (the flat).

A multiple linear regression model was used to
analyze the effects of biotic and abiotic factors on
forest CD, assuming a significant effect if the
probability level (P) is <0.05:

Y=a+b Xi+bh Xo+ b3 Xs+... + b Xi 0 (3)

where a is a constant, by, by, b3, and b, are regression
coefficients. Y represents CD and X, X,, X3, X4, X5,
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Xe, and X5 represent forest density (X;), average age
(X5), elevation (X3), slope location (X4), aspect (Xs),
slope degree (X¢), and soil depth (X7) in each plot,
respectively. Here forest density is the individual
number of all tree species per area in a plot, and
forest age is the average age of dominant trees in the
plot.

Results
Forest formations from TWINSPAN

According to the 4th level results of TWINSPAN
classification, the 168 plots were classified into 9
formations (Table 2), which were named according
to Chinese Vegetation Classification system (Wu
1980). The dendrogram derived from TWINSPAN
analysis is shown in Fig. 1. The basic characteristics
of species composition, structure along with its
environment for each formation are described as
follows:

1. Form. Larix principis-rupprechtii (Form. 1 for
short, the same thereafter): L. principis-
rupprechtii was the dominant tree species of
the cold-temperate coniferous forest in north
China. It grew relatively faster with fine timber.
Therefore it was a very important silvicultural
tree species at middle-high mountains in this
region. This type of forest distributed vertically
from 1610 m to 2445 m above sea level, and

168 plots

_————— — — r — —2ndlevel — —|— — — — —

— 3rd level

— 4thi level

7
(35)(26) (11)

Fig. 1 Dendrogram derived from TWINSPAN analysis. Note:
1. Form. Larix principis-rupprechtii; 2. Form. Picea meyeri; 3.
Form. Betula platyphylla; 4. Form. Populus davidiana; 5. Form.
Pinus tabulaeformis; 6. Form. Pinus tabulaeformis + Quercus
liaotungensis; 7. Form. Quercus liaotungensis; 8. Form. Pinus
bungeana + Platycladus orientalis, and 9. Form. Quercus
liaotungensis + Acer mono. The number of plots for each
formation is shown between the brackets

common companion species were Picea meyeri
and P. wilsonii in the tree layer.

2. Form. Picea meyeri (Form. 2): P. meyeri forest
belonged to cold-temperate evergreen coniferous
forest. Its ecological amplitude was relatively
narrow with a range of vertical distribution from
1860 m to 2520 m. Betula platyphylla and Picea
wilsonii appeared commonly in this forest.

3. Form. Betula platyphylla (Form. 3): B. platyphy-
lla was one of main tree species in this region
and occupied the land at moderate elevation
(1700-2200 m). In the tree layer, Populus

Table 2 The structure characteristics of 9 forest formations and their environmental factors

Form Density (No./ha) Age (Year) Coverage (%) Slope location Elevation (m) Slope (°) Aspect Soil depth (cm)
1 8493 + 121.8 400+ 54 54 +£8.7 2.7 £ 0.1 16102445 191+ 1.1 41+£.6 564+5.1
2 869.6 + 179.1 554 +£4.8 62483 23+02 1860-2520 19.6 £ 22 47 +£0.6 50.6+59
3 7743 £ 57.8 455 +£53 45441 2.6 +£0.2 1700-2200 216 £ 19 42+0.8 487+33
4 10719 £ 1244 316 £2.6 41 £6.3 35+02 1350-1997 230+ 1.6 41£06 492 +6.2
5 770.9 £ 139.7 547 +£2.6 49 +5.7 29 +£0.2 1360-2010 2394+22 294+£05 41.0=+4.1
6 756.2 £ 87.7 609 £ 3.7 46 £4.2 2.6 £0.2 1235-1820 294 +23 37+£04 342 +4.1
7 7313 £ 1547 568 £62 46+ 74 30£0.3 1452-2010 259+ 2.1 34+£08 532+37
8 1589.2 + 616.2 53.8 +3.8 41 +£25 2.6 £0.5 1250-1270 266 +£35 3.6+£0.7 340+7.1
9 9103 £ 136.8 513 +46 5173 34 +£02 1350-1660 232 +25 48+£05 394 +44

Note: 1. Form. Larix principis-rupprechtii; 2. Form. Picea meyeri; 3. Form. Betula Platyphylla; 4. Form. Populus davidiana; 5. Form.
Pinus tabulaeformis; 6. Form. Pinus tabulaeformis + Quercus liaotungensis; 7. Form. Quercus liaotungensis; 8. Form. Pinus
bungeana + Platycladus orientalis; 9. Form. Quercus liaotungensis + Acer mono
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davidiana and Larix principis-rupprechtii were
the companion species.

4. Form. Populus davidiana (Form. 4): P. davidiana
was a pioneer tree species in the north secondary
forest. This forest appeared at moderate elevation
(1350-1997 m) and on southerly aspect. Tree
species were plentiful in it, including Pinus
tabulaeformis, Quercus liaotungensis, and so on.

5. Form. Pinus tabulaeformis (Form. 5): P. tabu-
laeformis (Chinese pine) was a main dominant
tree species of the warm-temperate coniferous
forest in north China. The Chinese pine forest
was a dominant forest type in Shanxi Province
(The Editing Committee of Shanxi Forest 1984).
In the study region, it occupied the land at
moderate elevation (1360-2010 m).

6. Form. Pinus tabulaeformis + Quercus liaotung-
ensis (Form. 6): this forest was present at low to
moderate elevation (1200-1800 m) on south-
faced aspect.

7. Form. Quercus liaotungensis (Form. 7): the
Q. liaotungensis forest was a typical warm-
temperate deciduous broad-leaved forest and a
main broad-leaved forest type in north China.
Q. liaotungensis mainly distributed at middle-
low elevation (1400-2000 m) in the middle-
north of Liiliang Mountains.

8. Form. Pinus bungeana + Platycladus orientalis
(Form. 8): there was relatively a few Pinus
bungeana + Platycladus orientalis mixed forest
appearing at the lower elevation of 1200 m on
northerly aspect where environmental condition
was characterized by drought, infertility, and
cragginess.

9. Form. Quercus liaotungensis + Acermono (Form.
9): in the low elevation (1300-1660 m), Q. liao-
tungensis was always mixed with other broad-
leaved tree species, such as Acer mono, Prunus
armeniaca, and so on. Most of these trees were
light-demanding and drought-tolerant species.

Biomass

According to the national guidelines for forest
resource survey (The Ministry of Forestry 1982),
each forest formation can be divided into five age
classes (young, mid-aged, pre-mature, mature, and
post-mature). Since there was only one plot where the

120 -

NS 2000
2005

100 -

(o2} for}
o o
L L

Mean biomass ( Mgha™)
IS
o

20 -

1 2 3 4 5 6 7 8 9
Forest formation

Fig. 2 The mean biomass of each formation in 2000 and 2005
(Mg ha™")

post-mature age class forest occurred, which
belonged to P. davidiana Form., the rest of plots fell
into four age classes (Fig. 3).

According to Eq. 1 and the parameters of each
species (Table 1; Zhao and Zhou 2006), the biomass
of each age class for 9 formations were calculated,
and the average biomasses of each formation are
shown in Fig. 2. The average biomass in 2005 was
slightly higher than that in 2000.

There was a wide range of change in the values of
mean biomass among the 9 formations. For instance, in
2005, the highest value of biomass (112.97 Mg ha™")
was observed in Form. 2; next to Form. 2 were Form. 6
(85.51 Mg ha™ ') and Form. 1 (83.49 Mg ha™'); in the
middle level were Form. 3 (60.64 Mg ha_l), Form. 5
(60.61 Mg ha™ '), and Form. 7 (65.14 Mg ha™'); and
the lower values of biomass were found in Form. 4
(50.80 Mg ha™"), Form. 8 (43.69 Mg ha™'), and
Form. 9 (46.12 Mg ha™").

Carbon density

The overall average values of carbon density (CD) for
the 9 formations were 32.09 Mg ha™' in 2000 and
33.86 Mg ha~' in 20035, respectively, and the average
values of CD for these formations ranged from
23.06 Mg ha™! for Form. 9 to 56.48 Mg ha~' for
Form. 2.

The CD among different age classes changed
considerably (Fig. 3), and showed an increased trend



A.G. Van der Valk (ed.)

100 1
— == Young
D , £ Middle-aged
_(c‘S 8 H s Premature
[} I — Mature
2 &0
P
2
o 40
°
5
£ 204
o
O H
0

1 2 3 4 5 6 7 8 9

Forest formation

Fig. 3 The carbon density of 9 forest formations in Liiliang
Mt. in 2005 (Mg ha™'). Note: There is no mature age class in
Form. 1, and there is only a single middle-aged class in Form. 8

from the young class to pre-mature or mature class in
most forest formations. The extremely low amount of
CD in the pre-mature forest of Form. 4 resulted from
the low biomass accumulation, which may be caused,
according to field observations, by (1) the insect
infestation which had occurred and led to the death of
some trees in plots 155 and 164, and (2) the droughty
habitats on southerly aspect where these two plots
were located, and the wilt of some tree species like
Populus davidiana was found.

In Form. 2, Form. 6, or Form. 7 the CD of mature
forest was lower than that of the pre-mature forest
due to the fact: Larix principis-rupprechtii, Picea
meyeri, and Pinus tabulaeformis were main timber
tree species in study region, and some of the mature
trees in these formations may have been illegally cut
down for timber use by some local residents.

Nevertheless, from the total percentage of the CD
of pre-mature and mature classes over the total CD of
all classes of each formation, it was found that the CD
in these two classes accounted for 74.9% in Form. 2,
70.6% in Form. 3, 60.8% in Form. 5, 63.2% in Form.
6, 58.3% in Form. 7, and 70.0% in Form. 9. This
indicated that pre-mature and mature forests were
very important C sequestration stages in most
formations.

Effects of biotic and abiotic factors on forest CD

Due to lack of some environmental data in some
plots, a total of 157 plot data was used for regression
analysis. Based on Eq. 3, a multiple linear regression
equation between the forest CD (Y) and influencing
factors was established:

Y = —17.687 + 0.17X; + 0.108X, + 0.019X;
—1.182X, (4)

The partial correlation coefficients were 0.475
(P < 0.01) for forest density (X;), 0.288 (P < 0.01)
for average age (X3), 0.261(P < 0.01) for elevation
(X3) and —0.178 (P < 0.05) for slope location (Xj),
respectively. It indicated that forest density, average
age of forest stand and altitude had positive correla-
tion with CD; whereas slope location had negative
correlation with CD. And aspect (Xs), slope degree
(Xs), and soil depth (X7) had no significant relation-
ship with the CD. This suggested that the CD rose
with the increase of forest density, average age, and
altitude; and it decreased with the slope location
change from 1 (the ridge) to 6 (the flat). The biggest
partial correlation coefficient for forest density indi-
cated that forest density had a stronger effect on the
CD than the other factors.

Discussions

The results of quantitative classification (TWIN-
SPAN) clearly reflected the vertical distribution
patterns of forest vegetation in Liiliang Mountains.
The warm-temperate deciduous broad-leaved forest
(Form. Quercus liaotungensis + Acer mono) was
distributed in the low mountain area, and Pinus
bungeana + Platycladus orientalis mixed forest was
located in this altitude range on the southern aspect
where the habitat was droughty and infertile. The
warm-temperate coniferous forest (Form. Pinus
tabulaeformis) and the warm-temperate needle-
broad-leaved mixed forest (Form. Pinus tabulaeformis
+ Quercus liaotungensis) were present in the lower-
to-middle mountain area. And Quercus liaotungensis
forest also occupied this range. Deciduous broad-
leaved forests (Form. Populus davidiana and Form.
Betula platyphylla) occupied the middle-to-high
mountain range. Cold-temperate coniferous forests
(Form. Larix principis-rupprechtii and Form. Picea
meyeri) were distributed in the middle-to-high moun-
tain area, in which the distribution range of Form. 1
was wider than Form. 2.

Considered together, the distribution patterns and
biomass estimates of the forests in Liiliang Mountains
revealed that the biomass tended to increase with the
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altitude rising. Of the 5 coniferous formations (includ-
ing coniferous and broad-leaved mixed formations),
the biomass increased from 43.69 Mg ha™" for Form.
8 (1200 m asl), 60.61 Mg ha™! for Form. 5 (1360-
2010 m asl), 85.52 Mg ha~! for Form. 6 (1200—
1800 m asl), 83.49 Mg ha™! for Form. 1 (1610-
2445 m asl) to 112.97 Mg ha~! for Form. 2 (1860
2520 m asl). Of the 4 broad-leaved formations, the
biomass increased from 46.12 Mg ha™' for Form. 9
(1300-1660 m asl) and 50.80 Mg ha! for Form. 4
(1350-1997 m asl) to 65.14 Mg ha~' for Form. 7
(1400-2000 m asl) and 60.64 Mg ha~! for Form. 3
(1700-2200 m asl). In addition, the average biomass
(79.12 Mg ha™") of the 5 coniferous formations was
greater than that (53.91 Mg ha™') of the 4 broad-
leaved formations.

The average CD of forest vegetation of Liiliang
Mountains was 33.86 Mg ha™' in 2005. It was lower
than the average level of 41.938 Mg ha~' (Wang
et al. 2001a, b), 44.91 Mg ha™! (Fang et al. 2001), or
41.32 Mg ha™' (Zhao and Zhou 2006) estimated for
all forests in China. The lower CD in Liiliang
Mountains can be explained by (1) low annual
precipitation of 330-650 mm in this area (The
Editing Committee of Shanxi Forest 1984) and (2)
large proportion of young, middle-age, and pre-
mature forests (80%) and small proportion of mature
and post-mature forests (20%) (Liu et al. 2000).

Different forest formations had various ability of
carbon sequestration. In this study, the average CD
(56.48 Mg ha™ ") of Form. Picea meyeri was higher
than those of other forest formations. This may result
from the higher average individual volume production
of Picea meyeri. According to The Editing Committee
of Shanxi Forest (1984), the average individual
volume production at the age of 60 were
0.0056 m> year™' for Picea meyeri, 0.0031 m’
year~'  for Larix principis-rupprechtii, —and
0.0030 m> year™"' for Pinus tabulaeformis, respec-
tively. The average CD (42.76 Mg ha™') of Form
Pinus tabulaeformis + Quercus liaotungensis was
close to the average level in China, and this type of
mixed forest could be largely afforested in the lower-
to-middle mountain of the Loess Plateau. Most of the
stands of Form. Larix principis-rupprechtii forest
were still at very young stage (at an average age of
40 years for all stands), so the CD (41.75 Mg ha™") of
this Form. was relatively low. As Wang et al. (2001a,
b) and Zhou et al. (2000) suggested, in the middle-to-

higher mountain of the Loess Plateau, subalpine
coniferous tree species, such as Picea meyeri should
be primarily protected because they can sequestrate
more C than other tree species.

Under conditions of global climate change, the
impact of biotic and abiotic factors on forest carbon
density is complex. Many factors have synergistic
effect on forest carbon, and the influencing degree of
those factors is different (Houghton 2002). The
analysis of multiple linear regression showed that
forest density, average age, and elevation had
positive relations with forest CD, and slope location
had negative correlation with it.

In a single species population, the function rela-
tionship between mean biomass of individual trees
and density has long been an issue in dispute.
Recently, Enquist and Niklas (2002) put forward that
there is a power function relationship between
biomass (or C) of individual tree and forest density.
Therefore forest density is an important influencing
factor on forest carbon. In this research, the regression
analysis indicated that forest density had significantly
higher effect on carbon density than other factors.

The significant effects of altitude and slope
location on forest CD may be to some extent related
to human disturbance. Along with the elevation rise
or the slope location change from mountain foot to
top, the human activities decreased, and the carbon
accumulation of forest ecosystems increased. There-
fore the forest CD tended to increase with elevation
rise or slope location rise.

Due to the fact that the volume-derived method
provides only the parameters of biomass calculation
for dominant species, and lacks the parameters for
companion species, the biomass estimation of com-
panion species were based on the parameters of
known species according to the morphological sim-
ilarity between the companion species and the known
species in this study (Table 1). This kind of approx-
imation may result in inaccurate CD estimation.
Besides, only the living biomass of trees was
estimated, the biomass of shrubs, herbs, standing
dead wood, and litter on the ground were not taken
into account in this study. As Duvigneaued (1987)
noted that the total litter biomass accounts for 2—7%
of the total biomass of major biomes of the world, so
this study presents primarily the basic CD results of
the forest tree species in this area. Much detailed
work, especially that of the total biomass and carbon
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storage of every forest formation, needs to be done in
the future.

Conclusion

The forest vegetation in this area was quantitatively
classified into 9 forest formations. They showed
distinctly the vertical distribution patterns along
elevation gradient in Liiliang Mountains. The average
CD was 32.09 Mg ha™' in 2000 and 33.86 Mg ha™'
in 2005, with the highest CD (56.48 Mg ha™') in
Form. Picea meyeri and the lowest CD
(16.14 Mg hafl) in Form. Quercus liaotungensis +
Acer mon. Pre-mature and mature forests generally
sequestrated more C than young and middle-aged
forests. Forest density, average age of forest stand, and
elevation had significantly positive relationships with
forest CD, and slope location showed negative corre-
lation with forest CD. The forest density had a higher
effect on forest CD than other factors.
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Abstract Natural disturbances such as fires, wind-
storms, floods, and herbivory often act on plant
communities, affecting their structure and the abun-
dance and composition of their species. Most research
has focused on the effects of single disturbances on
plant communities whereas the synergistic effects of
several disturbances have received less attention. In
this study, we evaluated how timing and severity of tree
mortality modified plant use by introduced deer and
early post-mortality successional trajectories in north-
ern Patagonian conifer forests. We sampled understory
composition and deer use in Austrocedrus chilensis
(ciprés de la cordillera) forest stands undergoing
varying timing and severity of forest mortality as
reconstructed using dendroecological techniques. In
addition, we evaluated the effect of fallen logs on plant
composition and deer use of plants by monitoring areas
of massive dieback where fallen logs had been
removed for fire hazard reduction, and nearby control
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areas not subjected to such removal. Stepwise regres-
sion analyses showed that history and severity of tree
mortality strongly influence plant composition and
deer use of plants. For deer use (with pellet counts and
browsing index as response variables), results showed
a positive relationship with degree of stand mortality
and a negative relationship with cover of fallen logs.
Similarly, cover of unpalatable shrub species was
explained by canopy mortality history, whereas cover
of palatable shrub species was positively associated
with severity of canopy mortality. In areas where fallen
logs had been removed, pellet counts were six times
higher than those in control areas. Though total shrub
species cover was similar between log removal and
control areas, proportion of unpalatable shrubs
increased in areas where fallen logs had been removed.
In conclusion, deer use of plants was strongly limited
by tall fallen logs, allowing palatable species to
establish and grow. Fallen log removal accelerated
deer entrance and changed understory composition
toward more browse-resistant and unpalatable species.
These results underscore the importance of considering
the dynamics (timing, severity, and extent) of fallen
woody debris influencing understory herbivory and
post-disturbance succession. In addition, experimental
results underpin the importance of maintaining snags
and large woody debris in disturbed landscapes where
salvage logging is a routine procedure.

Keywords Austrocedrus chilensis - Browsing -
Disturbance - Exotic deer - Forest decline
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Introduction

Coarse-scale disturbances such as fires, snow ava-
lanches, windstorms, droughts, and insect defoliation
strongly influence the rate and direction of plant
succession. These disturbances release limiting
resources, triggering vegetation changes that attract
herbivores searching the landscape for patches of
high-quality forage (Jefferies et al. 1994). On the
other hand, the heterogeneous matrix of dead woody
debris left after forest disturbances can strongly limit
and control herbivore movement (Thomas et al.
1979; Hanley et al. 1989; Nyberg 1990). Thus, plant
communities will likely reflect a complex synergism
of disturbance characteristics that affect plant perfor-
mance directly by releasing limiting resources
(Pickett and White 1985) and indirectly by modifying
herbivore foraging patterns (Stuth 1991).

Although forests are highly dynamic systems
subjected to natural disturbances of different scales,
relatively few studies have addressed how large
herbivores, such as ungulates, differentially use and
impact vegetation of sites affected by forest distur-
bances of varying severity and timing (Wisdom et al.
2006). Ungulates generally exert minor influences on
the structure and function of mature forest stands
(Russell et al. 2001). However, their effect following
a disturbance can determine the trajectory of the
system among alternative states (Hobbs 1996; Russell
et al. 2001). We hypothesized that depending on the
severity and timing of the disturbances, physical and
biotic conditions at disturbed sites may alter deer
behaviour, thus changing their role in modifying
plant succession. We predict that recent sudden,
massive forest dieback events such as windstorms
may create a mosaic of highly inaccessible microsites
composed of a tight network of fallen logs and
branches and will be dominated by palatable plants.
Older, less severe or more chronic patterns of tree
mortality, by contrast, may allow more accessibility,
will show signs of higher deer use and will be
dominated by unpalatable plants.

Forests of northern Patagonia, particularly on Isla
Victoria, are ideal for evaluating forest mortality—
herbivory interactions. Here, extensive stands of
Austrocedrus chilensis (D. Don.) Pic. Serm. & Bizarri
(ciprés de la cordillera) are being affected by “mal
del ciprés”, a syndrome caused by a poorly known
agent (Filip and Rosso 1999; La Manna and

Rajchenberg 2004; Greslebin and Hansen 2006) that
causes root death and standing mortality followed by
mass canopy collapse owing to root weakening and
increased susceptibility to windthrow. At the land-
scape scale, poor soil drainage controls the
occurrence of patches of standing dead trees of
diverse sizes plus logs and fallen branches on the
forest floor that appear interspersed in a matrix of
healthy forest (La Manna et al. 2008; Fig. la).
Interacting with the understory and tree saplings in
these forests, there are also abundant introduced
cervids, mostly red deer (Cervus elaphus) and fallow
deer (Dama dama) (Simberloff et al. 2003). Austr-
ocedrus forests are heavily used by introduced deer
owing to high forage availability and provision of
winter cover (Relva and Caldiz 1998; Barrios Garcia
Moar 2005). In addition, extensive removal of
downed slash and fallen logs along roads for fire
hazard mitigation (Fig. 1b) offers a unique large-
scale manipulative experimental setting in which to
test possible mechanisms involved in this interaction
between mortality and herbivory.

Here, we present results that combine dendroeco-
logical techniques for determining timing and
severity of past mortality with standard vegetation
and herbivore use assessments that preliminarily
underscore the importance of stand decline history
on understory vegetation structure and composition.
In addition, we experimentally demonstrate the
impact of fallen obstacles on herbivory by deer as a
key mechanism in modifying the strength of herbiv-
ory effects on vegetation.

Methods
Study site

The study was conducted in a 2 x 4 km area of
evergreen conifer Austrocedrus forest on northern
Isla Victoria, Nahuel Huapi National Park, Argentina
(40°57'S; 71°33'W; Fig. 2). Within the study area, we
sampled for tree mortality reconstructions, deer use
and vegetation censuses in four areas of ca. 1 ha each
representing forests with contrasting history and
severity of stand mortality (Criollos, Larga, Redonda,
Pseudotsuga, Fig. 2, Table 1).

Isla Victoria is an island running NW to SE that
comprises 3,710 ha, with a varied topography that
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Fig. 1 Photographs showing massive mortality of Austrocedrus chilensis forests with standing dead trees, logs and fallen branches
(a) and adjacent areas where logs and fallen branches were removed (b) on Isla Victoria, northern Patagonia

includes flat, shallow valleys, and elevations of up to
1,025 m. Mean annual rainfall is 1,700 mm (Barros
et al. 1988), mostly occurring during winter (June to
September). Soils are allophanic (derived from vol-
canic ashes), sandy, permeable, and rich in organic
matter and acid pH (Koutché 1942). Isla Victoria is
covered mainly by southern beech pure Nothofagus
dombeyi forests, pure Austrocedrus forests, and
mixed N. dombeyi-Austrocedrus forests. Lomatia
hirsuta, Maytenus boaria, Nothofagus antarctica,
Luma apiculata, Myrceugenia exsucca, and Dasy-
phyllum diacanthoides are subdominant tree species
in these forests. The understory includes palatable
shrubs such as Aristotelia chilensis, Maytenus chu-
butensis, Ribes magellanicum, Schinus patagonicus,
and Chusquea culeou as well as unpalatable shrubs
such as Berberis spp. and Gaultheria spp. The
herbaceous layer includes native species such as
Uncinia sp. and exotics such as Cynoglosum creticum
and Digitalis purpurea. Species nomenclature fol-
lows Ezcurra and Brion (2005).

Historical disturbances consist of extensive fires
that occurred during European settlement resulting in
80- to 120-year-old postfire-cohorts (Veblen and
Lorenz 1987). These forests have scarce regeneration
because the dominant tree species are not shade
tolerant, although sporadic regeneration can occur in
small tree-fall gaps (Veblen et al. 1989). Since 1948,

when the first observation was recorded on Isla
Victoria (Havrylenko et al. 1989), and extending over
the island and the region with geographically varying
intensities, the main present disturbance pattern is
mal del cipres Austrocedrus mortality.

Superimposed on the pattern of disturbance by
fires and dieback are the effects of introduced
herbivores. In 1916, red deer (Cervus elaphus), axis
deer (Axis axis), and fallow deer (Dama dama) were
successfully introduced to the island. At present, red
deer and fallow deer are extremely abundant, while
axis deer is apparently extinct on the island. By
1959, exotic deer densities on the island were
estimated to be 40 individuals/km? (Anziano 1962),
and recent estimates indicate densities of 26 indi-
viduals/km® (Relva unpubl.). Average red deer
density throughout the present distributional range
in Patagonia has been estimated at about 2 individ-
uals/km? (Flueck et al. 2003); however, these
authors also state that in favourable conditions
densities may reach 100 deer/km? (ecotonal habitat)
and 40-50 deer/km? (steppe habitat). Exotic deer
have significantly modified the forests on Isla
Victoria, reducing cover by palatable species, such
as Aristotelia chilensis (Veblen et al. 1989), and
delaying the growth of Austrocedrus and Nothofagus
dombeyi seedlings and saplings to adult size (Veblen
et al. 1989; Relva and Veblen 1998).
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Fig. 2 Location of Austrocedrus chilensis forest stands
studied on Isla Victoria, Parque Nacional Nahuel Huapi,
Argentina. Closed circles denote control areas and open
squares denote log removal areas. See Table 1 for stand
characteristics

Field sampling
Mortality assessments

In each area we used dendroecological techniques
(Stokes and Smiley 1968) to reconstruct the timing
and duration of tree mortality events. In each area, in
fifteen 314 m? plots we cored the closest live tree to
the centre of the plot at ca. 50 cm with increment
borers to determine dates of growth release related to
mal del cipres mortality and/or associated windthrow
from neighbour trees. Dead standing, wind-snapped,
and uprooted trees were sampled by cutting partial
cross-sections at the base of each individual to date
the year of death. All samples were sanded with
successive grades of sandpaper to obtain an optimal
view of annual rings. Ring widths in tree cores and
cross-sections were measured to the nearest 0.01 mm

using a Henson computer-compatible radial incre-
ment-measuring device. Disturbance dates were
determined on living trees by detecting growth
release events. In this study, we define release events
as occurring when the tree-ring width of five
contiguous years increased more than 150% com-
pared to the preceding 5 years growth (Kitzberger
et al. 2000a). The growth release frequencies were
quantified in 10-year periods by calculating the
number of individuals that underwent growth release
in a period relative to total individuals present in that
period. Dates of death of dead-standing and downed
trees were established using the standard visual
skeleton plots method (Stokes and Smiley 1968) in
combination with the COFECHA cross-dating pro-
gram (Holmes 1983). This program statistically
analyses the correlation between pieces of undated
(floating) tree-ring series and master series dated
independently. For cross-dating, Cerro Los Leones
(International Tree Ring Data Bank, http://
www.ngdc.noaa.gov/paleo/treering.html) was used
as the master tree ring chronology.

Vegetation and deer use

In each area we sampled forest structure, understory
abundance and composition, and deer use with 15
concentric plots of variable sizes placed systemati-
cally every 20 m along three parallel lines that were
located in relatively homogeneous areas, each
approximately 50 m apart from adjacent lines. Forest
structure was sampled in fifteen 314 m” circular
plots, in which we measured diameters of adult trees
(>4 cm at breast height) in four categories: living,
uprooted dead, standing dead, and snapped dead tree.
Understory abundance and composition were sur-
veyed in fifteen 100 m? circular plots in which we
visually estimated cover by individual species of tree
saplings (height >10 cm and dbh <4 cm), shrubs, and
herbs. In each 100 m? circular plot, we also counted
and measured tree sapling height and assessed
seedling abundances (height <10 cm) by counting
within four 1 m? plots randomly distributed through-
out the 100 m? understory plots. We measured the
tallest shrub of each species and used a scale
according to Allen and McLennan (1983) to assess
the degree of browsing on saplings and shrubs. This
scale distinguishes: 0, no evidence of browsing; (1)
slightly browsed (one or two branches browsed); (2)
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Table 1 Forest characteristics of Austrocedrus chilensis study areas and effects of mortality on Isla Victoria, Parque Nacional

Nahuel Huapi, Argentina

Area

Pseudotsuga Criollos Larga Redonda
Latitude (S) 40°54 40°53' 40°53’ 40°53’
Longitude (W) 71°32/ 71°32 71°33' 71°33'
Annual precipitation (mm) 1600-1800 1600-1800 1600-1800 1600-1800
Elevation (m asl) 800 825 800 850
Aspect NE NE NE NE
Basal area live® (%) 46.4 21.1 26.8 25.7
Basal area dead standing (%) 24.2 21.6 18.6 20.6
Basal area uprooted (%) 35.0 58.1 54.0 50.3
Basal area snapped (%) 6.2 54 7.4 53
Total basal area (m*/ha) 62.6 (9.5)* 125 (11.1) 133.4 (11.2) 173 (14.9)
Age of live trees (years) 56 (4.6) n® =14 116 (53)n=9 75099 n=13 103 (9.5)n =13
Dead tree age (year) 52 (42)n=11 104 (6.1) n = 12 116 (11.5) n = 14 134 (5.6) n = 15
Mortality initiation 1980 1980-1990 1970 1970-1980
Year of first death recorded 1972 1965 1933 1969

% Values are means with standard errors in parentheses

® Number of sampled trees

moderately browsed (more than two branches
browsed), and (3) heavily browsed (most branches
browsed). Pellet groups were counted using a 10 m?
circular plot placed in each study station. Degree of
browsing and pellet group counts were used as an
index of animal use (Mayle et al. 1999). The degree
of site accessibility to deer was estimated by mea-
suring the maximum height of logs and fallen
branches, and by estimating their cover as was done
in the understory plots.

Fallen tree-removal experiment

To evaluate the effects of fallen trees on deer—
vegetation interactions, we performed a blocked
sampling design at control areas (Criollos, Redonda,
and Larga) and three nearby (<200 m away) areas
from which all downed dead trees had been removed
in 1994, 1997, and 1998, respectively (hereafter,
removal treatment). There were two different control
(non-removal) areas: (1) areas with more than two
downed trees (hereafter, non-removal treatment), and
(2) naturally open areas between fallen trees (here-
after, non-removal open treatment). Each treatment
was sampled in stratified manner using fifteen 20 m?

circular plots. Variables describing forest structure,
understory abundance and composition, and animal
use were recorded in a similar fashion to those
described at the beginning of this section.

Data analyses

We investigated the interaction among forest mortal-
ity, deer use, and understory traits through multiple
stepwise regression. One set of regression analyses
was performed to determine the minimum set of
variables related to forest mortality and understory
traits that allow us to predict deer use (pellet group
counts and degree of browsing as dependent vari-
ables). A second regression analysis determined the
variables related to forest mortality and deer use that
can explain the abundance of palatable and unpalat-
able shrubs species in the understory. Independent
variables related to forest mortality were: (i) history:
according to dendroecological data forest stands that
were categorized as recent (1, death dates peaking in
the 1980s) and old (2, death dates peaking in the
1970s), and (ii) severity: expressed as basal area of
live, uprooted, standing dead and snapped trees, and
cover of fallen branches. Variables related to
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understory traits were herb cover, tree sapling cover,
and cover of unpalatable and palatable shrubs.

Effects of fallen tree removal on plant community
and deer use were evaluated by ANOVA using areas
as experimental units and triplets of log removal/log
non-removal/non-removal open treatments as blocks.
Differences in means between treatments were based
on post-hoc tests. In all statistical analyses, counts
(numbers of pellet groups) and measures (heights)
were log-transformed, and proportions (understory
cover) were arcsine-transformed when needed to
achieve normality and homoscedasticity.

Results
Timing and severity of tree mortality

Growth release patterns in surviving trees and
frequency patterns of death dates suggest differences
in timing and severity of mortality occurred within
the study area. Larga showed the longest and most
uniform history of mortality with death dates and
releases starting in the 1950s, peaking in the 1970s,
and extending into the 1980s (Fig. 3). Redonda
showed evidence of mortality starting mainly in the
1960s and peaking in the 1970s, while at Criollos,
mortality started in the 1970s and peaked in the 1980s
and 1990s. Similar to Criollos, but with less severity,
Pseudotsuga had mortality starting in the 1970s and
peaking in the 1980s (Fig. 3). At Criollos, 80% of the
dated uprooting occurred in a relatively distinct
period during the 1980s and 1990s. By contrast,
uprooting during that same period accounted for 40%
and 50% of downed trees at Redonda and Larga,
respectively, thus suggesting a more gradual process
of canopy collapse. During the 1990s, dead trees in
massive mortality stands (Criollos, Redonda, and
Larga) were mostly uprooted (Fig. 3). Ring width
patterns of these uprooted trees indicated the exis-
tence of growth release events in a large percentage
of trees (50, 75, and 100% at Larga, Criollos, and
Redonda, respectively). This fact suggested that
wind-induced uprooting occurred after canopy open-
ing owing to mortality of dead standing trees and/or
uprooting of neighbouring trees.

Criollos, Redonda, and Larga were on average the
stands affected the longest and most severely by mal

del cipres mortality and subsequent windthrow
(Table 1). Around 25% of the basal area consisted
of live trees, whereas 50-60% of the basal area
consisted of downed, uprooted trees. By contrast,
Pseudotsuga, which was the youngest stand
(Table 1), suffered lower overall levels of mortality
and subsequent tree fall with ca. 45% of tree basal
area alive and ca. 35% of the basal area on the
ground. Percentages of wind-snapped and standing
dead trees were relatively uniform among stands
(Table 1).

Predictors of deer use and shrub composition

The multiple regression analyses showed that deer use
was positively related to the history of stand mortality
(stands with older mortality are used more heavily)
and negatively related to branch cover. Thirty-five
percent of the variance in the number of deer pellets
was explained by the history of stand mortality
(4, P < 0.01) and fallen branch cover (—, P < 0.01)
(model: F = 6.44; df = 4,48; P = 0.0031). Simi-
larly, 32% of the variance in the degree of browsing
on plants was explained by the history of stand
mortality (4, P < 0.05) and fallen branch cover
(—, P<0.05 (model: F =299, df=745;
P = 0.011). By contrast, no single vegetation variable
significantly explained deer use.

Composition of understory vegetation was also
explained mostly by history and severity of stand
mortality. Fifty percent of the variance in cover of
unpalatable shrub species was positively related to
history of stand mortality (stands with older mortality
have higher cover of unpalatable shrubs, P < 0.001),
while the degree of browsing was negatively related to
cover of unpalatable shrubs (P < 0.05) (model:
F = 9.38;df = 5,47; P = 0.001). Cover of palatable
species was related only to basal area of uprooted
trees, a measure of mortality severity (P < 0.05)
(model: F =446, df =3, 49; P = 0.00756),
explaining 21% of the variance in palatable species
cover.

Effects of fallen trees on deer use and vegetation

As expected, uprooted basal area (F = 112.8, df = 2,
P < 0.001, Table 2) and branch cover on the ground
(F=37.16, df =2, P =0.001) in the fallen tree
removal treatment were lower than those found in the
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non-removal treatment. In the treatment in which treatment in which fallen trees had not been removed.
fallen trees had been removed and in the naturally Total shrub cover was similar among removal and non-
open treatment, deer pellet number (F = 75.1, removal treatments (F = 3.99, df =2, P = 0.079).
df =2, P <0.001) and browsing (F = 23, df = 2, However, the proportion of palatable shrub species—
P = 0.002, Table 2) were higher than in the adjacent such as Aristotelia chilensis, Ribes magellanicum,

Table 2 Mean (and SE) of different variables measured in fallen tree removal and non-removal treatments

Uprooted Branch cover Number of  Browsing Palatable shrub Non-palatable Herb cover
basal area (%) pellet group  index cover (%) shrub cover (%) (%)
(m?/20 m?)
Fallen tree 0.03 (0.02) a 26.28 (2.82) a 6.31 (1.29)a 1.43 (0.11) a 6.00 (3.50) a 34.01 (7.85) a 40.8 (19.9) a
removal
treatment

Non-removal  0.63 (0.05) b 78.61 (4.94)b 0.11 (0.04)b 0.56 (0.13) b 50.84 (2.78) b 18.24 (5.5) b 19.56 (10.16) a
treatment

Naturally open  0.15 (0.02) ¢ 21.07 (3.82) a 5.67 (0.81) a 1.54 (0.06) a 3.12 (1.84) a 30.52 (7.74) a 62.52 (19.33) a
treatment

Different lowercase letters indicate significant differences among different treatments at P < 0.05 (ANOVA and post-hoc Tukey
Tests). Statistical analyses were conducted on the transformed values of variables, but original values are shown in the table
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Maytenus boaria—was significantly higher in the
non-removal treatment compared with the removal
treatment and the naturally open treatment (F =
41.53, df =2, P = 0.001). Conversely, cover by
unpalatable shrubs—such as Berberis spp.—was
15.8% and 12.3% higher in the removal treatment
and naturally open treatment, respectively, than in
non-removal treatment (F = 38.75, df =2, P =
0.001, see Appendix). No significant differences
were found in total herb cover among the three
treatments (F = 1.73, df = 2, P = 0.25, Table 2).

Discussion
Timing and severity of tree mortality

Austrocedrus areas with moderate mortality (ca. 65%
of basal area dead) are relatively open, young, and
accessible forest with most trees alive or standing but
dead. In contrast, where mortality exceeds 75% of
basal area, many trees lie on the ground forming an
inaccessible tangled mass of logs and branches
several meters high. Mortality levels in this study
are similar to those found by Loguercio and Raj-
chenberg (2004) but higher than those found by La
Manna et al. (2006) for forests with similar stand
structure in southwestern areas of Rio Negro and in
the nearby province of Chubut.

Two temporal factors are important in the inter-
action between mortality and herbivores that may
affect plant communities: (1) the timing of canopy
opening (i.e., increase in light levels to understory
plants) and (2) the timing of canopy collapse (i.e.,
decreasing accessibility to herbivores). These stages
do not necessarily coincide. Dendroecological tech-
niques allowed us to differentiate both processes. In
our system, most trees were attacked by root fungi,
lost foliage, and remained standing until root rot
made the trunk unstable and the tree fell. This was
evidenced in ring growth patterns of downed trees by
a strong suppression before and at the time of death.
Additional unattacked trees fell because the lack of
surrounding canopy trees made them susceptible to
wind-throw. This was evidenced in downed trees by
strong radial growth release (suggesting that trees
were not infected) before sudden death by snapping
or uprooting. In both cases, canopy opening may not

result in understory blocking for several years or even
one or two decades. This time lag between canopy
opening and understory physical blocking may have
an impact on understory composition. During early
phases of the decline process, the understory receives
light but there is also substantial herbivore pressure.
Therefore shade-intolerant plants that are resistant to
herbivores or are dispersed by them may benefit. In
our system, such as species may be Uncinia sp.,
which dominated recently dead forest, is light-
demanding, and is dispersed in deer fur. The initial
density of the stand may have been important
determinants of how fast the canopy collapsed after
mortality began. In our study, in all dense areas
(Criollos, Larga, and Redonda) uprooting has been
the main cause of mortality process for the past three
decades. The death dates in our study are similar to
those registered by Cali (1996), who worked in two
mainland Austrocedrus stands close to our study sites.

Interactive effects of forest mortality and deer use
on plant communities

Our results indicate that fallen logs with a high
density of branches strongly limited deer accessibility
to certain microsites and created natural exclosures
and safe sites for palatable plant establishment and
growth. Pulido et al. (2000) found a similar relation-
ship between presence of a native camelid, Lama
guanicoe (guanaco), and slash in a managed Nothof-
agus pumilio forest in Tierra del Fuego (southern
Argentina). Rebertus et al. (1997) found that brows-
ing by guanaco was negatively correlated to the
blowdown area of N. pumilio forest in Tierra del
Fuego. In blowdown areas above 5 hectares, guanaco
browsing was restricted to the periphery. Similarly,
Cavieres and Fajardo (2005) found in old-growth
stands of N. pumilio that guanaco damage was higher
in small gaps than in the bigger ones. On the other
hand, postfire coarse woody debris has been found to
provide Populus tremuloides refugia from red deer
browsing in Yellowstone National Park (Ripple and
Larsen 2001). On the contrary, Bergquist and
Orlander (1998) found that Picea abies browsed by
moose did not vary in sites with different amounts of
slash on the forest floor. Similarly, Kupferschmid and
Bugmann (2005) found that fallen trees do not
constitute a barrier to chamois (Rupicapra rupicapra)
browsing Picea abies saplings. According to Thomas
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et al. (1979), a depth of dead and fallen material
higher than 0.6 m substantially limits deer use of the
area, and when the depth is high enough to make deer
jump, the energetic cost of locomotion increases
dramatically (Hanley et al. 1989; Nyberg 1990).
Another complementary explanation for deer to avoid
areas with deep slash is that they would not be able to
escape easily if a predator does attack (White et al.
2003).

In our study, the negative relationship between the
amount of fallen logs and the deer use was clearly
manifested when slash was removed. The number of
deer pellet groups found where slash had been
removed was six times the number found in control
areas. As a result of this heavier use, after only
4 years of the treatment, understory composition
changed dramatically toward more unpalatable and
browse-resistant species in the slash-removal
treatments.

The positive relationship between deer use and
time since peak mortality suggests that with time,
fallen trees lose decomposing branches, and accessi-
bility increases. In the early stages, shrubs would be
not abundant except for Aristotelia chilensis, a shade-
intolerant, tall shrub (Muiioz and Gonzalez 2006) that
is highly palatable and consumed by deer (Anziano
1962; Veblen et al. 1989; Relva and Veblen 1998;
Relva and Caldiz 1998). In areas with recent or
severe mortality, A. chilensis was observed growing
between logs and fallen branches. This spatially
aggregated distribution in herbivore-free refuges (i.e.
safe sites where individuals grow and reproduce
successfully, far from the browsing range of the
herbivores) located in grazing areas was also
observed by Vazquez (2002a), who also found that
this type of distribution influenced the mechanisms of
pollination of this species. Positive association
between certain species of plants with coarse debris
has been noted in other forest systems in which
windstorms were generally predominant and pro-
duced great amounts of dead material on the forest
floor (Allan et al. 1997; Peterson and Pickett 2000; de
Chantal and Ganstrom 2007). However, the strong
positive relationship between A. chilensis and fallen
branches could additionally be a response to
improved recruitment conditions, as shown in other
species (Schreiner et al. 1996). In areas with the
oldest mortality (Redonda and Larga) and in micro-
sites from which logs had been removed, deer use

increased, and shrub composition changed toward
less palatable species or browse-resistant ones such as
Berberis spp. Both B. buxifolia and B. darwinii,
which are common in Austrocedrus forests, are
dominant in intensely grazed areas (Rebertus et al.
1997; Vazquez 2002b; Gallopin et al. 2005). Berberis
spp. and other spiny shrubs may act as nurse plants of
other species, by physically protecting more palatable
plants from herbivores (De Pietri 1992) and/or
improving abiotic conditions to facilitate establish-
ment and growth of tree seedlings (Kitzberger et al.
2000Db). In our study site, we have found no saplings
of Austrocedrus in recently and severely disturbed
forest. This could be because of the high cover of
light-demanding herbs, Uncinia sp. and Digitalis
purpurea, in early post-disturbance stages that could
be negatively affecting tree seedling recruitment or
due to low seed production by overmature trees. By
contrast, in areas with less severe mortality, Austr-
ocedrus seedlings and saplings are a dominant
component of the understory (see Appendix).
Because Austrocedrus is a shade-intolerant species,
the canopy opening produced by less severe mortality
probably explains this abundant tree regeneration
despite heavy use of canopy gaps by deer (Veblen
et al. 1989; Relva and Veblen 1998).

The spatially and temporally heterogeneous nature
of forest mortality interacting with large herbivores
may shape complex mosaics of vegetation. Prediction
of plant community composition and structure should
move forward from approaches that emphasize
disturbances modifying abiotic resources for plant
regeneration or plant-animal interactions toward
spatially explicit approaches that integrate plant
performance and animal behaviour within the context
of a dynamic forest landscape.

This study underpins the importance of maintain-
ing snags and large woody debris for the role in
providing safe sites for tree and understory regener-
ation, a management policy that should also extend to
disturbed landscapes where salvage logging is a
routine procedure.
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Mean cover (%) and standard error of vascular species recorded in fifteen 100 m? plots in the study areas

Area
Criollos Pseudotsuga Larga Redonda
Tree species
Austrocedrus chilensis 2.83 (1.31)
Lomatia hirsuta 0.68 (0.29) 1.69 (1.06)
Luma apiculata 1.5 (1) 1.69 (0.99) 1.87 (0.99) 16.79 (5.66)
Maytenus boaria 0.01 (0.01) 0.01 (0.01) 0.01 (0.01)
Nothofagus dombeyi 0.17 (0.17) 1.69 (0.99) 1.08 (1.07)
Pseudotsuga menziesii* 1.34 (0.33)
Shrub species
Aristotelia chilensis 6.34 (2.68) 0.35 (0.23) 3.21 (2.47) 4.14 (1.60)
Azara lanceolata 0.01 (0.01) 0.01 (0.01)
Berberis darwinii 2.51 (0.94) 3.2 (1.27) 39.5 (7.47) 20.36 (5.73)
Budleja globosa 0.18 (0.17) 0.01 (0.01) 0.01 (0.01)
Colletia hystrix 0.18 (0.17) 0.02 (0.01)
Gaultheria spp. 2.67 (2.49) 0.54 (0.28)
Maytenus chubutensis 0.03 (0.01) 0.19 (0.18)
Ribes magellanicum 0.36 (0.22) 0.21 (0.18) 0.17 (0.17) 0.57 (0.28)
Rosa rubiginosa® 0.01 (0.01)
Schinus patagonicus 0.01 (0.01) 4.36 (1.45) 5.56 (1.68)
Herb species
Acaena ovalifolia 0.01 (0.01) 0.01 (0.01)
Adiantum chilense 0.01 (0.01)
Alstroemeria aurea 0.01 (0.01) 0.01 (0.01)
Blechnum spp. 0.17 (0.17)
Carex spp. 0.01 (0.01) 0.01 (0.01)
Cynanchum diemii 0.53 (0.26) 3.67 (1.22) 0.54 (0.28)
Cynoglossum creticum® 2.51 (1.33) 1.38 (1.00) 15.51 (4.32) 1.27 (1.07)
Digitalis purpurea® 30.17 (6.76) 13.01 (3.67) 7.16 (2.78)
Galium aparine® 0.34 (0.23) 0.21 (0.18)
Vicia nigricans 0.02 (0.01) 0.01 (0.01) 0.01 (0.01)
Mutisia spp. 1(1) 0.045 (0.01) 2.87 (2.67)
Rumex acetosella® 0.02 (0.01) 0.01 (0.01) 0.2 (0.18)
Rumohra adiantiformis 0.01 (0.01)
Uncinia spp. 67.83 (6.8) 1.53 (1.00) 3.02 (1.29) 33.93 (6.74)
Grasses 0.01 (0.01)

? Denotes exotic species
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Abstract Although strip clear-cutting has a long
history of use in the temperate zone, it was only
recently introduced for timber extraction in tropical
rain forests, where it is known as the Palcazu Forest
Management System. In this system heterogeneous
tropical forests are managed for native gap-dependent
timber species by simulating gap dynamics through
clear-cutting long, narrow strips every 40 years. As
part of an assessment of the sustainability of this
system, we evaluated the recovery of tree basal area,
species richness, and composition after 15 years of
regeneration on two strips (30 x 150 m) clear-cut in
1989 in Jenaro Herrera, Peru. Timber stocking and the
effects of silvicultural thinning were assessed in both
strips. The strips recovered 58-73% of their original
basal area and 45-68% of their original tree species
richness. Although both strips recovered more than
50% of their original composition, commercial species
had lower basal areas and lower densities than in the
forest before the clearing. Pioneer species with high
basal areas remained dominant 15 years after the
cutting. Silvicultural thinning in 1996 reduced the
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abundance of pioneer species in both strips, and
increased the abundance of commercial species in
one of the strips. Half of one strip was harvested by
deferment-cut (only commercial trees >30 cm dbh
and “other” species >5 cm dbh were cut); regenera-
tion here had greater abundance of commercial species
and lower abundance of pioneer species. The low
stocking of commercial trees challenges the sustain-
ability claims for this forest management system.

Keywords Natural forest management -
Palcazud forest management model - Rarefaction -
Sustainable management - Tropical rain forest

Introduction

Strip-clear cutting has extensively been used in the
temperate zone for forest management (Thornton
1957; Smith 1986; Heitzman et al. 1999; Allison
et al. 2003); Tosi (1982) and Hartshorn (1989a, 1995)
introduced this system to manage tropical rainforests
for timber extraction. The first implementation was in
the Palcazd Valley in Peru, as part of a joint United
States Agency for International Development (AID)
and Peru Instituto Nacional de Desarrollo (INADE)
development project (Tosi 1982; Hartshorn 1989a).
As a result, Tosi’s (1982) and Hartshorn’s (1989a,
1995) strip clear-cutting system is also known as the
Palcazi Forest Management System. In the Palcazi
Forest Management System heterogeneous tropical
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forests are managed for native gap-dependent timber
species by simulating gap dynamics through clear-
cutting long, narrow strips (Hartshorn 1989a, 1995).
In this system, upland forest is clear-cut into 30—-40 m
wide strips with a rotation of 30 to 40 years. The
length of the strip varies and depends upon topogra-
phy (Hartshorn 1989a).

In the Palcazu system, timber, regardless of species,
is harvested and used locally (sawnwood, preserved
roundwood, and charcoal) or sold to attain maximum
value from the strips (Hartshorn 1989a; Gorchov et al.
1993). Animal traction is used to reduce soil compac-
tion (Hartshorn 1989a; Gorchov et al. 1993). Natural
regeneration of seeds and stump sprouts is permitted
(Gorchov et al. 1993). Silvicultural treatments may
also be applied in the regenerating strips to promote
growth of desired species (Dolanc et al. 2003).

Initially, the Palcazd system was thought to be a
sustainable alternative for timber extraction com-
pared to uncontrolled logging or selective logging.
Tosi (1982) and Hartshorn (1989a) predicted that
non-commercial pioneer species would not regener-
ate well in this system because the strips were too
narrow to allow sufficient sunlight, and commercial
species would be well represented in the regenera-
tion. Many tropical timber species are gap-dependent
(Swaine and Whitmore 1988), and such gap-depen-
dent species have rapid height and diameter growth
(Lieberman et al. 1985).

Several studies, however, have questioned the
sustainability of the Palcazu system (Simeone 1990;
Cornejo and Gorchov 1993; Gram 1997; Southgate
1998). Rapid early regeneration with high tree species
richness suggested that this system is ecologically
sustainable (Hartshorn 1989a), but Gorchov et al.
(1993) found that after one year of regeneration the
composition of strips was mainly dominated by pioneer
species of low commercial value. Thinning enhanced
the growth rates of commercial stems 11 years after the
cutting, but they still averaged <0.3 cm/year in diam-
eter growth (Dolanc et al. 2003). Clearly, data are still
needed for later stages of regeneration.

We studied tree regeneration after 15 years on two
strips clear-cut in 1989 in the Peruvian Amazon in
order to generate the first assessment of the ecological
sustainability of the strip clear-cutting system. To
assess the ecological sustainability of a forest man-
agement system one ought to assess the structural
characteristics of a developing forest (basal area and

biomass), community characteristics (species richness
and composition), and functional characteristics
(nutrient cycling and primary productivity). In this
study, we focused on the recovery of tree basal area,
species richness, and species composition 15 years
after the cutting with values prior to the cutting. The
criterion used to assess the ecological sustainability of
this system was to evaluate whether these community
descriptors had recovered to approximate pre-clearing
levels. This criterion is based on the assumptions of
sustainability for natural forest management; i.e.,
sustained timber yields can be produced while main-
taining a high diversity (Bawa and Seidler 1998). A
second objective was to determine stocking of com-
mercial species in the strips 15 years after the cutting
to assess timber regeneration in this system. A third
objective was to determine if silvicultural thinning and
harvesting by deferment-cut improved the recovery of
structural and community descriptors in the strips.

Clear-cutting is the least severe anthropogenic dis-
turbance when compared to cutting and burning for
pasture or plantation establishment, and bulldozing for
road building or development (Uhl et al. 1982). Thus,
clear-cut stands tend to have a rapid increase in species
richness a few years after logging (Hartshorn 1989a;
Faber-Landgendoen 1992) and a faster richness recov-
ery than stands cut and burned for pasture or bulldozed
(Uhl et al. 1982). However, composition usually takes
longer to recover (Finegan 1996; Guariguata and
Ostetarg 2001). Thus, we expected greater recovery of
basal area and species richness than of species compo-
sition. We also expected silvicultural thinning and
deferment-cutting in the strips to improve the recovery
of all of these structural and community descriptors.

Methods
Study site

This study took place at the Centro de Investigaciones
Jenaro Herrera (CIJH S 4°53.95' W 73°39.04), 200 km
south of Iquitos, Loreto, Peru. Mean annual tempera-
ture is 26.5°C and mean annual precipitation is
2521 mm (Spichiger et al. 1989). A relatively dry
period occurs from June to August, but rainfall highly
varies each month of the year (Ascorra et al. 1993;
Rondon 2008). Soils are sandy-loam and the vegetation
is considered lowland tropical rainforest on high terrace
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(Spichiger et al. 1989). The families with highest
densities on high terrace at CIJH are Sapotaceae,
Leguminosae, Lecythidaceae, Chrysobalanaceae,
Lauraceae, and Myristicaceae (Spichiger et al. 1996).

History of clear-cut strips in CIJH
Two 30 x 150 m strips (Fig. 1), 150 m apart, were

clear-cut in 1989 in primary high terrace tropical rain
forest at CIJH. The area had been selectively logged

19 20
17* 18*
15 16
13* 14*
11 12
150 m
9 10
N
7* 8*
8 6
3* 4*
1 2
30 m

Fig. 1 Schematic of each of the two strips (30 x 150 m) at
Centro de Investigaciones Jenaro Herrera, Peru. Twenty plots
were marked in each strip (15 x 15 m). Plots thinned in 1996
are shaded. Plots with asterisk (*) were censused regularly for
all saplings >2 m. Advanced regeneration and stump sprouts
were censused throughout the strip. In strip 2, in the south half
(plots 1 to 10), 56 commercial tree species (5-28 cm dbh) were
left uncut as part of a deferment-cut treatment. Figure modified
from Dolanc et al. (2003)

15-20 years prior, but the forest maintained an intact
canopy. The long axis of each strip was oriented
north—south. Strip 1 was cleared in April-May, 1989
and strip 2 in October—-November, 1989. Lianas and
shrubs were cut before tree felling. Most trees >5 cm
in diameter at breast height (dbh) were felled in each
strip using directional felling to ensure that the trees
cut landed in the strips (Gorchov et al. 1993). A few
large trees (>28 cm dbh, N = Sin strip 1 and N = 13
in strip 2) leaning out of the strips were not cut to
avoid damage to the surrounding forest (Cornejo and
Gorchov 1993). An experimental deferment-cut
treatment cut was implemented in the south half of
strip 2 (plots 1-10). In the deferment-cut treatment, only
commercial trees >30 cm dbh and “other” species
>5 cm dbh were harvested in 1989; the smaller trees
of commercial species were left uncut (n = 56, 5—
28 cm dbh) to grow for the next harvest (Cornejo and
Gorchov 1993). All timber harvested was locally
used or carried off site. A complete survey of the
trees (>5 cm dbh) was made during the 1989 felling
for both strips (Cornejo and Gorchov 1993).

Each strip was divided into 20 15 x 15 m plots
(Fig. 1), in which all stump sprouts and survivors
(saplings not cut <5 cm dbh in 1989) were identified
and tagged. Recruits (trees >2-m tall) were identified
and censused on 8 out of the 20 plots in each strip.
Censuses took place once a year during 1990-1994,
1996, and 2000. In addition, an experimental silvi-
cultural thinning treatment took place in March 1996;
pioneer trees (all Cecropia and trees <10-m tall of the
genus Alchornea and the family Melastomataceae)
were girdled by machete in portions of each strip
(Fig. 1). Censuses carried out May—June, 2004 in
strip 1 and June—July, 2005 in strip 2 provide the
‘post-clearing’ data analyzed here.

Tree identification

Tree identification was done in the field using Gentry
(1993) and Spichiger et al. (1989, 1990). Voucher
specimens were deposited at the CIJH herbarium,
AMAZ, and MU. Voucher specimens of difficult taxa
were brought for comparison to Missouri Botanical
Garden (MOBOT). Several taxa were not identified to
the species level in the pre-clearing (1989) period;
identification for these taxa was only done to genus
or family level. For analysis purposes, trees identi-
fied to the same genus or family, without species
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determination, were considered as one morphospecies.
Some Cecropia species were difficult to identify to the
species level, and they were grouped as one morpho-
species for all richness comparisons.

Data analysis

Comparisons of tree basal area (BA), species richness,
composition, and timber stocking were evaluated in
strip 1 in 1989 (prior to cutting) vs. 2004, 15 years after
cutting, and in strip 2, in 1989 (prior to the cutting) vs.
2005, 15 Y2 years after cutting. In strip 2, all compar-
isons of community descriptors between the pre- and
post-clearing period were carried out separately for the
clear-cut and deferment-cut portions. We are aware that
forests are not stable and community descriptors vary
over time. In this study, we used the pre-clearing level
(1989) as areference of mature growth. All tree species
richness and composition comparisons were done for
trees >7.5 cm dbh since both strips had complete
datasets per plot for these trees. Additional compari-
sons of richness and composition of trees >5 cm dbh
between the post- and pre-clearing censuses were
carried out for strip 2 (Rondon 2008), but these did not
differ qualitatively from trees >7.5 cm dbh.

The effect of thinning and deferment-cut on
structural and community descriptors

Before comparing structural and community descrip-
tors in the pre- versus the post-clearing period, we
tested the effect of silvicultural thinning in the post-
clearing period in order to determine whether it was
appropriate to pool thinned and unthinned plots. In
strip 1, we used SAS proc GLM with thinning as a fixed
factor and plots as replicates. For strip 2, we used a two-
way ANOVA with two fixed factors, thinning and
felling treatment (clear-cut versus deferment-cut), and
their interaction. All analysis were done using SAS
version 9.1, with o = 0.05; ANOVA tables are
reported in Rondon (2008). Statistical findings should
be interpreted with caution since the 15 x 15 m plots
within each strip were not independent.

Structural and community descriptors
Basal area (BA, mz/ha) was calculated for trees

>10 cm dbh for each strip at pre-clearing, one year
after the clearing (1990), and 15 years post-clearing.

The effect of thinning and deferment-cut was tested
on per plot BA (m2/plot). Calculations of BA are in
Rondon (2008).

To compare tree species richness between the pre-
and post-clearing censuses at equal sample sizes,
sample-based rarefaction curves were obtained from
EstimateS 7.5 (Colwell 2005). The 15 x 15 m plots
were used as subsamples in each strip. Separate
rarefaction curves were constructed for the clear-cut
and deferment-cut portions in strip 2. Before con-
structing the rarefactions for the two different
censuses, the effect of thinning and deferment-cut
on tree species density (no. of species/plot) was tested
using the post-clearing censuses of the strips.

Tree composition comparisons were done at the
genus level because species identification may not
have been consistent between censuses. Since the
classic Sorensen index is sensitive to sample size and
assemblages with numerous rare species (Chao et al.
2005), the abundance-based Sorensen index (L) was
used to assess compositional similarity between
censuses in the strips. Using EstimateS 7.5 (Colwell
2005), we calculated L, L = 2UV/(U+V), where U
and V are the total relative abundances of the shared
species in samples 1 and 2 (Chao et al. 2005).

After determining if thinning and deferment-cut
had an effect on L calculated between pre- and post-
clearing censuses for each 15 x 15 m plots in the
strips, we pooled the data for each strip (keeping
clear-cut and deferment-cut halves of strip 2 separate)
to assess the compositional change of the strips
between censuses. In strip 1, L was recalculated for
the entire strip between pre- and post- censuses
(N = 1). In strip 2, L was recalculated separately for
the deferment-cut (N = 1) and clear-cut (N = 1)
portions of the strip. These values were compared
with L between two mature forest stands: strip 1 and
strip 2, both before the clearing (1989).

To calculate the relative abundances and basal area
of commercial and pioneer species, trees >7.5 cm dbh
in the strips were classified as commercial, pioneer,
and “other” species (Table 1). Commercial species
were those in genera valued for sawnwood at interna-
tional and local markets based on data from the
International Tropical Timber Organization (ITTO)
from 1997 to 2005 (ITTO 1997-2005) and studies in
the Peruvian Amazon (Peters et al. 1989; Pinedo-
Vasquez et al. 1990). The list did not include species
valued for roundwood or non-timber forest products.
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Table 1 Commercial and pioneer taxa occurring in censused
plots at CIJH with sources for commercial taxa

Commercial Source Commercial Source
Annonaceae Meliaceae
Duguetia Guarea 2,3
Guatteria Trichilia 2
Xylopia 2 Moraceae
Apocynaceae Brosimum 1,2
Aspidosperma 1,2 Clarisia
Macoubea Myristicaceae
Boraginaceae Iryanthera 1,2, 3
Cordia 1 Osteophloeum 2
Bignoniaceae Virola 1,2, 3
Tabebuia 1 Olacaceae
Caryocaraceae Heisteria 2
Caryocar 2 Sapotaceae
Clusiaceae Chrysophyllum 2
Calophyllum 2 Manilkara 1,2
Combretaceae Pouteria
Terminalia 1,2 Simaroubaceae
Fabaceae Simarouba 1,3
Dialium 2 Vochysiaceae
Diplotropis 1 Vochysia 1
Hymenaea 1,2 Erisma 1
Ormosia 1 Pioneer
Parkia 2 Cecropiaceae
Swartzia 2 Cecropia
Lauraceae Euphorbiaceae
Aniba 2,3 Alchornea
Endlicheria 2,3 Melastomataceae
Licaria 3 All genera
Mezilaurus 2
Nectandra 1,3
Ocotea 1,2,3
Persea 3
Lecythidaceae
Cariniana 1,2
Eschweilera 2

Source: (1) ITTO 1997-2005; (2) Peters et al. 1989; (3)
Pinedo-Vasquez et al. 1990

Taxa not appearing in commercial or pioneers were considered
“others”. This table was modified from Dolanc et al. (2003)

We classified those taxa that made up the vast majority
of pioneers in this system as “pioneer” species: the
genera Cecropia (Cecropiaceae), Alchornea (Euphor-
biaceae), and all genera in the Melastomataceae family

(Dolanc et al. 2003). “Other” species were taxa that
were not classified into one of the other two groups and
taxa that were only identified to the family level
(N = 3 morphospecies in strip 1 and N = 8 morpho-
species in strip 2, bothin 1989). “Other” species were a
combination of fast growing species (e.g., Inga),
successional species (e.g., Protium), and old growth
species (e.g., Mabea). Since “other” species, grouped
taxa of several life histories, this group was not
statistically analyzed.

The relative abundance of commercial and pioneer
species was calculated for each 15 x 15 m plot in
both strips in the pre- and post-clearing censuses. The
effect of thinning and deferment-cut was tested on the
relative abundance of commercial species and pio-
neer species in the strips. Due to unequal variance of
samples in testing the effect of thinning on commer-
cial species in strip 1, additional analysis was done
using Kruskal-Wallis test, a non-parametric test. This
test did not differ qualitatively from the parametric
analysis; thus, only the latter was reported here. For
each strip, we used paired r-tests to determine
whether the relative abundance of commercial and
pioneer species for 15 x 15 m plots differed between
censuses. We also calculated basal area of commer-
cial, pioneer, and “other” species in both strips in the
pre- and post-clearing censuses of each strip.

Stocking (no. of trees/ha) of commercial species
was calculated for (1) small trees between 5 to
10 cm dbh, and (2) large trees >10 cm dbh, in the
post- and pre-clearing censuses of each strip. We
tested the effect of thinning and deferment-cut on the
number of commercial stems per plot for each size
class in the strips. To make timber stocking compar-
isons between censuses, for each size class the total
number of stems/ha in the post-clearing period was
calculated and compared to the pre-clearing period of
each strip.

Results

After 15 years of regeneration, the advance regener-
ation (trees that survived the clearing in 1989)
comprised 16 and 18% of the total tree regeneration
(trees >5 cm dbh) of strips 1 and 2, respectively;
stump sprouts comprised 3 to 6%, and recruits
(apparently regenerating from seed) 81 to 76%
(Table 2).
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Table 2 Number of trees >5 cm dbh censused in both strips
before the clearing (from Cornejo and Gorchov 1993) and after
the clearing in 2004 for strip 1 and 2005 for strip 2 at CIJH,
Peru

Categories Strip ~ Strip
1 2
Pre-clearing (1989)
No. of trees 662 619
No. of morphospecies 248 228
Post-clearing (2004-2005)
Trees >5 cm dbh and not cut in 1989 3 52

Survivors (<5 cm dbh but >2 m tall in 131 108
1989)

Sprouts from stumps of trees >5 cm dbh in 25 36
1989

Recruits >5 c¢cm dbh in 2004/2005 662 457
Total 821 653

No. of not identified taxa in the post- 1 2

clearing

No. of species 172 176

Number of taxa is given in italics

40

I Pre-clearing (1989)
35 [ 1 year post-clearing (1990)
- [ 15 years post-clearing (2004-2005)

Basal Area (mzlha)

Strip 1 Deferment-cut Clear-cut
Strip 2 Strip 2

Fig. 2 Stand basal area (m*/ha) of strip 1 and strip 2 before the
clearing (1989), a year after the clearing (1990), and 15 years
(2004) after the clearing (strip 1—2004, strip 2—2005)

Stand basal area

After 15 years of the first cutting, strip 1 and strip 2
recovered 73% (21 m*ha) and 58% (17 m*/ha) of
their original BA (Fig. 2), whereas the deferment-cut
portion of strip 2 recovered 75% (26 m*/ha) of its
pre-clearing BA (Fig. 2). Silvicultural thinning did
not affect 2004/2005 BA of trees >10 cm dbh in the
strips (in strip 1, Fy 3 = 3.44, P = 0.080, and in

strip 2: Fy 16 = 0.55, P = 0.467). In strip 2, neither
felling (deferment-cut versus clear-cut, F ;6 = 2.97,
P = 0.104) nor the interaction of thinning and felling
(F1.16 = 0.57, P = 0.461) affected 2005 BA.

Tree species richness

Before clearing (1989), strip 1 had 422 trees
>7.5 cm dbh, comprising 187 morphospecies (not
all trees were identified to the species level in the pre-
clearing censuses), whereas in 2004 there were 494
trees and 97 species. For strip 2, in 1989 there were
391 trees comprising 192 morphospecies compared to
410 trees and 109 species in 2005. Total number of
trees and species >5 cm dbh found in 1989 and in the
post-clearing censuses (2004/2005) of each strip are
reported in Table 2.

In both strips silvicultural thinning did not affect the
2004/2005 tree species density (strip 1: F; ;3 = 1.85,
P = 0.191; strip 2: Fy 16 = 0.01, P = 0.926); simi-
larly, neither felling (¥ ;6 = 0.32, P = 0.580), nor the
interaction of thinning and felling (F; ;6 = 0.08,
P = 0.781) affected the 2005 species density in strip
2. Fifteen years into the second rotation, strip 1 and the
clear-cut portion of strip 2 recovered 47 and 45% of
their pre-clearing richness, at equal sample sizes. The
deferment-cut portions of strip 2 recovered 68% of its
pre-clearing richness. Rarefaction curves for strip 1
and the clear-cut portion of strip 2 showed that species
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Fig. 3 Sample based rarefaction curves for 1989 (N = 417)
and 2004 (N = 494) for trees >7.5 cm dbh in strip 1. Dotted
lines are 95% CI. Number of samples was rescaled to number
of individuals. Vertical line indicates species richness at equal
sample sizes
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Fig. 4 Sample based rarefaction curves for the (a) clear-cut
portion and (b) deferment-cut portion of strip 2 in 1989 and
2005 for trees >7.5 cm dbh. In the clear-cut portion, there were
196 trees in 1989 and 221 trees in 2005. In the deferment-cut
portion, there were 195 trees in 1989 and 189 trees in 2005.
Dotted lines are 95% CI. Number of samples was rescaled to
number of individuals. Vertical line indicates species richness
at equal sample sizes

richness was significantly lower in 2004/2005 than in
1989, as these curves diverged clearly and confidence
intervals did not overlap (Figs. 3, 4a). In the defer-
ment-cut portion of strip 2, rarefaction curves showed
overlapping confidence intervals of species richness at
smaller sample sizes (N < 75, Fig. 4b), but clearly
diverged at greater sample sizes. Thus, species richness
in the deferment-cut portion was also lower in 2005.

Tree composition

In 2004/2005, the strips had recovered more than
50% of the compositional similarity with the pre-
clearing censuses. In strip 1, compositional similarity
of 1989 vs. 2004 (L = 0.828) was slightly lower than

compositional similarity of two mature stands
(L = 0.855, Fig. 5). In strip 2, compositional simi-
larity of 1989 vs. 2005 in the clear-cut (L = 0.592)
and the deferment-cut portion (L = 0.656) was lower
than the compositional similarity of two mature
stands (Fig. 5). Thinning did not affect the compo-
sitional similarity of trees >7.5 cm dbh between
1989 and 2004 in strip 1 (Fy ;5 = 3.78, P = 0.068)
or in strip 2 (Fy 16 = 0.39, P = 0.542). In strip 2,
neither felling treatment (F; ;6 = 1.03, P = 0.324)
nor the interaction of felling and thinning
(F116 = 0.72, P = 0.408) significantly affected the
compositional similarity between 1989 and 2005.

Commercial species

The relative abundance of commercial species was
lower in 2004/2005 than in 1989 in strip 1 (thinned
plots: t = 6.44, P < 0.01; unthinned plots: t = 7.99,
P < 0.01), the clear-cut portions of strip 2 (t = 5.83,
P < 0.001), and deferment-cut portions of strip 2
(t = 3.56, P < 0.01) (Fig. 6a). Strip 1 and the clear-
cut portion of strip 2 recovered 25 and 43%,
respectively, of the relative abundance of commercial
species in the pre-clearing censuses, whereas the
deferment cut portions of strip 2 recovered 67%.

Silvicultural thinning tripled the relative abundance
of commercial species in one of the strips in 2004
(F118 = 6.29, P = 0.022). However, thinning did not
significantly affect the relative abundance of commer-
cial species in strip 2 (Fy 6 = 2.52, P = 0.132). In
strip 2, deferment-cut plots almost doubled the relative
abundance of commercial species found in clear-cut
plots (F 16 = 6.52, P = 0.021), but the interaction of
thinning and felling treatment (F ;6 = 0.40,
P = 0.534) did not have an effect. In 1989, the BA
of commercial species in strip 1 and the clear-cut
portion of strip 2 were both about 14 m?/ha, and in the
deferment-cut portion of strip 2 was 18 m*/ha. In 2004/
2005 the BA of commercial species was 2 m*/ha in
strip 1 and 3 m*/ha in the clear-cut portion of strip 2, 14
to 21% of their 1989 BA, whereas in the deferment-cut
portion of strip 2 BA for these species was 6 m?/ha,
33% of its 1989 BA (Fig. 7).

Pioneer species

Pioneer species were still abundant in 2004/2005, 65
and 62% of all trees (>7.5 cm dbh) belonged to
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pioneer species in strip 1 and the clear-cut portion of
strip 2, respectively. In the deferment-cut portion of
strip 2 only 42% of the trees belonged to pioneer
species. As expected the relative abundance of
pioneer species was higher in 2004/2005 than in
1989 regardless of thinning treatment in strip 1
(thinned plots of strip 1: ¢t = 13.37, P <0.001;
unthinned plots of strip 1: = 27.93, P <0.001),
the clear-cut portion of strip 2 (thinned plots:
t = 8.32, P < 0.01; unthinned: t = 13.80,
P < 0.01), and the deferment-cut portion of strip 2
(thinned: t = 3.45, P = 0.018; unthinned: ¢ = 6.03,
P < 0.01, Fig. 6b). Silvicultural thinning and defer-
ment-cutting both reduced the relative abundance of
pioneer species. In 2004/2005 unthinned plots had 19
to 36% greater relative abundance of pioneer species
than thinned plots in strip 1 and the clear-cut portion
of strip 2; in the deferment-cut, unthinned plots
doubled thinned plots in relative abundance of
pioneer species (strip 1: Fy ;3 = 21.10, P < 0.001;
strip 2: F; 16 = 11.37, P < 0.01). In strip 2, clear-cut
plots had greater abundance of pioneers than the
deferment-cut plots (F 16 = 10.41, P < 0.01), and in
some case doubled the amount of pioneers. However,
the interaction of felling treatment and thinning
(F1.16 = 2.73, P = 0.118) did not have an effect on
pioneer species. In 1989 the BA of pioneer species in
both strip 1 and the clear-cut portion of strip 2 were
about 1 m2/ha, compared to the deferment-cut
portion of strip 2 which was about 0.2 m*ha. In
2004/2005, the BA of commercial species was 19 m?/
ha in strip 1 and 12 m* ha in the clear-cut portion of
strip 2. The BA of commercial species of the
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deferment-cut portion of strip 2 was 10 m*ha in
2005. Figure 7 shows the percent BA of commercial,
pioneer, and “other” species in 1989 and 2004/2005.

Stocking of commercial stems

In both strips, timber stocking of large stems
(>10 cm dbh) was lower in 2004/2005 than in 1989
(Fig. 8). In strip 1, stocking of large commercial
stems recovered 11% of its pre-clearing value (33 vs.
304 stems/ha). The clear-cut and deferment-cut por-
tions of strip 2 recovered 27% (76 vs. 280 stems/ha)
and 59% (178 vs. 302 stems/ha) of their pre-clearing
stocking, respectively. Stocking of small stems (5 to
10 cm dbh) in 2004/2005 was similar to pre-clearing

Cut, Strip 2 Cut, Strip2  Cut, Strip 2 Cut, Strip 2

levels, and greater than stocking of large stems
(Fig. 8). In both strips, the 1996 silvicultural thinning
treatment did not affect the stocking of small (strip 1:
Fl,lS = 250, P = 0131, strip 2: F1,16 = 030,
P = 0.590) and large commercial stems (strip 1:
Fi18 =168, P=0.211; strip 2: F;;6= 0091,
P = 0.355) in 2004/2005. In 2005, the deferment-
cut plots of strip 2 had greater than twice as much
stocking of large commercial stems than the clear-cut
plots (Fy 16 = 7.60, P = 0.014), but similar stocking
of small commercial stems (F; ;¢ = 0.23, P = 0.637,
Fig. 8). The interaction of thinning and felling
affected neither the stocking of small (F; ;6 = 0.80,
P =0.385) nor large commercial stems
(F116 = 0.00, P = 0.961).
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Discussion
Basal area recovery

The recovery of a high percentage of stand BA
15 years after clear-cutting (73% in strip 1 and 58%
in the clear-cut portion of strip 2) is consistent with
rapid BA growth in the early years of secondary
succession (Saldarriaga et al. 1988; Moran et al.
1996; Denslow and Guzman 2000), although this
strongly depends on land use history and site
productivity. BA of forest stands 12 to 18 years after
clear-cutting for pulp in Colombia did not exceed
50% of old growth values (Faber-Landgendoen
1992). In Brazil, BA recovery 11 to 12 years after
clear-cutting treatment was 50% of undisturbed forest
and 60% of its pre-clearing value (Parrotta et al.
2002). Parrota et al. (2002) also compared BA
recovery of different systems 11 to 12 years after
harvesting. They found that high intensity harvesting
or clear-cut (removal of 373 m?, all above-ground
biomass) had a lower BA recovery (50%) than
moderate harvesting (trees <20 cm and >60 cm dbh
for a total removal of 219 m®) (68%), and low
harvesting (trees >45 cm dbh for a total of 201 m3)
treatments (68%). Thus, the recovery of BA in this
study was comparable to that reported for moderate
harvest in Brazil (Parrotta et al. 2002) and somewhat
higher than clear-cutting in Colombia (Faber-Land-
gendoen 1992).

Species richness recovery

The strips in the pre-clearing stage had high species
richness: estimates reported in Table 2 underestimate
the true richness since identification of some trees
was done to morphospecies. Therefore, the extent to
which species richness recovered after 15 years to
pre-clearing values (47% in strip 1 and 45% in the
clear-cut portion of strip 2) is probably slightly
overestimated. Nevertheless, this was similar to the
recovery 18 years after clear-cutting for pulp in
Colombia, <50% of mature forest (trees
>10 cm dbh, Faber-Landgendoen 1992). Less inten-
sive harvesting systems, however, have greater
species-richness recovery. Parrotta et al. (2002)
reported lower species richness recovery of trees
>15 cm dbh following clear-cut treatment (32%)
versus moderate (59%) and low harvesting (94%)

treatments after 11 to 12 years. In a dipterocarp forest
in Borneo, Cannon et al. (1998) found that samples
8 years after selective logging (removal of 43% of
stand BA) had as many tree species as unlogged
forest.

Several studies have found that species richness
tends to be more similar in secondary growth and old
growth when smaller tree size classes are compared
(Saldarriaga et al. 1988; Faber-Landgendoen 1992;
Aide et al. 1996; Guariguata et al. 1997; Magnusson
et al. 1999; Denslow and Guzman 2000; Parrotta et al.
2002; Pena-Claros 2003). We were not able to make
such comparisons in our study due to incomplete pre-
clearing datasets for smaller trees in both strips.

Composition recovery

While species richness increases in the early years of
secondary succession, and takes only a few decades
to reach old growth values when land use has not
been severe and seed sources are close, composition
of these forests remains different from old growth and
may take longer to become similar to old growth
stands (Finegan 1996; Guariguata and Ostetarg
2001). In our study, the strips recovered more than
50% of their pre-clearing composition at the genus
level. If the analysis had been done at the species
level, compositional similarities would have been
lower, but genus-level analysis was conservative in
the face of possible inconsistencies between censuses
in some species identification, and is often done in
studies of diverse tropical rainforests (e.g., Laurance
et al. 2004). Despite this high composition recovery
in the strips, the relative abundance and basal area of
commercial and pioneer species were far from
reaching pre-clearing levels.

Recruitment of commercial species after harvest-
ing is difficult due to the different environmental
conditions required by different species for regener-
ation. Although Swaine and Whitmore (1988)
considered most commercial species gap-dependent,
commercial seedlings have a broad range of shade-
tolerances (Martini et al. 1994; Pinard et al. 1999).
Out of 31 timber species (of high and low commer-
cial value) studied by Pinard et al. (1999), 45% were
shade intolerant and regenerated in forest edges and
large gaps, 36% were shade-tolerant and regenerated
in the understory, and 19% were in between the latter
groups and regenerated under partial shade or small
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gaps. Similarly, Martini et al. (1994) classified timber
species of the Brazilian Amazon.

Recruitment from seed was more important in our
system than stump sprouts or advance regeneration.
Sprouting of timber species in Amazonia is common;
out of 305 timber species saplings, 87% of them
produced sprouts following the breaking and crushing
injuries associated with logging (Martini et al. 1994).
In the strips, however, stump sprouts and the advance
regeneration had a minor role in tree regeneration
(Table 2) and the regeneration of commercial spe-
cies. Although 41% of the stumps (>7.5 cm dbh) had
one or more living sprouts, 10 months after cutting
one of the strips (Gorchov et al. 1993), only four
sprouting stumps in each strip (unpublished data)
were of commercial value after 15 years. A high
density of saplings (903/ha), belonging to mature
forest trees, including many of commercial value,
survived the clearing operation in 1989 (Gorchov
et al. 1993), but 15 years later these only comprised a
small percentage (16—18%) of the total regeneration
in the strips, a little higher than the sprouting stumps.

Low seed input and/or high seed predation of
commercial species could have lowered the recruit-
ment of commercial species into the strips, resulting
in low stocking and relative abundance of commer-
cial trees in the strips 15 years later. Using seed traps
aboveground, Gorchov et al. (1993) showed that very
few large seeds, characteristic of timber species, were
dispersed into the strips by birds or bats, one year
after clear-cutting. Also, seeds of a valuable timber
species, Hymenaea courbaril, were rarely moved by
rodents into the interior of a strip, 10 to 30 months
after the clearing (Gorchov et al. 2004). Predation of
timber seeds (Pouteria sp.), was also greater in the
strips than in the surrounding forest, 3 years after
strip clear-cutting (Notman et al. 1996). Once estab-
lished, commercial species compete for light with
vines, lianas, and short-lived pioneer species that
quickly colonize logged areas (Buschbacher 1990;
Fredericksen and Mostacedo 2000; Pariona et al.
2003). As a result, growth and BA of commercial
species often respond to logging less favorably than
faster growing species of low commercial values
(Silva et al. 1995; Kammessheidt 1998).

After 15 years of regeneration, timber stocking of
small stems (5—10 cm dbh) in both strips was similar to
pre-clearing levels. However, stocking of larger stems
(>10 cm dbh) was low (33.3-75.5 stems/ha) and far

from reaching pre-clearing levels (300 stems/ha,
Fig. 8), and mature forest levels (233 stems/ha in
Peters et al. (1989)), and lower than in a 50 year-old
communal forest near Iquitos (125.5/ha for trees

>25 cm dbh in Pinedo-Vasquez et al. 1990). This low
stocking of large commercial stems in this system
negatively affects the economic value projected for a
potential second harvest after 25 years (Rondon 2008).

On the other hand, pioneers with large basal areas
were still abundant in 2004/2005, 8 to 9 years after the
thinning treatment. In the study of clear-cutting for
pulp, pioneer species in a 12-year old forest comprised
more than 50 to 60% of basal area and biomass (Faber-
Landgendoen 1992); Parrotta et al. (2002) found that
although tree floras within low, moderate, and inten-
sive (clear-cut) harvesting treatments were broadly
similar to those of undisturbed plots after 11 years; the
clear-cut treatment was dominated by a higher pro-
portion of short-lived early successional tree species,
including Cecropia and Vismia.

One year after the clearing, the majority of the
seedlings in the strip were a few bat (Cecropia)- and
bird-dispersed (Melastomataceae and Alchornea tri-
plinervia) pioneer tree species (Gorchov et al. 1993).
Cecropia membranacea, one of the species with the
most seedlings in the strips, was also present in the
seed bank; other tree seedlings, not represented in the
seed bank, were attributed to the seed rain (Gorchov
et al. 1993). Seeds from the seed bank as well as
recently dispersed seeds contribute to the develop-
ment of secondary forest. In a tropical forest of
Mexico, all viable seeds of Cecropia obtusifolia were
renewed from the soil almost every year; seed loss
was mainly due to pathogen attack and high predation
rates, but the seed bank was continually replenished
by seed rain (Alvarez-Buylla and Martinez-Ramos
1990). It is very likely that the pioneer trees that
currently dominate the strips depended on seed
dispersal events that followed the clearing of the
strips. One year after clearing one of the strips, bat-
and wind-dispersed seeds accounted for more seed
dispersal in the strip interior than bird-dispersed
seeds, which arrived at high density within the forest
or strip edge (Gorchov et al. 1993). Fifteen years
after the felling, pioneer species comprised 65 and
62% of the trees in strip 1 and the clear-cut portion of
strip 2, respectively.

Germination and establishment of short-lived
pioneer species (such as Cecropia) can be reduced when
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residual vegetation and litter are present (Uhl et al.
1981; Putz 1983; Molofsky and Augspurger 1992). In
this study, only slash <2.5 cm was left on site (Cornejo
and Gorchov 1993). Although substantial, this amount
of litter was apparently not sufficient to suppress
germination and establishment of pioneer species.

In Jenaro Herrera, pioneer species such as Cecro-
pia, Alchornea, Miconia, and Vismia spp. have been
found to be dominant in 14 and 17-year old fallows
(Baluarte Vasquez 1998). Dominance of few pioneers
that established early in succession tends to “break
up” within <25 years (Denslow and Guzman 2000).
Senescence and mortality of these species will have a
strong impact on the future biomass and stem density
of secondary stands (Feldpausch et al. 2007). Thus,
BA recovery in the strips is not likely to increase
continuously over the next years unless there is
higher growth of commercial and “other” species
into larger size classes.

Silvicultural thinning

Liberation treatments such as thinning of lianas and
pioneer species are commonly used to improve
recruitment and tree growth (de Graaf et al. 1999;
Guariguata 1999, 1997; Dolanc et al. 2003; Pariona
et al. 2003). In this study, silvicultural thinning in 1996
was sufficient to significantly increase the 1996-2000
growth of commercial species (Dolanc et al. 2003),
and to reduce 2004/2005 relative abundance of pioneer
species of both strips, although pioneers were still
abundant in the post-clearing censuses of both strips.
Thinning also increased the relative abundance of
commercial species significantly in one of the strips.
However, thinning did not have an effect on basal area,
compositional similarity, or timber stocking 8 to
9 years after the treatment application. The lack of
effects of thinning on these community parameters
might be because large Alchornea and melastomes that
were not thinned, because some of the girdled pioneer
trees did not die, and/or due to increased growth of the
trees remaining in the thinned plots.

Deferment-cut

Deferment-cutting appeared to be more sustainable
than clear-cutting. The deferment-cut portion of strip
2 had greater BA, species richness, and composition
recovery than the clear-cut portion. The deferment-

cut portion also had higher representation, stocking,
and BA of commercial species, and a lower percent-
age of pioneers, than the clear-cut portion. This better
recovery of the deferment-cut is consistent with the
well documented role of remnant or residual vege-
tation in promoting recovery of species richness, tree
density, and aboveground biomass (Guariguata and
Ostetarg 2001; Parrotta et al. 2002; Chazdon 2003).

The Palcazu forest management system

Tosi (1982) and Hartshorn (1989a) proposed harvest-
ing cycles of 30 to 40 years for the strip clear-cutting
system. Tree regeneration in the two clear-cut strips,
15 years into the second harvesting, suggests that this
system may not be ecologically sustainable, but this
conclusion is tempered by replication constraints at
the plot and site scale of this study.

Both strips showed some inherent variability in the
pre- and the post-clearing censuses, especially in the
recovery of commercial species. Predicting species
richness and composition of the strips in the next 15
to 25 years would be difficult because this system
would still be affected by variability in recruitment,
growth, and mortality rates of commercial, pioneer,
and “other” species due to biotic and abiotic factors.
Thus far, 15 years into the regeneration, our results
reveal that in this system regeneration of pioneer
species exceed that of commercial species, even
when the strips are surrounded by a matrix of old
growth forest. In a forest managed by the strip clear-
cutting system as it was originally proposed for the
Palcazi, 44,000 ha would be under management for
timber production (Hartshorn 1989b), and about half
of the area would be cleared (Hartshorn 1989b); thus,
eventually the surrounding matrix for many of the
strips would be that of young growth. Therefore, the
species that would thrive in these strips would be the
ones that can reproduce within the cutting cycle of
30-40 year; i.e., pioneers. Contrary to predictions of
Tosi (1982) and Hartshorn (1989a), pioneer species
dominate the composition of the strips 15 years into
the regeneration. Unless pioneer species have a high
mortality rate in the coming years, and there is more
recruitment of commercial and “other” species into
the larger size classes, this system is not sustainable.

Two approaches could be taken to reduce the
number of pioneer species in the strips. It is possible
that cutting narrower strips (<30 m) in this system
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may reduce the amount of light entering the strip and
thus, the germination and establishment of pioneer
species. Periodic silvicultural thinning treatments
may further reduce the abundance of pioneer species
and further increase the establishment and growth of
more commercial and “other” species in the strips.

We are aware that in the future high quality timber
species will become scarce due to their high demand
and strong extraction pressures. International markets
will start accepting a broader range of lower quality
timber species that are also gap-dependent, but this
market will take some time to develop. In this study
we were interested in studying the regeneration of
timber species that already have an established
market in order to assess the value of the strips in a
potential second harvest.

From the economic perspective, composition in a
forest management system has a great influence on
the financial value of the next harvest. Relative
abundance, stocking, and growth of commercial
species will determine whether the second harvest
(which is in the next 15-25 years) will be financially
profitable. In order to fully assess the economic
viability of this system, we have also investigated
whether those few large commercial trees in the strips
would reach marketable size in the next 25 years, in
time for a second cutting (Rondon 2008).
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Abstract Recently, several studies have shown
changing relationships between tree growth and climate
factors, mostly in the circumpolar north. There, chang-
ing relationships with climate seem to be linked to
emergent subpopulation behavior. Here, we test for
these phenomena in Northwest China using three tree
species (Pinus tabulaeformis, Picea crassifolia, and
Sabina przewalskii) that had been collected from six
sites at Qilian Mts. and Helan Mts. in Northwest China.
We first checked for growth divergence of individual
sites and then investigated the relationship between tree
growth and climate factors using moving correlation
functions (CF). Two species, Pinus and Sabina, from
two sites clearly showed growth divergence, not only in
the late twentieth century as reported in other studies,
but also over nearly the whole record. In divergent sites,
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one chronology shows more stable relationships with
climate factors (usually precipitation). In non-divergent
sites, nearly all relationships either vary in strength or
become non-significant at one point. While this might
possibly be related to increased stress on some trees due
to increasing temperature, the exact causes for this shift
in sensitivity remain unclear. We would like to highlight
the necessity for additional studies investigating possi-
ble non-stationary growth responses of trees with
climate, especially at sites that are used for climate
reconstruction as our sites in Northwest China.

Keywords Growth divergence - Northwest China -
Paleoreconstruction - Tree line - Tree ring

Introduction

Global warming is a great concern to human popula-
tions, as it has been shown to bring many threats, such
as heat waves and warmer weather, spreading disease,
earlier spring arrival, plant and animal range shifts and
population declines, sea level rise, and frequent
disaster (Greenough et al. 2001; Kahn 2005; Webster
et al. 2005; Shepherd and Wingham 2007; IPCC
2007). In order to evaluate whether current global
warming is unprecedented or not, it is essential to put
this warming into a long-term perspective. Due to the
limited time interval of instrumental climate records,
many natural proxies have been used to conduct
paleoclimatic reconstructions. Tree rings have been
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widely used to reconstruct the variability of many
climate factors (e.g., temperature, precipitation), due to
their annual resolution, wide spatial distribution, and
the possibility of using simple linear models of
climate—tree growth relationships that seem to be
easily verified and calibrated (Hughes 2002).

It is generally assumed in dendroclimatological
studies that the approximate relationship between tree
growth and the limiting climate factor is stable over
time (Fritts 1976). However, many recent studies have
reported problems with this assumption. Either for-
merly temperature sensitive tree ring chronologies
have lost or decreased in temperature sensitivity
(Jacoby et al. 1996, 2000; Briffa et al. 1998a, b; Smith
et al. 1999; Solberg et al. 2002), increased in sensitiv-
ity (Knapp et al. 2001; Wilmking et al. 2005), or even
changed from positive to negative temperature sensi-
tivity or vice versa (Wilmking et al. 2004, 2008).

In addition, temperature reconstructions in the
northern hemisphere based on tree rings are often not
able to follow the documented temperature increase
in recent decades, thus leading to a widening gap (a
divergence) between the temperature curve and the
tree ring-based temperature reconstruction. D’ Arrigo
et al. (2008) has recently termed this phenomenon the
“divergence problem” in northern forests.

Meanwhile, even trees growing at the same site
showed not only opposite response relationships with
climate factors, but also diverging long-term growth
trends in the late twentieth century, possibly diluting the
climate signal when averaged to site chronologies
(Wilmking et al. 2004, 2005; Driscoll et al. 2005;
Pisaricet al. 2007). These growth trend differences have
also been called “diverging.” In order to avoid possible
confusion, we will use the term “growth divergence” for
differences in growth trends between trees and “diver-
gence problem” for the underestimation of recent
temperatures by tree ring-based climate reconstructions.

Neither the real reasons causing (1) the shift in tree
growth response to temperature (or possibly other
environmental factors), (2) the diverging between
recorded and reconstructed temperature, and (3) the
diverging growth trends between neighboring trees nor
the interaction between those three challenges are
known. Some possible mechanisms have been pro-
posed to explain these shifts in tree growth—climate
relationships, such as temperature-induced drought
stress (Jacoby and D’ Arrigo 1995; Barber et al. 2000;
Lloyd and Fastie 2002), non-linear thresholds, or time-

dependent responses to recent warming (D’Arrigo
et al. 2004; Wilmking et al. 2004; Sergio et al. 2007),
delayed snowmelt and related changes in seasonality
(Vaganov et al. 1999), air pollution (Wilson and Elling
2004; Yonenobu and Eckstein 2006), and differential
growth/climate relationships inferred for maximum,
minimum and mean temperatures (Wilson and Luck-
man 2002, 2003). In addition, there are also some other
potential causes, for example, end effects during
chronology development and biases in instrumental
target data and its modeling (Cook and Peters 1997,
Melvin 2004; Hoyt 2006; D’ Arrigo et al. 2008).

Whatever the reasons for the growth divergence or
the divergence problem are, these phenomena seem
to be limited to the high latitudes of the northern
hemisphere (D’Arrigo et al. 2008). But do these
divergences and changes in climate sensitivity only
appear in the circumpolar northern latitudes or do
they exist worldwide? Here, we try to better under-
stand the magnitude and extent of these phenomena
by testing several sites in northwest China.

In northwest China, tree rings (width, isotopes,
density) have been widely used in dendroclimatolog-
ical studies at the alpine tree line (e.g., Yuan et al.
2003; Zhang and Wu 1997; Shao et al. 2004, 2005;
Gao et al. 2005). Several climate reconstructions
have been conducted in the Qilian Mts. (Zhang and
Wu 1996; Wang et al. 2001; Gou et al. 2001) and the
Helan Mts. (Liu et al. 2004, 2005), some extending
back over 1,000 years (Kang et al. 2002). However,
no study has yet considered testing for growth
divergence or the stability of the relationship between
tree growth and climate over time in this region. A
better understanding of the tree growth responses to
climate in northwest China during the last century,
however, is important not only for regional paleocli-
matic studies but also for forest carbon uptake
simulations and future forest planning.

Materials and method
Study area

For this study, we sampled three regionally dominat-
ing tree species (two sites each) in the Qilian Mts. and
Helan Mts.: (1) Pinus tabulaeformis, (2) Sabina
przewalskii, and (3) Picea crassifolia. The Qilian
Mts. and Helan Mts. are two prominent mountains in
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Fig. 1 Map of the 100°E
sampling sites (A) in

eastern Qilian Mts. and 40°N
Helan Mts., as well as of the

nearby grid data (@) from

CRUTS2.1 (37°75' N,

101°75’ E; 36°75' N,

102°75" E; 38°75' N,

105°75" E). The gray dots

indicate the grid cells

around the sampling sites N
that showed similar results

1FE

Northwest China (Fig. 1). Each of them has its own
typical topography and typical atmospheric systems.
The Qilian Mts., located on the northern edge of the
Tibet Plateau, have several peaks over 4,000 m,
which create a strong rain shadow effect for mon-
soons coming from the southeast. Our study area is
situated in the eastern part of the Qilian Mts., a
transitional area between temperate monsoons and
continental climate. There, Picea and Sabina are two
typical and widespread conifer species. The Helan
Mts. are located in north central China, where the arid
northwest areas meet the Loess Plateau. They extend
over 200 km from south to north, but only 15-60 km
from east to west with peak elevations between 2,000
and 3,000 m a.s.l. Located along the northwest
margin of the East Asian Summer Monsoon, the
Helan Mts. act as a barrier to the penetration of
monsoon rainfall into northwest China. Pinus and
Picea are two typical and widespread species in
Helan Mts.

Climate data

Most of the meteorological stations in Northwest
China were set up after 1950 and thus provide only a
short climatic record. As a consequence, we used
gridded data from the high-resolution 0.5° x 0.5°
gridded climate dataset CRUTS2.1 (Mitchell and

1o2'E 104°E 108°E

e 14°E EE 168°E
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Jones 2005) instead of the measured data for our
analysis, fully aware that relationships between tree
ring parameters and CRU data are usually weaker
than with nearby station data, mostly because of the
large scale smoothing applied in the CRU datasets
(Mitchell and Jones 2005). In order to evaluate the
quality of gridded data over time, a 10-year moving
standard deviation (SD) was employed. The moving
SD of precipitation data has an abrupt change around
1934, indicating a possible problem with the precip-
itation data prior to 1934. The moving SD of
temperature is stable over the whole time period.
Therefore, in this study we used only gridded data
from 1934 to 2000 (1934 to 1999 for sites of Helan
Mts.).

The climate data of the nearest CRU grid cells
were used in this study for the calculations of
climate—growth relationship, since the relationships
between chronologies and climate data of the four
grid cells around the sample sites were similar (data
not shown).

Tree ring sampling and cross dating

Increment cores of trees in the Qilian Mts. were
collected in October 2000. A total of 29 cores were
taken from 16 living Picea trees growing between
2,600 and 2,900 m a.s.l. near the lower tree line and
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were herein named S1. All sampled trees were
healthy and growing on an east-facing slope with
moist soil (if compared to the other sampling sites).
From 23/22 Sabina trees 41/39 cores were taken at
two sites taken from the east Qilian Mts. and named
J1 and J2. All cores were taken from healthy trees
growing at the upper limit of the forest at an elevation
of about 2,930-3,100 m a.s.l. with thin gray cinna-
monic soil.

The increment cores of Helan Mts. were collected
in October 1999. A total of 35 cores were taken from
18 living Picea trees growing above 2,500 m a.s.l. at
west slope of Helan Mts. and were named S2. From
40/25 Pinus trees growing 68/41 cores were taken
above 2,000-2,300 m a.s.l. at two sites from Helan
Mts. and named P1 and P2. P1 and P2 are at the east
and west slopes of the Helan Mts., respectively. The
soil at both sites was thin and rocky. The dominant
tree species in both forest sites was Pinus, typically
found growing at an elevation between 1,900 and
2,350 m a.s.l. (Table 1).

Tree rings were processed and cross-dated with
standard dendrochronological techniques (Cook and
Kairiukstis 1990). Ring width was measured on a
Velmex system with a precision of 0.001 mm. The

Table 1 Site information

program COFECHA (Holmes 1983) was employed to
check the quality of visual cross-dating.

Tree ring data processing

Divergent growth trends over time and chronology
development

First, we used the raw data to calculate the growth
trend of each tree for the last 40 years using linear
regression. All series at each site were classified into
two groups: one with increasing growth trend (slope,
b > 0) and the other with decreasing growth trend
(b < 0) (Pisaric et al. 2007). All series were then
standardized with the program ARSTAN (Cook
1985) using conservative negative exponential or
linear regression. Due to the failure of conservative
detrending in a few series (Table 2), they were
standardized with the Hugershoff growth curve.
Chronologies based on the groups were built using
traditional methods. Since we used raw data to judge
the growth trend, the two chronologies (one with
increasing and one with decreasing growth trend)
were combined into one chronology, if the two
groups showed a similar trend after detrending.

Site Species Latitude (N) Longitude (E) Elevation (m) Slope

S1 Picea crassifolia 37.87° 101.53° 2600-2900 East-facing

S2 38.63° 105.78° 2500 North-facing

P1 Pinus tabulaeformis 39.08° 106.08° 2600 North west-facing
P2 38.72° 105.98° 2400 North west-facing
J1 Sabina przewalskii 37.93° 101.53° 2930-3100 South-facing

12 36.59° 102.31° ~3100 South-facing

Table 2 Statistics of the eight chronologies. Hug., series detrended by Hugershoff growth curve

Site  Sub-chro.  Sample size (cores/trees) ~ Hug.  Time interval ~ MS AC Ry EPS EPS > 0.85
S1 S1 29/16 2 1840-2000 0.430  —0.124  0.601 0945 1900
S2 S2 35/18 2 1869-1999 0.351 —0.006 0496  0.811 1920
P1 P11 8/6 0 1742-1999 0.648  —0.004 0583 0854 1850
P1D 60/38 6 1700-1999 0.566  —0.067 0.615 09838 1820
P2 P2 41/25 7 1739-1999 0.696  —0.013 0.694 0983 1819
J1 JiI 18/13 0 1288-2000 0351  —0.007 0.256 0.857 1865
JID 22/14 0 1590-2000 0304 —0.034 0.248 0868 1875
J2 J2 39/22 4 1740-2000 0422  —-0.043 0341 0952 1852

MS, Mean sensitivity; AC, first-order autocorrelation; Ry, the mean interseries correlation; EPS, the expressed population signal and

the year from when EPS is consistently greater than 0.85
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Several descriptive statistics, commonly adopted in
dendrochronology, were used to compare chronolo-
gies. These statistics include the mean sensitivity
(MS) and SD (to assess the high-frequency varia-
tions), the first-order serial autocorrelation (AC) (to
detect eventual persistence retained after the stan-
dardization), the mean correlation between trees
(Ryy), and the expressed population signal (EPS) (to
estimate the amount of year-to-year growth variations
shared among trees of the same chronology). In order
to visualize the apparent growth divergence over
time, we subtracted the detrended tree ring width
indices of the increasing chronology from the
decreasing chronology where applicable.

Climate—growth relationships and their stability over
time

After dividing all series into groups of increasing and
decreasing growth trends and chronology building, we
tested each resulting chronology for its climate—growth
relationship. First, simple correlation functions (CF)
were employed. We then tested the stationary and
consistency of these climate—tree growth relationships
over time using moving CF (DENDROCLIM2002,

Biondi and Waikul 2004). A moving CF employs a
fixed number of years progressively slid across time to
compute the correlation coefficients (Biondi 1997).
Considering the length of recorded data and the
reliability of sample size, we chose 48 years as the
moving interval for each calculating analysis. Moving
CFs produce a temporal set of coefficients for each
predictor and coefficients not significant at the 95%
confidence level are changed to zero. Here, we just
present the results of the moving correlations in detail
because the moving CFs not only include the results
obtained from simple correlation analysis, but also
provide a dynamic perspective on the evolution of tree
responses to climate over time.

Results

Growth divergence and chronologies

After calculating growth trends for all trees, we
found that sites J1 and P1 each contained one group
with increasing and one with decreasing growth

trends. Hence, they were separated for chronology
building (Fig. 2) and subsequently termed J1D and
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P1D (for decreasing) and J1I and P1I (for increas-
ing). Trees from the other four sites did not divide
into groups and thus showed no growth divergence
and were subsequently combined into one chronol-
ogy per site, resulting in a total of eight
chronologies from the six sites. Time spans of the
chronologies were different and we chose a fixed
common period 1900-2000 to compare the quality
of different chronologies. MS and first-order serial
AC varied from 0.304 to 0.696 and from —0.004 to
—0.124, respectively. All sites (except S1) exhibited
low serial AC in their mean chronologies (in
Table 2), which was mostly removed after autore-
gressive modeling of single series. Two useful
parameters for evaluating the quality of a chronol-
ogy are the mean interseries correlation (Ry,, varied
from 0.248 to 0.694) and the EPS (varied from
0.811 to 0.988). The EPS values of the chronologies
are greater than 0.85 except for S2, which has a
0.983 EPS value during 1920 and 1999, but low
value during 1900 and 1920, since most trees of this
site were younger than 100 years. The two Sabina
sites (J1 and J2) had lower Ry, and EPS values, but
all EPS values were above the accepted cut-off of
0.85 (Wigley et al. 1984).

Smoothing the chronologies with a 48-year spline
showed that the two sub-chronologies from a site
(JID and J1I; P1ID and PI1I) had a very similar
short-term variation but different long-term trends
(Fig. 2).

Influence of climate and the stability of the tree
ring growth—climate relationships

Regional influences of climate on tree growth

Most chronologies show a strong, consistent, and
positive relationship with precipitation during the
current growth season (Fig. 3). June precipitation
was the key variable for tree growth in both
mountain ranges. The strength of the positive
correlations, however, varied over time except for
J1D and J2.

Climate—growth relationships of each species
First noticeable in the Pinus chronologies is the high

climate sensitivity of P1I chronology, which shows
significant  correlation  with  several climate

parameters. P1D and P2 have quiet similar relation-
ships but less significant than P11. The Pinus trees are
generally limited by growth season (especially June)
precipitation, but this relationship weakened and is
not significant in recent years. September temperature
of the growing season and October precipitation of
the previous year had influence on all Pinus chro-
nologies with a positive relationship, but the
relationships are not stable during the calculated
time period. During the growing season, temperature
seems to play a limited role for tree growth with
negative relationships, for example, in August and
March. These relationships are not stable over time.
In P11, two stable positive relationships between tree
growth and prior October and December started from
early 1980 and became stronger and stable in recent
time. Also, in P11, there is a noticeable phenomenon
that the precipitation seems to affect growth of P11
moving forward from July to May over time.

The Sabina chronologies are not consistent with
each other. At the J1 site, both J1D and J1I have a
strong negative correlation with June temperature,
but while this relationship in both chronologies
weakened over time, it recently dropped to non-
significant in J1I. This weakening of the negative
correlation with June temperature in J1I is concurrent
with an emergent positive correlation with June
precipitation. The positive correlations with prior
November and December temperature and negative
correlation with the precipitation of August and
September in J1I also became stable and significant
during the second half of the record. In J1D, the
negative relationships with temperature of January
and February gradually became stronger. At the J2
site, May temperature and September temperature
affected tree growth with negative and positive
relationships, previous December temperature started
to affect tree growth with a significant positive
relationship, which became stronger in the late
twentieth century.

In S1, the relationships between tree growth and
current September temperature and June precipitation
are positive, but the relationships dropped to non-
significant at the end of the record. Instead, a negative
relationship between the S1 chronology and several
monthly temperatures became significant at the end
of the record. S2 has mainly stationary significant
positive correlations with prior October and current
June precipitation over time.
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Seasonalized pattern

For different seasons, trees from different sites (except
J1D and S2) display similar relationships with tem-
perature and precipitation (Table 3). In previous year’s
autumn and early winter (from October to December),
there is a positive relationship between tree growth and
both temperature and precipitation. During winter,
early spring, and summer, trees have similar negative
relationships with temperature but some positive
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year September were used in the analyses

relationships with precipitation. The response pattern
to precipitation was generally opposite to the correla-
tions with temperature during growing season (May,
June, July) and September.

Discussion

Recent studies show several problems with the devel-
opment of tree growth—climate relationships, e.g.,
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growth divergence of subpopulations (Wilmking et al.
2004, 2008), the “divergence problem” or underesti-
mation of current temperatures by tree ring-based
climate reconstructions (D’Arrigo et al. 2008) and
changing relationships between tree growth and
temperature variability (e.g., Carrer and Urbinati
2006), most of them occurring circumpolar at high
northern latitudes. Here, we present evidence of
growth divergence and instability of tree growth—
climate relationships in three conifer tree species
in northwest China. Two species (Sabina and Pinus)
at two different sites show subpopulation behavior
with growth divergence but the other sites do not.
The growth divergences at these sites appeared not
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only in late twentieth century but also about 1920
(Fig. 4) in both species at similar times but with
differing amplitude. The largest divergences occurred
in Sabina in the late twentieth century but in Pinus
during the 1920s. The growth divergence here is
different from the growth divergences shown in other
studies (Wilmking et al. 2005; Pisaric et al. 2007),
which only reported growth divergence in the late
twentieth century. Unfortunately, our sample size of
different sites is inadequate to comprehensively
address the question, if the growth divergence
observed in this study is the result of a specific
combination of site factors, such as elevation, slope,
and exposure.
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Table 3 The signs of significant moving correlation coefficients between chronologies and monthly climate factors (mean tem-

perature T and total precipitation P)

T

P11 P1D P2 S2 S1 J1I J1D

2 P11 P1D P2 S2 S1 J1I J1D 2

P-Oct + + —
P-Nov +

P-Dec + + + + + +
Jan — —
Feb - — -

Jun — — — — —
Jul

Aug - - - -

Sep + + + + +

+ o+ o+ o+ +
+ + -+
J’_
+ O+
+
- 4+ +
+ o+ o+ o+ o+ o+
+ o+ o+ +
J’_ —
J’__ — .

All correlation coefficients were calculated based on a 48-year time interval and previous year October (P-Oct)—current year

September were used in the analysis

Fig. 4 An index of growth 1.2 5
divergence in P1 (a) and J1
(b) shows similar trends but
different amplitudes over
the period 1934-1999. The
thick lines are 11-year
smoothing lines

(@

1.2

(b)

-0.6

1880 1900

Although the growth responses to climate revealed
by most chronologies support the common fact that
growing season (especially June) precipitation is the
main limiting factor for tree growth, there are still other
phenomena: (1) Positive correlations between tree

1920 1940 1960 1980 2000
Year

growth and previous year autumn temperature suggest
that the warm October condition likely support trees to
keep carbohydrate storage and perhaps increased
foliage or wood production in the subsequent growing
season (Julian 2000; Schaberg et al. 2000). Previous
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studies indicate that temperate conifers have a positive
carbon gain in warm winter days when their leaves are
not frozen (Chabot and Hicks 1982; Havranek and
Tranquillini 1995). (2) Negative relationship with
temperature and positive relationship with precipita-
tion during winter and early spring (from January to
March) might indicate the protection of snow cover at
high elevation. At the alpine timberline, Oberhuber
(2004) found that trees show a tendency to suffer from
enhanced desiccation during winter and early spring
periods with insufficient snow depth because of
increased transpiration rates of needles and shoots,
photo inhibitory stress, and short-term fluctuations in
shoot temperatures. (3) The warm autumn of the
current year also has a strong effect on tree growth in
most species. Trees seem to grow better during the
warmer autumn. According to Shi et al. (2008),
temperature could play an important role on tree ring
formation at the end of the growing season in arid and
semi-arid areas by prolonging the growing season.

The instable relationships over time between tree
growth and climate factors might have been caused
by different combination of climate factors (e.g.,
temperature and precipitation). Recent studies indi-
cate that there is an ongoing warming and drying
trend for all seasons in north central China (Wang
and Zhou 2005; Zhai et al. 2005; Ma and Fu 2006).
Individual trees (especially Pinus and Sabina) might
have become more sensitive to micro-site differences,
resulting in the breakdown of the uniform growth
behavior at the sites and subsequent differing growth
trends and climate sensitivity. One example is that the
chronologies with increasing trend show more stable
positive correlation with June precipitation than the
chronologies with decreasing growth trend. The high
correlations with prior winter and autumn of the
current year appeared in both increasing chronologies
during the calculated time period, indicating that
those trees could take advantage of the available
conditions better than trees of the decreasing chro-
nology. However, the decreasing trees started to
become more sensitive to the temperature during the
late spring and early summer, which could be induced
by more desiccation through increasing evaporation
before the arrival of the summer monsoon (Ding
1994). Furthermore, the positive correlation with
precipitation, gradually moving forward from July to
May in the P1I chronology, might also indicate the
drying trend in the early growth season.

Conclusion

Recent studies discussed three major challenges to
the field of dendroclimatology, (1) changing relation-
ships between tree growth with climate over time, (2)
emerging sub-chronology behavior at sites formerly
considered suitable to build one chronology, and as a
possible result, (3) the “divergence problem” or
underestimation of recent warming trends by tree
ring-based climate reconstructions. Many of these
studies were conducted either in the boreal zone or at
altitudinal tree limit in Europe. Here, we present
evidence of the first two phenomena in mid-latitude
NW China. Diverging growth trends were found in
Pinus and Sabina sites but not in Picea sites. The
correlations between tree growth with climate factors
at most sites are instable over time, as also indicated
by switches from significant to non-significant or vice
versa relationships with climate factors at different
periods of the record. Non-divergent sites have more
stationary relationships with climate factors than
chronologies from divergent sites. There, decreasing
chronologies show more stable relationships with
climate than increasing chronologies, which are more
sensitive to climate factors, indicated by higher
correlation scores.

For the future, we see a major need for additional
work at two fronts: (1) to test more regions and
species for the phenomena of changing climate—
growth relationships over time and (2) to better
understand the mechanisms affecting growth from the
level of the individual tree to the population through
time. Only then can we safely proceed to use tree
rings as robust source of paleoclimatic information.
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Does leaf-level nutrient-use efficiency explain
Nothofagus-dominance of some tropical rain forests
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Abstract Tropical rain forests generally have a
complex structure and a high diversity of species in
their canopy, but in some rain forests the upper
canopy is dominated by a single species. The factors
controlling this dominance are uncertain. In New
Caledonia, Nothofagus species dominate the upper
canopy of some rain forests on ultramafic soils. Here
we investigate whether leaf-level nutrient-use effi-
ciency (NUE) could explain dominance by
Nothofagus. We found no evidence of a competitive
advantage in Nothofagus in terms of leaf-level NUE:
Nothofagus species did not have lower leaf macro-
nutrient concentrations, nor did they resorb more
nutrients than co-occurring species on average. They
did, however, have lower foliar Ni concentrations on
average. Leaf decay rate across all species in a
glasshouse-based trial correlated positively with
foliar P and negatively with cell wall content,
lignin:P, C:P, lignin:N, leaf toughness and tannin
activity. Multivariate analysis suggested that total cell
wall concentration exerted the strongest independent
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effect on variation among species in decomposition
rate. Slow decomposition of Nothofagus leaf litter
may facilitate continued dominance of the upper
canopy by suppressing establishment and growth of
co-occurring species or by promoting disturbance
through fire, since disturbance has been suggested as
necessary for regeneration and maintenance of dom-
inance by Nothofagus species. However, the
biological mechanisms allowing Nothofagus to
achieve initial dominance of these post-disturbance
forests are uncertain, and may still include plant-level
NUE.

Keywords Decomposition - Litter -
Monodominance - Resorption

Introduction

Tropical rain forests most often have a complex
structure and diverse canopy composition. However,
some have 50-100% of their upper canopy dominated
by a single species, referred to as monodominance
(Connell and Lowman 1989). These monodominant
forests are not rare, occurring in all continents that
support tropical rain forests (Hart et al. 1989), but are
more common in some regions than others (Torti
et al. 2001). The mechanisms promoting monodom-
inance are still uncertain and may vary among forests.
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For example, monodominant forests are common in
suboptimal environments, such as where poor sub-
strate quality or severe climate prevail (Connell and
Lowman 1989; Hart et al. 1989), but can also occur
adjacent to mixed-canopy forest where there is no
obvious spatial determinant (Read et al. 2006).
Monodominant forests can be either early or late
successional stages (Connell and Lowman 1989; Hart
et al. 1989; Nascimento et al. 2007). Torti et al.
(2001), investigating the cause of monodominance of
Gilbertiodendron dewevrei in Congolese rain forests,
suggested that it was the result of traits that modified
the understorey, making it difficult for other species
to co-exist. These suggested traits included adult
plants casting a deep shade and litter layer, making it
difficult for seedlings of other species to establish,
with a leaf litter slow to decompose, potentially
reducing nitrogen availability.

In New Caledonia, Nothofagus species dominate
the upper canopy of some tropical rain forests on
ultramafic soils. These stands are often contiguous
with diverse mixed-canopy forests, also on ultramafic
soils (Read et al. 2000, 2006). Comparison of
Nothofagus forests and adjacent mixed rain forest
showed little evidence of soil-mediated boundaries
(Read et al. 2006) and the factors controlling the local
boundaries of these Nothofagus-dominated forests are
uncertain. It is likely that numerous factors contrib-
ute, but in apparent contrast to the Gilbertiodendron
forests, preliminary data suggest that the Nothofagus-
dominated stands, at least in the lowlands, are an
early successional stage following disturbance such
as fire or cyclone, potentially replaced by mixed rain
forest in the absence of further disturbance (Read and
Hope 1996; Read et al. 2006). Here, we focus on
traits that might allow Nothofagus to dominate the
upper canopy of these early (first generation) post-
disturbance forests.

One of the key traits facilitating monodominance
in this case may be a high nutrient-use efficiency
(NUE). The ultramafic soils on which the Nothofagus
forests grow in New Caledonia have high contents of
heavy metals such as Ni, which can be toxic to plants,
and low concentrations of macronutrients, particu-
larly Ca, P and K (Jaffré 1992; Read et al. 2006).
Plants have evolved characteristics to cope with low
levels of soil nutrients, including efficient acquisition
of nutrients, internal nutrient economy via redistri-
bution and/or low nutrient requirements (Clarkson

and Hanson 1980; Aerts and Chapin 2000). Plants
that are efficient with respect to soil nutrients produce
more growth per absorbed nutrients than inefficient
ones, especially when nutrient supplies are low
(Clarkson and Hanson 1980). Hence, NUE may be
the key trait allowing Nothofagus species to dominate
these forests on infertile soils.

This study aims to determine if Nothofagus species
differ from co-occurring species in some components
of leaf-level NUE. Leaf-level NUE, a component of
whole-plant NUE, operates at three levels, the initial
green leaf NUE (INUE), the leaf life span (LNUE)
and post- or senesced leaf NUE (PNUE). Foliar
nutrient concentration and resorption during senes-
cence contribute to the efficiency with which
nutrients are used in nutrient-limited environments
(Vitousek 1984; Aerts and Chapin 2000). Resorption
can also affect neighbouring plants by influencing
rates of nutrient input to the system through decom-
position, with lower litter nutrient concentrations
commonly resulting in slower decomposition (Swift
et al. 1979; Aerts and Chapin 2000; Hobbie and
Vitousek 2000). Hence, resorption traits may influ-
ence the capacity of Nothofagus to dominate the
canopy of early successional forests by increasing
whole-plant NUE and growth rate, and prolong the
period of dominance by decreasing access to nutrients
for competing species with higher nutrient demands.
We address the following specific questions: (1) Do
Nothofagus species have lower foliar nutrient con-
centrations and higher resorption efficiency and
proficiency than co-occurring species, suggesting a
lower nutrient demand and high efficiency of use at
the leaf level? (2) Do the leaves of Nothofagus
species decompose more slowly than those of co-
occurring species, thereby potentially affecting nutri-
ent cycling and availability to other species? (3) What
leaf traits contribute to variation in decomposition
among these species? In particular, we examine the
roles of litter nutrient content, cell wall, phenolics
and leaf toughness.

Methods
Site selection and leaf collection

Four study sites were selected in Nothofagus forests
in the southeast of the main island of New Caledonia
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(Table 1), across a range of soils, altitudes and
canopy compositions (described in Read et al. 2002,
2006). These evergreen forests experience an annual
rainfall of ca. 1,800-3,500 mm, with a short drier
season from September to November of variable
severity and duration. All forests were on ultramafic
soils, but those at Col de Mouirange were influenced
by gabbro intrusions, having higher concentrations of
Ca and slightly lower concentrations of Ni (Read
et al. 2006). Leaves were collected in October—
November 2005 from the dominant Nothofagus
species at each site and 4-7 co-occurring canopy

Table 1 Species collected
at each study site

Sites have been described in
Read et al. (2000, 2006).
The forest chosen at Col de
Yaté contains Nothofagus
but is not monodominant.
Species nomenclature is
taken from Jaffré et al.
(2004). The ‘measurements’
column indicates the
species included in
analyses: g, green leaf
traits; s, senesced leaf traits;
d, decomposition study

species, each from a different family (Table 1). Sites
could generally not be replicated at each location and
so trees form the replicates for within-site analyses.
At maturity, these species occupy various levels of
the forest canopy. Most of the selected species occupy
the middle to upper canopy, with trunk diameters at
breast height commonly exceeding 20 cm. The green
leaves sampled were the most recent fully expanded
and hardened leaves with an age <1 year. Senesced
leaves were selected if they were yellow or red (not
brown), with no evidence of decay. Green and
senesced leaves were collected from the same tree

Site and species Measurements
Col de Mouirange Haut (CDMh): 22°12' S, 166°40" E, 320 m asl
Nothofagus aequilateralis (Baum.-Bodenh.) Steenis (Nothofagaceae) g, s, d
Agathis lanceolata Lindley ex Warb. (Araucariaceae) g, s
Arillastrum gummiferum (Brongn. & Gris) Pancher ex Baill. (Myrtaceae) g,
Codia discolor (Brongn. & Gris) Guillaumin (Cunoniaceae) g, s, d
Deplanchea speciosa Vieill. (Bignoniaceae) g, s, d
Hibbertia lucens Brongn. & Gris ex Sebert & Pancher (Dilleniaceae) g, s
Col de Mouirange Bas (CDMb): 22°12' S, 166°41’ E, 250 m asl
Nothofagus discoidea (Baum.-Bodenh.) Steenis g, s, d
Acropogon dzumacensis (Guillaumin) Morat (Malvaceae) g, s, d
Cerberiopsis candelabra var. candelabra Vieill. (Apocynaceae) g, s, d
Crossostylis grandiflora Pancher ex Brongn. & Gris (Rhizophoraceae) g, s, d
Diospyros parviflora (Schltr.) Bakh. f. (Ebenaceae) g, s, d
Ficus austrocaledonica Bureau (Moraceae) g, s, d
Storthocalyx chryseus Radlk. (Sapindaceae) g, s
Dzumac: 22°3’ S, 166°28" E, 940 m asl
Nothofagus codonandra (Baill.) Steenis g, s, d
Alphitonia neocaledonica (Schltr.) Guillaumin (Rhamnaceae) g, s, d
Cryptocarya guillauminii Kosterm. (Lauraceae) g, s, d
Flindersia fournieri Pancher & Sebert (Flindersiaceae) g, s, d
Gastrolepis austrocaledonica (Baill.) Howard (Stemonuraceae) g, s, d
Mpyodocarpus fraxinifolius Brongn. & Gris (Araliaceae) g, s, d
Strasburgeria robusta (Vieill. ex Pancher & Sebert) Guillaumin g, s, d
(Strasburgeriaceae)
Styphelia pancheri (Brongn. & Gris) F. Muell (Ericaceae) g, s, d
Col de Yaté: 22°10' S, 166°54' E, 340 m asl
Nothofagus balansae (Baill.) Steenis g, s, d
Calophyllum caledonicum Vieill. (Clusiaceae) g, s, d
Elaeocarpus yateensis Guillaumin (Elaeocarpaceae) g s, d
Guettarda eximia Baill. (Rubiaceae) g, s, d
Neoguillauminia cleopatra (Baill.) Croizat (Euphorbiaceae) g, s, d
Planchonella kuebiniensis Aubrév. (Sapotaceae) g
Semecarpus neocaledonica Engl. (Anacardiaceae) g, s, d
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where possible, from sun-lit branches on forest edges
or in large canopy gaps. Leaves of 4 of the 28 species,
however, were collected from the forest floor (both
green and senesced leaves) because of difficulty in
collecting leaves from branches; therefore, their
growth light environment is uncertain. However,
these were trees of the uppermost forest canopy, and
leaves were not likely to have been very heavily
shaded. Leaves were only collected when they
appeared fresh, as judged by colour and glossiness.
Three to five replicate trees or collecting points were
used for each species. Leaves used in chemical
analyses were initially air-dried, then freeze-dried and
ground to a powder in a ball mill.

Leaf traits

Macronutrient concentrations (N, P, K, Ca and Mg)
were measured in green and senesced leaves, allow-
ing determination of nutrient contents of functional
leaves and of resorption. Resorption was measured as
resorption efficiency and proficiency. Resorption
efficiency (the percentage reduction of nutrients
between green and senesced leaves) can indicate the
degree to which nutrients are conserved in foliage,
encompassing both nutritional demand and nutrient
withdrawal by the plant, and resorption proficiency
(the nutrient concentration of senesced leaves) indi-
cates the absolute levels to which nutrients can be
reduced in a plant, providing a measure of the degree
to which selection has acted to minimise nutrient loss
(Killingbeck 1996). Use of nutrient concentration per
mass to estimate resorption efficiency may lead to
errors due to changes in leaf mass caused particularly
by resorption of compounds during senescence, but
these errors are relatively small (Aerts 1996). Some
error may also arise from the assumption of an
identical constitution of senesced leaves when young
to the green leaves sampled. We assume here that any
such errors will be consistent across species. In
addition to macronutrients, we measured Ni since it is
potentially toxic and species vary in their capacity to
exclude or tolerate this metal in their leaves (Baker
1981). Nitric acid digestion (USEPA Method 3050B)
was used to extract macronutrients and metals (P, K,
Ca, Mg and Ni are reported) from freeze-dried
ground leaves prior to measurement by ICP-OES. C
and N were determined by a Leco® CHN-2000 auto-
analyser. All were expressed per unit leaf dry mass.

We measured other traits of senesced leaves
suggested to affect decomposition rates (phenolics,
cell wall content and toughness). “Total phenolics”
were extracted in acetone following Cork and Kroc-
kenberger (1991), and assayed by the Prussian-Blue
method (Price and Butler 1977) as modified by
Graham (1992), with concentration expressed as
gallic acid equivalents (GAE) per leaf dry mass.
Tannins were extracted as for total phenolics, and
tannin activity was estimated by the mass of protein
precipitated using the Blue BSA (bovine serum
albumen) method of Asquith and Butler (1985), with
a bovine gamma globulin standard and was expressed
per unit leaf dry mass. Cell wall content was
measured as neutral detergent fibre (NDF, a measure
of total cell wall, not including pectins), acid
detergent lignin (ADL, a measure of lignin plus
cutin) and cellulose, following Van Soest (1994).

Leaf toughness was measured on fresh hydrated
green leaves, since differential water content among
senesced leaves could confound interpretation.
Toughness, measured as work to fracture, was
determined for five leaves per species (within 24 h
of collection) using a shearing test on a 5-mm-wide
strip cut from one side of the leaf and sheared
transversely at a random position along its length
following Read and Sanson (2003). For Calophyllum
caledonicum, which has closely spaced secondary
veins perpendicular to the midrib, we cut across the
veins rather then parallel to them. The force—
displacement curve derived from each test was
analysed by Leaf2000 software (M. Logan, Monash
University). We calculated the work required to shear
the leaf strip as the area under the force—displacement
curve, expressed per unit strip width, and specific
work to shear as the work to shear per unit strip
thickness, with thickness measured by a digital
micrometer. We measured specific leaf area (SLA)
of senesced leaves, but for a few species for which
leaves were scarce, we used green leaves (1-12%
higher for species in which both leaf classes were
measured).

Leaf decomposition experiment

Rates of leaf decomposition were determined by a
glasshouse-based litter bag experiment, modified
from Cornelissen (1996). Air-dried leaves were dried
at 40°C for 48 h and weighed. Then, one or more leaf
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halves (depending on leaf size) were placed in a
polyester litterbag with a mesh size of 1 mm.
Individual bag size was determined by the size of
the leaves to keep the individual leaf in contact with
the substrate. Three to five replicate bags per species
were used, depending on leaf availability. We
compared leaf decomposition rates in packs of litter
weighing 1-2 g with litterbags containing an indi-
vidual leaf for seven species. Plastic planter bags ca.
20 x 10 cm were prepared 1 week prior to litterbag
burial with 7-cm depth of commercial plant-based
compost, and a thin layer of mixed decomposing leaf
litter from the Monash University systems garden to
ensure a range of soil microbes was present. One
litter bag was placed in each pot in March 2006 and
covered with 5 cm of compost. Pots were randomised
in position in a glasshouse (mean daily maximum
temperature of 26.1°C, with a minimum humidity of
75%) and watered twice daily to maintain moist
conditions typical of rainforest. After 7 weeks, leaves
in some additional ‘trial’ bags (checked every ca.
2 weeks to observe the rate of decomposition) were
already highly decomposed. Therefore, litter bags in
the main experiment were removed after 8 weeks so
that differences among species in decomposition rate
would be apparent. The leaves were lightly rinsed to
remove extraneous material and dried at 40°C to
constant mass. Samples were then weighed to deter-
mine percentage mass loss.

Data analysis

The data were analysed at two levels. First, Nothof-
agus species were compared with the average of other
species (the average of the 4-7 species’ means)
across all sites using a randomised block design (sites
as blocks). Any ‘site’ effects are potentially the result
of differences in site growth conditions and/or
differences in the suite of species. The data were
then analysed separately for each site using a planned
contrast between the dominant Nothofagus species
and co-occurring species, i.e. comparing the average
value of the Nothofagus species with the average of
the means of the co-occurring species. We were only
interested in large-scale trends, and so did not
compare Nothofagus species to individual species at
each site. Pearson correlation was used to investigate
associations between decomposition rate and other
leaf traits. T-tests were used to determine differences

in decomposition rates between leaf packs and
individual leaves. Principal components analysis
(PCA) was used to summarise traits of senesced
leaves suggested in earlier studies to affect decay
rates. Hierarchical partitioning was used to determine
independent contributions of traits to decomposition
rate using the hier.part package v. 1.0-2 (Mac Nally
and Walsh 2004) of R v. 2.5.1 (R Development Core
Team 2004): Iyp indicates the percentage contribu-
tion of each trait (limited to 12 independent variables)
to the total explained variance; rand.hp uses a
randomisation test to compute Z-scores for tests of
statistical significance, the latter based on an upper
0.95 confidence limit (Z > 1.65). In order to reduce
the set of independent variables, we excluded SLA
and Ni, which were not significantly correlated with
decay rate, and cellulose, which was represented
within the NDF variable. Due to rounding errors that
can occur when more than nine independent variables
are included (Walsh and Mac Nally 2007), we
removed variables that did not consistently make a
significant contribution in repeated analyses with
variables entered in differing order (N, C:N and total
phenolics). SYSTAT v. 11® was used for all other
analyses. A critical value of o = 0.05 was used for
hypothesis tests.

Results

Macronutrient and Ni concentrations
in green leaves

Within each site, there was ca. 2- to 8-fold variation in
macronutrient concentrations among species, with
most variation in K (3- to 4-fold), Ca (3- to 8-fold),
Mg (2- to 7-fold) (Fig. 1) and Ca:Mg (4- to 8-fold)
(Table 2). However, there were no significant differ-
ences in nutrient concentrations between Nothofagus
species and the mean of co-occurring species across
all sites (randomised block analysis, Fig. 1). High
foliar N:P ratios suggested P-limitation in Nothofagus
species and co-occurring species (Table 2). Foliar P
concentration varied 2- to 3-fold among species at
each site, but was lower in Nothofagus than the
average of co-occurring species only at Col de Yaté
(planned contrast of Nothofagus versus all other
species) (Fig. 1). Nothofagus had higher N concen-
trations at Col de Mouirange than the average of co-
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Fig. 1 Concentrations of macronutrients and Ni in green
leaves at each site. Mean £ SE are given for each species, with
Nothofagus species shown by filled bars. Species are given in
the order shown in Table 1. Ch, Col de Mouirange Haut; Cb,
Col de Mouirange Bas; D, Dzumac; Y, Col de Yaté. The results
of randomised block ANOVA are given (L, data log-

transformed for analysis). Asterisks indicate where there is a
significant difference between Nothofagus and the mean of co-
occurring species at a site (planned contrasts); a line below the
asterisk indicates no significant difference after removal of an
outlier

Table 2 Chemical ratios in green and senesced leaves of Nothofagus and other species

Nothofagus species Other species Fi3, P
N:P green 33 £ 2 (30-39) 30 £+ 3 (18-49) 0.59, 0.499
N:P senesced 80 + 30 (27-166) 63 £+ 6 (25-128) 0.26, 0.647
Ca:Mg green 3.8 + 1.4 (2.0-7.8) 5.2 £ 1.2 (0.8-19.6) 4.14, 0.135
Ca:Mg senesced (L) 57 £ 1.8 (3.4-11.1) 7.7 £ 23 (3.6-14.2) 4.86, 0.115
C:N sensesced 85 + 4 (73-89) 90 + 8 (51-177) 0.16, 0.715
C:P sensesced (L) 6,876 £ 2,714 (2,443-14,793) 5,479 £ 537 (2,540-12,221) 0.01, 0.952
Lignin:N sensesced 36 £ 7 (24-57) 28 £ 2 (11-53) 0.89, 0.414
Lignin:P sensesced (L) 3,491 + 2,039 (933-9,583) 1,835 £ 90 (355-4,832) 0.16, 0.717

The data presented are mean = SE (mass-based ratios) of Nothofagus (n = 4 species/sites) and other species (n = 4 sites, the value
for each site being the average of 4 to 7 species’ means). The range of species’ means is given in brackets. ADL is given as ‘lignin’.
The results of randomised block analysis are given. L, log-transformed for analysis

occurring species, but lower N at Yaté (planned
contrast, Fig. 1). At all sites except Col de Mouirange
Haut (CDMh), K concentrations were lower in
Nothofagus species than co-occurring species
(planned contrasts, Fig. 1). Ca was lower in Nothof-
agus at Col de Mouirange Bas (CDMb), but higher at
CDMh than co-occurring species, with no significant
differences at Yaté and Dzumac (planned contrasts,
Fig. 1). Mg concentrations and Ca:Mg were highly

variable, with Mg higher and Ca:Mg (Table 2) lower
in Nothofagus than co-occurring species at Dzumac,
but Mg lower at CDMDb (planned contrasts, Fig. 1). Ni
levels varied 2- to 12-fold among species at each site,
and were lower in Nothofagus species than the mean
of co-occurring species across sites (Fig. 1, random-
ised block analysis), even after outliers were excluded
(logyp Ni: F =32.8, P = 0.011). However, Ni con-
centration was significantly lower in Nothofagus than
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co-occurring species only at CDMh and Yaté (but
near-significant at CDMb: P = 0.06) (planned con-
trast, Fig. 1), but not after outliers were excluded.
High Ni contents were recorded in Codia discolor and
Neoguillauminia cleopatra, but no species showed
evidence of hyperaccumulation (Ni > 1 mg g™
foliar dry mass: Brooks et al. 1977). Comparison of
sites for each element found differences only in foliar
P concentrations (CDMb > CDMh and Dzumac)

(Fig. 1).

Macronutrient and Ni concentrations in senesced
leaves

There were no significant differences in macronutri-
ent concentrations (resorption proficiency) and ratios
of senesced leaves between Nothofagus species and
the mean of co-occurring species across all sites
(randomised block analysis, Fig. 2, Table 2). All
species, except Crossostylis grandiflora, Alphitonia
neocaledonica and Guettarda eximia, had N profi-
ciency below the 0.7% value suggested by
Killingbeck (1996) as indicating high N proficiency,
with only Arillastrum gummiferum having N concen-
trations at the 0.3% level suggested to represent
‘ultimate’ N-proficiency (the maximum level to
which nutrients can be reduced). At CDMh, higher
N was recorded in senesced N. aequilateralis leaves
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than the mean of co-occurring species, with no
differences at other sites (Fig.2). Trends in P
concentration varied among sites, with higher P in
Nothofagus than the mean of co-occurring species at
Dzumac, but lower at CDMb. Only N. discoidea
(Fig. 2) had high P proficiency (<0.04% P for
evergreens: Killingbeck 1996), with no species
reaching the ultimate proficiency of 0.01% (Killing-
beck 1996). K in senesced leaves followed a similar
pattern to green leaves, but was significantly lower in
N. codonandra at Dzumac (Fig. 2). Ca and Mg were
lower in senesced leaves of N. discoidea than co-
occurring species at CDMb (Fig. 2). Ni concentra-
tions were lower on average in senesced Nothofagus
leaves across sites (Fig. 2).

Resorption efficiency ranged from 28% to 64% for
N, 23% to 90% for P and 12% to 89% for K across
species. There were no significant differences in
resorption efficiency of N, P and K between Nothof-
agus and the mean of co-occurring species across all
sites (Fig. 3), and no differences among sites
(P < 0.05).

Foliar decomposition rates and leaf traits
There was 9-fold variation in mass loss among

species, and leaves of Nothofagus species decom-
posed at less than half the rate of co-occurring species
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00— B Motinfagus species (n = 4} Table 3 Relationships between decomposition rate (log-
) transformed) and traits of senesced leaves
3 L] Cher spsacies (n = 23)
) BO Leaf trait R Iyp Z
&
2 al -1 SLA 0.27
‘E Nitrogen —0.03
& Phosphorus 0.50%* 5.6 —-0.03
40—
=1 Nickel 0.02
g CN ~0.23
20§
C:P (L) —0.56%* 9.1 0.46
NDF —0.78%* 255 3.39%
¢ [ P K ADL —0.60%* 8.7 0.52
Fig. 3 R . fhici ¢ Noth ) d Cellulose —0.69%**
. t 17 S -
ig. 3 Resorption efficiency of No ofagus species and co Lignin:N _0.59%* 77 021
occurring species, averaging across the mean of species (+SE).
Randomised block ANOVA indicated no significant effect of Lignin:P (L) —0.64%** 10.3 1.17
species (Nothofagus versus other species) or site. Species Work to shear (L) —0.48% 8.0 0.14
effects: N, F;3 = 0.2, P =0.660; P, F,3 = 0.2, P = 0.657; i " h L _ . 1 1.2
K, Fis =22, P = 0236 Specific wor. to shear (L) 0.65 3.9 .26
Total phenolics —0.32
Tannin activity —0.51* 11.1 0.90
on average (18% vs. 42% mass loss) (randomised PCA Component 1 .84
block analysis, Fig. 4), with slower decomposition PCA Component 2 0.01
recorded in Nothofagus at CDMb and Dzumac (not at PCA Component 3 0.16

Yaté when the outlier was removed) (planned con-
trasts) (Fig. 4). Comparisons of single leaves with
leaf packs showed either no difference (three species)
or faster decay in single leaves (four species,
P < 0.05).

Of the leaf traits commonly considered to influ-
ence decomposition rates (Table 3), only NDF

a0~ F,=13.0, P=0.038

;jan_ rh th th
N ﬂ
* Aalaniilals ﬂlmﬂ H

-

Fig. 4 Decomposition rates (given as percentage mass loss
after 8 weeks) of Nothofagus species and co-occurring species
at each site. Mean £ SE are given for each species, with
Nothofagus species shown by filled bars. Abbreviations and
results are given as in Fig. 1

Values given are Pearson correlation coefficients (R) in the first
column, with results of hierarchical partitioning analysis (/yp,
the independent contribution of each trait as a percentage of the
explained variance, and the Z-score) in the second and third
columns. Significance levels for R are given as follows:
* P <0.05; ** P <0.01; ** P < 0.001. Significant Z-scores
(Z = 1.65) are indicated by a single asterisk. Only nine
variables were included in the final hierarchical partitioning
analysis. L, log-transformed for analysis

differed significantly between Nothofagus and co-
occurring species across sites (randomised block
analysis, Figs. 2, 5, 6; Table 2). For other traits,
differences were recorded between Nothofagus and
the means of co-occurring species at some study sites,
but not always consistently across sites. For example,
leaf toughness (work to shear) was higher on average
in N. codonandra than co-occurring species at
Dzumac, but similar or lower in Nothofagus than
co-occurring species at other sites (planned contrasts,
Fig. 5). Leaf toughness per unit thickness (specific
work to shear) was higher on average in Nothofagus
than co-occurring species at Yaté and Dzumac, with
no difference at the Col de Mouirange sites (Fig. 5).
No difference was recorded for SLA (Fig. 5). Total
phenolics and tannin activity were higher in Nothof-
agus than the average of co-occurring species at
CDMBb and Dzumac, but tannin activity was lower in
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Fig. 5 Physical traits and cell wall components of leaves at
each site. Traits were measured on senesced leaves except for
mechanical traits, which were measured on green leaves, and
SLA, which was measured on a mixture of green and senesced

Fig. 6 Phenolic -
concentrations of senesced
leaves at each site. Protein
precipitation provides a
measure of tannin activity.
Mean =+ SE are given for
each species, with
Nothofagus species shown
by filled bars. Abbreviations
and results are given as in
Fig. 1
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N. balansae than co-occurring species on average at
Yaté (planned contrasts, Fig. 6). The C:N ratio was
on average lower for N. aequilateralis at CDMh than
co-occurring species, and N. discoidea had signifi-
cantly higher C:P, lignin:N and lignin:P ratios at
CDMBb than co-occurring species (planned contrasts,
data not presented). For all these traits, where there
was a significant difference across or within sites,
there was usually at least one other species with
similar values to those of Nothofagus.

Leaf decomposition rates correlated positively with
foliar P and negatively with measures of cell wall,
lignin:N, lignin:P, C:P, tannin activity, work to shear
and specific work to shear (Table 3). No correlations

F,;=45 P=0123

leaves. Mean + SE are given for each species, with Nothof-
agus species shown by filled bars. Abbreviations and results are
given as in Fig. 1

Jy "

were recorded with SLA, N, C:N, Ni and total
phenolics. PCA reduced the data to three main
components explaining 69% of the variation among
species (Fig. 7a). Lignin:P, lignin:N, ADL, NDF and
C:P contributed most strongly to Component 1, C:N,
N and SLA to Component 2, and work to shear,
specific work to shear and cellulose to Component 3.
The configuration plot of the first two components
showed no clustering of Nothofagus species or of sites
(Fig. 7a). Leaf decomposition rate correlated nega-
tively with Component 1 (Fig. 7b), with more
variation explained (71%) than by any individual
variable (Table 3). Multiple regression showed that
82% of the variation in decomposition rate (log-
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Fig. 7 PCA of the traits of senesced leaves. (a) The
configuration plot of the first two component axes, and (b)
the relationship between leaf decomposition rate and Compo-
nent 1. The PCA was undertaken on the full set of variables
given in Table 3. The Nothofagus species are shown by their
initials in (a)

transformed) was explained by the nine variables
indicated in Table 3, but hierarchical partitioning
indicated a significant independent contribution of
only NDF (Table 3).

Discussion
Foliar element concentrations of green leaves

Foliar macronutrient concentrations were commonly
on the low side of the range found in forests on
ultramafic and non-ultramafic soils (Table 4), sug-
gesting that the study species on average have high
INUE. P appeared to be the limiting nutrient, with
N:P ratios >16 (cf. Giisewell 2004) for all species,
consistent with global trends suggesting that P-
limitation is particularly common in tropical envi-
ronments (Reich and Oleksyn 2004). However, in
contrast to predictions, Nothofagus species did not
have lower green-leaf nutrient concentrations (higher
INUE) on average than co-occurring species for P or
other nutrients, although K concentrations were lower
in Nothofagus at three sites.

High levels of soil Ni have been recorded at these
sites, but to a lesser extent at Col de Mouirange (Read
et al. 2006). The degree of toxicity of Ni is site-
dependant, with factors such as low soil pH and Ca
concentrations influencing uptake (Proctor and Woo-
dell 1975). Since Ca concentrations are low in these
soils (Read et al. 2006), there is potential for Ni
toxicity, particularly at Yaté and Dzumac. In addi-

Table 4 Foliar element concentrations (mg g~ ') of green leaves in rain forest species on ultramafic and non-ultramafic soils

New Caledonian Nothofagus® New Caledonian ultramafic®

Malaysian ultramafic®  Tropical rain forest non-ultramafic®

N 7.4-12.7 6.50-15.4
P 0.25-0.48 0.18-0.60
K 2.5-17.5 2.36-12.7
Ca 4.1-14.5 2.4-24.4
Mg 1.3-3.5 0.8-5.2

Ni  0.002-0.017 0.01-0.12

6.1-26.4 6.1-35.3
0.24-1.8 0.2-2.5
1.3-17.7 2.4-38.5
1.9-31.5 1.1-34.9
0.9-12.8 0.1-10.4
0.00-0.65 0.001-0.007

? From this study, Jaffré (1980) and Read et al. (2002)

® From this study, Jaffré (1980) (mean of 118-140 species), Enright et al. (2001) and Read et al. (2002)

¢ Proctor et al. (1989)

4 Data from lowland to upper montane rain forests (Ovington and Olson 1970; Stark 1970; Tanner 1977; Grubb 1977; Thompson
et al. 1992; Read et al. 2002; Plummer 2007), with few data available for Ni (Read et al. 2002; Plummer 2007)
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tion, Nothofagus litter appears to be more acidic (pH
4) than that of mixed rain forest (ca. pH 5.5) (CDMh:
McCoy 1991) and may increase Ni availability.
Resistance to Ni toxicity is influenced by the ability
to limit its uptake and transport, as well as tissue
tolerance, each mechanism potentially incurring an
energy cost. Foliar Ni content was quite variable
among species in this study, but was generally at
lower levels (7% of species with >0.05 mg g~' Ni)
than found in New Caledonian rain forests by Jaffré
(1980) (58% of forest species on ultramafic soils
>0.05 mg g~ Ni), probably due largely to differ-
ences in soil and topographic situation between the
studies. The low foliar concentration of Ni in
Nothofagus species could be partly due to their
ectomycorrhizae (VAM also weakly present in at
least one species: Perrier et al. 2006). Mycorrhizal
associations may play a crucial role in heavy metal
tolerance in some plants (Baker and Walker 1989;
Perrier et al. 2006), either due to general benefits
conferred by the relationship (Meharg and Cairney
2000) or due to reduced metal uptake (Wilkinson and
Dickinson 1995). If the ectomycorrhizal association
reduces Ni uptake, it may provide an energetically
efficient resistance mechanism. However, the low
foliar Ni might be partly a consequence of the high
cell wall fraction in Nothofagus species (Fig. 5), and
so may not reflect trends among species in proto-
plasmic concentrations.

Post-leaf NUE—resorption efficiency
and proficiency

Recycling of nutrients by decomposition and miner-
alisation is less efficient than resorption (Aerts and
Chapin 2000), and we predicted that Nothofagus
species would show higher PNUE than co-occurring
species. Instead, resorption efficiency for N, P and K
was highly variable across species, and the only
significant difference was the higher resorption of P
by N. discoidea at CDMD than co-occurring species.
Low resorption rates of N (<50%) have been
recorded in species with low green leaf concentra-
tions (<1%), probably due to proportionately less leaf
N being accessible for resorption (Diehl et al. 2003).
Similarly, all species in this study had N concentra-
tions below ca. 1.5%, with correspondingly low N
resorption efficiency (<50%) in most species. P, like
N, is fairly mobile in plants, but resorption was more

variable among sites and species, suggesting lower
reliance of some species on resorption even in a P-
limited system. Most tropical rain forest species have
mycorrhizae that are expected to increase substrate-P
uptake, arbuscular mycorrhizae in most species
(Connell and Lowman 1989; Smith and Read 1997)
and ectomycorrhizae in Nothofagus (Read and Hope
1996) and some other monodominant trees (e.g.
Connell and Lowman 1989; Newbery et al. 1997). It
may be less energetically expensive for species to
rely on substrate-available P than the resorption
pathway if the mycorrhizal relationship is highly
efficient (Newbery et al. 1997). The variation
recorded in K resorption is not unusual as K is
highly leachable, although leaching is likely to be
lower on these infertile soils (Chapin 1980). Ca
concentrations increased from green to senesced
leaves (data not presented), as expected, given that
Ca is not phloem-mobile (Chapin 1980).

Resorption proficiency may provide a better
estimate of PNUE if plants control the minimum
N and P concentrations of senesced leaves rather
than the proportion of nutrients withdrawn (Killing-
beck 1996; Aerts and Chapin 2000). N and P
concentrations were low in senesced leaves of all
species; most species had high resorption profi-
ciency of N by Killingbeck’s (1996) criterion, and
all fell well within the range for highly proficient P
resorption, further suggesting P-limitation. Levels of
N and P were relatively low even compared with
leaf litter from an ultramafic mountain in Sabah
(means of 0.8 to 13mgg ' N and 0.17 to
0.26 mg g.{1 P) (Proctor et al. 1989). However,
there was no evidence of higher resorption profi-
ciency in Nothofagus, except for high P-proficiency
in N. discoidea at CDMb.

Differences in community-level traits can occur
among sites due to both differences in species
composition and effects of growth conditions on
plant traits (phenotypic plasticity) (Richardson et al.
2005). In this study, differences among Nothofagus
species, and in the trends between Nothofagus and
co-occurring species among sites, may be due to
either varying species composition or due to site
effects on phenotypes. Killingbeck (1996) suggested
that resorption is driven less by nutrient availability
than by controls at the species level. Aerts and
Chapin (2000) found no consistent phenotypic dif-
ferences in resorption efficiency between low and
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high fertility conditions, and similarly, nutrient
availability did not strongly affect resorption in a
fertilisation experiment (Vitousek 1998). However,
phenotypic variation has been recorded in green-leaf
nutrient concentrations in N. aequilateralis among
sites (Read et al. 2002). Hence, phenotypic variation
may occur in resorption efficiency and proficiency.

Mg and Ni concentration of senesced leaves

The deciduous tree Peltogyne gracilipes forms
monodominant forests on Mg-rich soils in Brazilian
Amazonia and has high concentrations of Mg in
both green and senesced leaves (Villela and Proctor
1999). Villela and Proctor (2002) suggested that
pulses of Mg from decomposing leaves of P.
gracilipes may be mildly toxic on these soils and
linked to its monodominance if these levels of Mg
suppress growth of less tolerant species. However,
Nothofagus species on the New Caledonian ultra-
mafic soils showed no evidence of consistent high
concentrations of Mg and Ni in either green or
senesced leaves; instead, levels of Ni in green and
senesced leaves were lower on average than in co-
occurring species. Hence, there is no evidence for
the allelopathic mechanism of monodominance
suggested for Peltogyne.

Litter decomposition rates and causal factors

Falling leaves typically account for more than 70% of
all aboveground litter (Killingbeck 1996). Therefore,
leaf decomposition has a large influence on nutrient
recycling rates. In nutrient-poor habitats, such as
studied here, leaf litter must represent a major pool of
accessible nutrients that are deficient in the mineral
soil. Litter quality appears to be the best determinant
of decay rates in the tropics (Meentemeyer 1978;
Aerts 1997), with both chemical and physical traits
influencing its value as a nutrient resource to
decomposers (Swift et al. 1979). N and P are often
the most limiting nutrients (Heal et al. 1997; Aerts
and Chapin 2000), but unlike some other studies in
tropical rain forests (Santiago 2007), in this study, N
did not correlate with decay rates, and P only weakly.
On these severe soils, carbon:nutrient ratios may be
of more relevance. C:N ratios exceeding 25:1 are
considered to be high (Heal et al. 1997); for all of our

study species, the mean C:N was above 50:1, but
litter decay did not correlate with C:N, although it did
with C:P. The largest quantitative demand by
decomposers is the energy released from organic
compounds, including cell wall polysaccharides (La
Caro and Rudd 1985), but cell wall components can
also provide a physical barrier to nutrients. We found
that lignin:nutrient ratios were better predictors of
decay rates than C:nutrient ratios, reflecting the
influence of both nutrient limitation and the quality
of carbon as an energy source (and barrier) to
decomposers, lignin being highly recalcitrant to
decay (Hammel 1997). Leaf decay was also nega-
tively correlated with lignin concentration alone,
consistent with some other studies (La Caro and Rudd
1985; Cornelissen 1996; Hobbie and Vitousek 2000).
Lignin concentrations of our study species were not
particularly high; the mean across all species was
16%, with none exceeding 35%, compared with the
level of 50% considered likely to significantly retard
litter decay rates (Mesquita et al. 1998), although
Aerts (1997) found that low lignin concentrations
could inhibit decay if there was a lack of specialised
lignin-degrading organisms. However, in our study,
the measure of total cell wall (NDF) correlated more
strongly with decomposition rates than lignin.

Some secondary compounds can interact with the
nutritional quality of litter to slow decay (Heal et al.
1997). Phenolics, in particular tannins, can suppress
litter decomposition (Northup et al. 1998; Kraus et al.
2003), especially in the later stages of decay (Mesq-
uita et al. 1998; Loranger et al. 2002). Consistent with
this, tannin activity (but not total phenolics) was
negatively correlated with litter decay rates in this
study, but with no significant independent effect; a
stronger effect may have been observed if the leaves
of more species had decayed substantially. The
physical characteristics of leaves can also affect litter
decay rates (Swift et al. 1979). In particular, leaf
mechanical properties have been found to correlate
negatively with litter decomposition (Cornelissen
et al. 1999). We measured leaf toughness as both
work to shear and specific work to shear, but only the
latter correlated with decomposition rates. However,
it did not make a significant independent contribution
to decomposition rates; its negative correlation with
decomposition rate may be largely due to its positive
correlation with NDF (R = 0.64, P < 0.001), but
different results may have occurred if we had not
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excluded larger detritivores by the small mesh size.
Even though only NDF made a significant indepen-
dent contribution to variation in decomposition rates,
the higher correlation of decomposition rate with the
main component axis of the PCA than with any
individual variables, and the high amount of variation
explained when multiple variables were included in
the regression model, is consistent with the influence
of multiple factors in leaf decomposition, despite
these apparently being minor individual contributions
relative to NDF. The relatively low rate of Nothof-
agus leaf decay appears to be largely influenced by
high cell wall content and ratios of lignin:N and
lignin:P.

The decomposition experiment may not reflect
rates of decay in nature. We attempted to mimic
climatic conditions and to introduce a variety of soil
biota, but the experiment is nevertheless artificial,
and does not allow the complexity of interactions that
exist in nature (e.g. Milton and Kaspari 2007). In
addition, more detailed interpretation is precluded by
using only a single harvest. More importantly, decay
rates of individual leaves often exceeded those of leaf
packs, not surprisingly as individual leaves had
greater contact with the substrate and could be
accessed more easily by decomposers. Interactions
among species can also be important. Mixed litters
can interact to affect decomposition rates of individ-
ual leaves, either positively or negatively (Gartner
and Cardon 2004), with decomposition strongly
controlled by traits of the dominant species (Hoorens
et al. 2003). A study at Col de Mouirange found that
in areas dominated by N. aequilateralis, the leaf litter
was dominated by a large amount of undecomposed
leaves and branch material of this species with a low
pH (McCoy 1991). Our experiment found that leaf
litter of Nothofagus was slow to decompose com-
pared with co-occurring species, and together with
the low pH of Nothofagus litter, must have a
significant effect on nutrient cycling and availability
in the monodominant forests.

Does leaf-level NUE influence monodominance
of Nothofagus?

We found no evidence that leaves of Nothofagus
species generally function at lower nutrient concen-
trations or are better on average at conserving scarce
nutrients than co-occurring species. We note that our

main analyses were limited in power by the low
number of sites, and so, conclusions should be
cautious. Within-site comparisons, however, showed
high variability among species for many leaf traits,
with no suggestion that Nothofagus species show
consistent superior leaf-level NUE compared with
other common canopy species. Some species that
dominate tropical forest canopies produce leaf litter
that is slow to decompose, e.g. Gilbertiodendron
dewevrei in monodominant Congolese forest (Torti
et al. 2001), and Cecropia sciadophylla in Amazo-
nian secondary forest (Mesquita et al. 1998), and so is
slow to release nutrients. Similarly, the litter of
Nothofagus is relatively slow to decompose, but it is
not clear whether this provides an advantage to
Nothofagus species since there is no evidence to date
of higher NUE than co-occurring species. However,
the low decomposability of Nothofagus leaf litter
may confer an advantage by slowing the establish-
ment and growth of its competitors by other means:
litter accumulation may change topsoil conditions by
intercepting light and rain and the transfer of heat and
water may be affected (Facelli and Pickett 1991), and
the low pH may increase availability of Ni. In
addition, succession may be delayed by effects of
litter accumulation on fuel loads, increasing the
probability of the forests burning during a severe dry
season and potentially creating an environment
suitable for Nothofagus regeneration. However, while
these factors might explain the maintenance of
dominance by delayed growth of competitors, or
interruption of succession, they do not easily explain
how Nothofagus achieves early dominance of these
forests after disturbance. Other components of plant-
level NUE, such as nutrient uptake rates and carbon
gain per unit nutrient acquired, including effects of
leaf lifespan (Aerts and Chapin 2000) and ectomy-
corrhizal relationships (Newbery et al. 1997; Smith
and Read 1997; Aerts 2002; Erland and Taylor 2002),
may be contributing to dominance by Nothofagus
species. These warrant investigation in the context of
understanding the mechanisms that promote mono-
dominance by some species on severe soils.
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Abstract Dendroecological techniques were used to
investigate the stand dynamics and the disturbance
history of the subalpine fir forest in the Qinling
Mountains of Shaanxi Province, China. The results
indicated that 68% of the fir trees experienced 1-2
release events for a total of 10-29 (an average of 15.8)
years, and 1-2 suppression events for a total of 10-27
(an average of 13.4) years before they reached canopy.
Large number of Abies fargesii and Betula albo-
sinensis recruitment coincided temporally with larger
increases in the ring-width index from the 1830s to
1880s, suggesting occurrence of a major stand-wide
disturbance during this time period. Few seedlings and
saplings were found in the forest, and there was a
dramatic decline in recruitment after 1890, probably
because of the intensive cover of understory umbrella
bamboo (Fargesia spathacea). Radial growth analyses
indicated frequent canopy opening resulting from
small-scale disturbances in the forest. Thus, the
subalpine fir forest experienced frequent small-scale
disturbances and infrequent large-scale disturbances
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in its developmental history, and these disturbances
coupled with the understory umbrella bamboo might
have influenced tree growth and species recruitment.

Keywords Growth release - Age distribution -
Disturbance - Subalpine fir forest -
The Qinling Mountains

Introduction

Forest’s current structure, composition, and pattern
are influenced by many factors over its developmental
history, including disturbance, competitive interac-
tions between trees, and microsite differences in
resources (North et al. 2004). In fact, stand dynamics
is an important subject of ecological research, and the
studies on stand dynamics and developmental history
have provided a substantial database of information
on the regeneration ecology and population structure
of forests, particularly in relation to canopy gaps
(Namikawa 1996; Abrams et al. 1999). Reconstruc-
tion of forest history through identifying growth
releases and tree recruitment is the primary informa-
tion used to understand the ecosystem processes such
as population dynamics, community structure and
stand development (Taylor and Qin 1988; Taylor et al.
1996; Bergeron et al. 2002).

Over the past decades, dendroecological tech-
niques have become an important tool in the studies
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of stand dynamics and ecological history (Fritts
1976; Fritts and Swetnam 1989; Nowacki and
Abrams 1994), such as species recruitment patterns,
periodicity and intensity of disturbances, and influ-
ences of climatic variation and extreme weather
events (Henry and Swan 1974; Oliver and Stephens
1977; Foster 1988; Abrams and Orwig 1995;
Abrams et al. 1995; Druckenbrod 2005). Tree rings
present valuable and long-term records of tree
growth in forest environments. Variations in tree-
ring width can be used to reconstruct the occurrence
of past forest disturbance and to speculate on the
origin of the forest stand (Foster 1988; Lorimer
and Frelich 1989; McClaran and Bartolome 1989;
Veblen et al. 1994; Frelich 2002). As a result,
coupling tree-ring chronologies and age structure
have proven to be a particular robust approach for
understanding long-term variation in forest dynam-
ics and history (Foster 1988; Abrams and Orwig
1995; Abrams et al. 1999).

Disturbances in forested landscapes influence
community structure, composition, and dynamics.
Community response to disturbance varies widely
and depends on the types, size, severity, and
frequency of disturbance and species’ life history
attributes (Taylor et al. 1996). Large-scale distur-
bances (e.g. severe insect outbreaks, extreme climatic
events, etc.) are usually visible on the mean ring-
width chronology, while detection of medium- and
small-scale disturbances needs more sophisticated
methods of signal analysis (Rathgeber and Roche
2003). The moving average techniques allow us to
derive the disturbance events that are associated with
the medium-frequency signal and remove the high-
and low-frequency signal (age and climatic effects) in
a chronology (Lorimer and Frelich 1989; Nowacki
and Abrams 1997). Small-scale disturbances regu-
larly cause tree-fall and branch breakage, thus
creating canopy openings that trigger regeneration
and increase of growth of suppressed trees in forests,
i.e. growth release (Lorimer and Frelich 1989; Veblen
et al. 1989; Schweingruber et al. 1990; Cao and
Ohkubo 1999). Growth releases occur synchronously
in neighbouring trees and show a slow decrease in the
following years due to ageing or to closure of canopy
(Veblen et al. 1991). So a disturbance that occurred in
a stand can be identified by the growth releases of
suppressed trees with an accuracy of a few years
(Motta et al. 1999).

Abies fargesii is a subalpine tree species widely
distributing in the Qinling Mountains of China. It
occurs over a wide range in elevation and dominates
the forests above 2,300 m a.s.l. in the Qinling
Mountains. The subalpine fir forests remain undis-
turbed by human activities for more than a century in
the Qinling Mountains (Zhang 1989). Thus, these
forests represent a rare opportunity to study forest
dynamics and developmental history for the subal-
pine conifer forests. However, a very little is known
about the stand dynamics and developmental history
of the subalpine fir forests in the Qinling Mountains,
a biodiversity hotspot in China, due to insufficient
research (Taylor and Qin 1988; Taylor et al. 1996).
Understanding the forest dynamics and developmen-
tal history of the subalpine conifer forests is of great
importance for the sustainable forestry.

In this study, we report the forest history and stand
development of the subalpine fir forests in the Qinling
Mountains of Shaanxi province, China. The primary
objectives of this study are: (1) to describe the
composition and structure of the subalpine fir forest;
(2) to investigate the long-term patterns of species
recruitment and radial growth variation; (3) to
reconstruct the disturbance history of the forest using
dendroecological evidence.

Methods
Study area

The study area is located in the Foping National
Nature Reserve in the south aspect of the Qinling
Mountains of Shaanxi Province, China (E107°49,
N33°42") (Fig. 1). The Qinling Mountains run East—
West and form the basin divider between China’s two
longest rivers, the Yellow River and the Yangtze
River. The Qinling Mountains are situated in the
transitional zone between two macroclimatic regimes
(subtropical and warm-temperate zones), making it
biologically rich area and sensitive to climatic change
in China (Chen 1983). Elevation in the study area
ranges from 980 to 2,838 m. The climate is charac-
terized as subtropical with mild, wet summers and
cold, dry winters. Annual precipitation ranges from
950 to 1,200 mm, most of which falls between July
and September. Snow cover usually lasts five or more
months (from November to March), and annual mean
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Fig. 1 Location of the study site in the Qinling Mountains of
Shaanxi Province, China

temperature ranges from 6 to 11°C below 2,000 m
and from 1 to 6°C above 2,000 m a.s.l. (Yue et al.
1999).

Conifers dominated by subalpine fir (Abies
fargesii) occupy the area above 2,300 m in elevation,
usually developing into mixed forests with birch
(Betula albo-sinensis) or forming pure conifer forests
in the study area. Umbrella bamboo (Fargesia
spathacea) is a common understory species above
2,300 m. The mixed conifer and deciduous forests
occur between elevations of 1,800 and 2,300 m.
Patchy subalpine meadow also occurs above 2,600 m
a.s.l. in this study area (Yue et al. 1999). Because of
the limited accessibility, there have been no visible
human activities in the region.

Field survey

In the summer of 2005, two transects of 20 m wide
were established through the subalpine fir forest

interior at the elevations of 2,360 and 2,450 m,
respectively, which were orientated parallel to the
isoline for a total length of 100 m. These transects
were selected based on the criteria that there were
similar habitats and species composition within and
among transects and that the stands should represent
the forest structure and composition in the study area.

Each transect was divided into five 20 x 20 m
plots. Within each plot, all living trees (DBH > 5 cm,
measured at 1.37 m above ground) were labeled,
counted and mapped with respect to a reference tree.
Species, height, crown projection area and DBH were
recorded. Increment cores were taken in the direction
parallel to the slope contour using increment borers at
the breast height. Trees of abnormal growth form
(bent, twisted or hollow) were excluded from sam-
pling. Usually one core per tree was taken, but for a
few trees with unusable cores, additional cores were
collected until a usable core was obtained. In total,
197 trees were cored (118 for A. fargesii, 46 for
B. albo-sinensis, and 33 for the other species).
Saplings and seedlings were counted by species in
five 2 x 2 m quadrats within each of the 20 x 20 m
plots. The cover of umbrella bamboo (F. spathacea)
was estimated in the 2 x 2 m quadrats.

Radial growth analysis

All increment cores were air-dried, mounted, and
sanded. The Abies cores were cross-dated using the
signature year technique to identify the missing,
partial, or false rings (Yamaguchi 1991). For cores,
where the pith was missed, a graphical procedure was
used to estimate their age (Villalba and Veblen 1997).
Annual growth increments were measured to the
nearest 0.01 mm with a tree ring-measuring device
(Regent Instruments Inc., Quebec, Canada). The
cores of B. albo-sinensis and other species were only
used for age estimations. Recruitment was defined as
the date when trees reached 1.37 m in height.

The percentage growth change filter (Lorimer
and Frelich 1989; Nowacki and Abrams 1997)
was applied to the fir tree ring series. The formu-
lae %GCr = [(M> — M,)IM;] x 100 and %GCs =
[((M; — M,)/M>] x 100 were used to identify growth
release and suppression, respectively, where M; and
M, are the preceding and subsequent 15-year ring-
width mean, respectively. The minimum threshold of
100% for %GC was considered for event recognition,
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and the identified periods of release and suppression
had to be at least 10 years to eliminate annual
variations of radial growth. The criterion, coupled
with tree canopy recruitment dates, was used to
distinguish disturbance events from responses attrib-
uted to climatic factors (Lorimer and Frelich 1989;
Abrams and Orwig 1996).

After cross-dating using signature years and the
quality control program COFECHA (Holmes 1983),
the raw ring widths from the oldest 30 fir cores were
indexed using a detrending filter with a 10-year
window (Guiot and Goeury 1996), and a mean
indexed series was constructed. A site chronology
was then developed using the oldest 30 fir cores. In
addition, the tree-ring series at decadal intervals were
used to reconstruct the disturbance history for the
subalpine fir forest (Motta et al. 1999; Abrams et al.
2001; Bergeron et al. 2002; Druckenbrod 2005).

Results
Composition and size structure

The forest is comprised of nine tree species and is
dominated by A. fargesii (47.86% importance value),
B. albo-sinensis (19.66%), and Acer maximowiczii
(9.13%) (Table 1). The six remaining species

represent a combined relative importance value of
23%. The total density and basal area are 520 stems/
ha and 68.31 m?/ha, respectively. Tree regeneration
was very sparse within the stand. Only 11 seedlings
and 6 saplings, mainly Acer maximowiczii and
Prunus tomentosa, were counted in the fifty
2 x 2 m quadrats (data not shown). Umbrella bam-
boo (Fargesia spathacea) with a height of 1.5-3.0 m
averaged 95% cover in the understory.

The diameter-class structure showed a bell-shape
distribution (Fig. 2). Abies fargesii occurred in all
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Fig. 2 Diameter (at 1.37 m above ground) distribution of tree
species of the subalpine fir (Abies fargesii) forest in the Qinling
Mountains of Shaanxi province, China. Other species include
Abelia macroptera, Sorbus koehneana, and Corylus tibetica

Table 1 Species composition for the ten plots of the subalpine fir (Abies fargesii) forest in the Qinling Mountains of Shaanxi

province, China

Species Frequency Density Dominance Relative Relative Relative Importance
(stems/ha) (m?/ha) frequency density dominance value

Abies fargesii 10 317.5 40.85 22.73 61.06 59.80 47.86

Betula albo- 8 115.0 12.75 18.18 22.12 18.67 19.66
sinensis

Acer maximowiczii 6 22.5 6.44 13.64 4.33 9.43 9.13

Maddenia 5 17.5 5.76 11.36 3.37 8.44 7.72
hypoxantha

Prunus tomentosa 5 20.0 2.14 11.36 3.85 3.14 6.12

Crataegus 4 12.5 0.27 9.09 2.40 0.40 3.96
kansuensis

Abelia macroptera 3 7.5 0.04 6.82 1.44 0.06 2.77

Sorbus koehneana 2 5.0 0.03 4.55 0.96 0.04 1.85

Corylus tibetica 1 2.5 0.01 2.27 0.48 0.02 0.92

Totals 44 520.0 68.31 100 100 100 100

Frequency is based on presence in the 10 sampled plots; density is based on the number of individuals; and dominance is based on
basal area. Importance value is the average of relative frequency, relative density, and relative dominance (Cottam and Curtis 1956)
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Fig. 3 Age class (at 1.37 m above ground) distribution of tree
species of the subalpine fir forest (Abies fargesii) in the Qinling
Mountains of Shaanxi province, China. Other species include
Abelia macroptera, Sorbus koehneana, and Corylus tibetica

diameter classes and dominated the middle and larger
diameter classes from 31 to 70 cm. In contrast,
Betula albo-sinensis was in the relatively smaller
diameter classes from 11 to 40 cm, and most of the
remaining species were represented in the smaller
diameter classes less than 20 cm.

Age structure

Based on the sample of 197 cored trees, the forest is
uneven-aged (Fig. 3). Six fir trees are older than
200 years (239 years maximum at 1.37 m above
ground). Long tree-ring series also exist for B. albo-
sinensis (205 years old). A large number of Abies
fargesii trees were recruited from the 1830s to 1880s
with peak number in the 1840s. Few fir trees were
recruited since the 1890s, and none after the 1950s. A
large number of Betula albo-sinensis were recruited
from the 1790s to 1880s, while very few after the
1880s. All recruitment of the rest species occurred in
the 20th century with a few exceptions.

Release and suppression

The radial growth analysis indicated that 68% of the
canopy fir trees (n = 118) showed periods of release
and suppression. These trees experienced 1-2 (an
average of 1.2) releases for 10-29 (an average of
15.8) years, and 1-2 (an average of 1.1) suppression
for 10-27 (an average of 13.4) years (Table 2). There
were average of 12.8 and 11.9 years for release and
suppression period, respectively. The average ages
for the first release and suppression were 45.2

Table 2 Summary of growth release and suppression of can-
opy fir trees of the subalpine fir forest in the Qinling Mountains
of Shaanxi province, China (n = 118)

Mean SD Range

Release
Numbers of release periods per core 1.2 04 12
Years of each release period 12.8 33 10-29
Years of release per core 15.8 5.8 10-29

Ages when the first release was 452 327 15-124
identified

Suppression

Numbers of suppression periods per 1.1 03 12
core

Years of each suppression period 11.9 2.7 10-24
Years of suppression per core 134 48 10-27

Ages when the first suppression was 60.5 32.7 15-119
identified

(ranging from 15 to 124) and 60.5 (ranging from 15
to 119) years, respectively.

Growth releases occurred frequently over the past
240 years in the fir trees except the time periods of the
1770s to 1790s and the 1810s (Fig. 4). The number of
trees showing releases was fairly low prior to 1840
because of the scarcity of fir trees greater than
180 years old. The number of trees showing releases
each decade had generally remained constant after
1840, with the largest number in the 1940s and 1960s.

Dendroecology

Fir trees had an average growth rate of 1.14 mm/year,
ranging from 0.11 mm/year to 3.67 mm/year. The
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Fig. 4 Number of cores showing releases and total number of
cores analyzed at 10-year intervals of the subalpine fir forest in
the Qinling Mountains of Shaanxi province, China
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Fig. 5 Site chronology of Abies fargesii of the subalpine fir
forest in the Qinling Mountains of Shaanxi province, China

ring-width index chronology for the oldest 30 fir trees
indicated a period of generally high radial growth
between 1836 and 1910 with a few exceptions
(Fig. 5). Increases in radial growth also occurred in
the time period of 1936-1954. The radial growth was

substantially below average for most of the time
period before 1835, and from 1911 to 1935 and 1955
to 1994.

Figure 6 illustrated variation in growth patterns
and frequency of release dates of the representative
fir trees. The timing of the releases reflected great
variation among the individual trees, i.e. the releases
were present only in individual cores (Fig. 6). The
trees in Fig. 6a, ¢ showed high early growth followed
by a steep growth decline, characteristics of trees
with gap origin followed by gap closure. The fir tree
in Fig. 6b showed slow early growth followed by
progressively higher growth before a dramatic
increase of its growth rate in 1811, and then a peak
growth was recognized after the release in 1860. The
fir tree in Fig. 6d showed fairly consistent growth for
more than 150 years before its growth began to
decrease in 1938. The tree in Fig. 6f had major early
growth, followed by a great decrease in growth for

Fig. 6 Individual tree-ring 4
chronologies and release
dates for six selected cores
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the next 60 years, and its growth rate drastically
increased after a release in 1874, and then it
experienced another release in 1914.

Discussion

The results of this study suggest that the existing fir
and birch trees were primarily recruited in the
subalpine fir forest between 1830 and 1890 in these
plots on the Qinling Mountains. Prior to 1890, the
forest was comprised of a large number of A. fargesii,
B. albo-sinensis, and Acer maximowiczii, based on
the current stand age distribution (Fig. 3). However,
care must be taken, when explaining static age
structure data because of difference in species
mortality with various age and canopy classes and
stand-history events (Johnson et al. 1994; Abrams
et al. 2001). The oldest and the largest trees in our
study sites are Abies species and the domination of
the uneven-aged forest by Abies apparently dated
back 200 years ago. The absence of A. fargesii trees
older than 250 years in the subalpine fir forest may be
attributable to their maximum life expectancy.
Prunus tomentosa, Maddenia hypoxanth, Crataegus
kansuensis, and the other species are companion
species and have only invaded the forest recently.

A unique dendroecological feature of the
A. fargesii stand is the association of the large
recruitment pulse with high radial growth observed in
the ring-width index chronology between 1830 and
1890 (Figs. 3 and 5). The forests were logged several
times during the time period from the 1790s to 1870s,
and most of the old trees were selectively cut in those
logging activities (Zhang 1989). Logging may have
greatly altered the composition and number of tree
recruits in an old-grown forest (Abrams and Nowacki
1992; Nowacki and Abrams 1994; Orwig and
Abrams 1999; Abrams et al. 2001). The several
logging events may cause the sustained period of tree
recruitment and the several increases in the ring-
width index chronology from 1830 to 1890, culmi-
nating with a very large pulse around 1850 (Figs. 3
and 5). Prior to 1830, although A. fargesii recruitment
in the subalpine fir forest was also associated with
releases in the ring-width index chronology, e.g.
1789-1792, 1800-1802, and 1824-1827, the associ-
ation between recruitment and high radial growth of
fir trees might not be substantial due to the

insufficient number of fir trees (Figs.3 and 5).
Catastrophic fire has been described as a pervasive
disturbance in the coniferous forests of China (Wang
1961), while there are no recently burned stands in
our study sites. Whether, natural disturbance events
such as windstorms (Ren 1998) stimulated as much
tree recruitment as the nineteenth logging is
unknown, because of mortality in older fir trees.

Releases in radial growth indicate occurrence of
disturbances almost over the developmental history
of the fir forest (Fig. 4). While the 1770s to 1790s
period without growth releases would perhaps be the
stem exclusion stage for the fir forest (Oliver and
Larson 1996). A series of release episodes are
identified, but a very few of these releases are
recorded in the same year (Figs. 4 and 6), indicating
that the forest experienced frequent small-scale
disturbances (such as tree-fall and branch breakage
caused by windstorms, etc.) each of which impacted a
relatively small number of trees in the stand devel-
opment history (Abrams et al. 2001). Only a few
major stand-wide disturbance events (such as logging
activities, etc.) occurred in the subalpine fir forest
according to the largest pulse in tree recruitment and
the largest pulse in ring-width index chronology
around the 1850s (Figs. 3 and 5). Thus, the subalpine
forest experienced frequent small-scale disturbances
and infrequent large-scale disturbances in its devel-
opmental history.

Tree recruitment after 1890 became infrequent,
excluding a small pulse of recruitments between 1920
and 1960 (Fig. 3). Perhaps the intensive cover of
understory umbrella bamboo (Fargesia spathacea) is
responsible for the low frequency of seedling estab-
lishment. Bamboos, which are common understory
plants in temperate and tropical forests, appear
particularly effective in reducing tree regeneration
where they achieve a high degree of dominance
(Taylor and Qin 1988; Holz and Veblen 2006). In
other subalpine forests with dense bamboo stands in
China, Japan and South America (Franklin et al.
1979; Koyama 1984; Taylor and Qin 1988;
Nakashizuka 1991; Taylor and Qin 1992; Taylor
et al. 1996; Holz and Veblen 2006), bamboos with a
50% cover seem sufficiently to impede tree estab-
lishment and forest gaps fill slowly, and most
regeneration of tree species occurs in canopy gaps
caused by disturbances and such regeneration is
sparse. In our study sites, the umbrella bamboo with a
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height of 1.5-3.0 m and a density of 70-140 stems/
m?> usually covers more than 85%, sometimes 100%
of the understory of the subalpine fir forest (Ren
1998). As a result, it seems that regeneration of the A.
fargesii population depends on the occurrence of
large-scale disturbances in the Qinling Mountains
(Ren 1998) or in areas of umbrella bamboo dieback
(Taylor and Qin 1992; Namikawa 1996).

Patterns of tree recruitment in the subalpine fir
forests of the Qinling Mountains appear to be similar
to other subalpine forests in China, Japan and South
America (Franklin et al. 1979; Koyama 1984; Taylor
and Qin 1988; Nakashizuka 1991; Taylor and Qin
1992; Taylor et al. 1996; Holz and Veblen 2006). In
these subalpine forests, bamboos reduce seedlings
establishment and stands typically have few seedlings
and saplings. Rapid vegetative growth of bamboos
reduces space for other species within the commu-
nity, and small-scale disturbances induce most trees’
recruitment. Mass death of the bamboo understory
following synchronized flowering is a large-scale
disturbance, which increases space-related resources,
especially light, that may allow for pulses of tree
recruitment, otherwise tree recruitment is inhibited by
the bamboo cover (Taylor and Qin 1988, 1992; Hiura
et al. 1996; Abrams et al. 1999). However, there are
no reports on bamboo die-off in the study area, which
might contribute to the patterns of tree recruitment
observed in this study. If the intensity of umbrella
bamboo cover on tree regeneration does not lessen in
the future, we anticipate very little opportunity for
canopy recruitment in the subalpine fir forest in the
Qinling Mountains.

Conclusions

The majority of the subalpine fir trees (68%) in the
Qinling Mountains of China experienced 1-2 times
of growth release and suppression before they
reached canopy. A large number of A. fargesii and
B. albo-sinensis were recruited from the 1830s to
1880s. In combination with frequent releases from
radial growth analyses, it seems that tree growth and
species recruitment have been influenced by the
coupling of frequent small-scale disturbances and
infrequent large-scale disturbances. There are very
few seedlings and saplings in the forest, and canopy
recruitment declined after 1890, probably as a result

of the dense cover of understory umbrella bamboo
(95%) which prevents tree recruitment in the
subalpine fir forest.
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Abstract The sprouting response types of 1,151
cork oak (Quercus suber) trees one and half years
after a wildfire in southern Portugal were character-
ised. It was hypothesised that different response types
should occur according to the following conceptual
model: an increased level of damage (fire severity) on
a sprouting tree that suffered a crown fire was
expected to be reflected in a sequence of four
alternative events, namely (a) resprouting exclusively
from crown, (b) simultaneous resprouting from crown
and base, (c) resprouting exclusively from base and
(d) plant death. To assess whether the level of
expected damage was influenced by the level of
protection from disturbance, we explored the rela-
tionships between response types and tree size, bark
thickness and cork stripping, using an information-
theoretic approach. The more common response type
was crown resprouting (68.8% of the trees), followed
by plant death (15.8%), simultaneous resprouting
from crown and base (10.1%) and basal resprouting
(5.3%). In agreement with the conceptual model,
trees which probably suffered a higher level of
damage by fire (larger trees with thinner bark;
exploited for cork) died or resprouted exclusively
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from base. On the other hand, trees that were well
protected (smaller trees with thicker bark not
exploited for cork) were able to rebuild their canopy
through crown resprouting. Simultaneous resprouting
from the crown and base was determined mainly by
tree size, and it was more common in smaller trees.

Keywords Apical dominance - Mediterranean -
Model - Mortality - Resource allocation -
Resprouting - Severity

Introduction

Resprouting is an efficient mechanism through which
many plants from the Mediterranean region recover
above-ground biomass after they have suffered total
crown consumption from a wildfire (Whelan 1995;
Bond and van Wilgen 1996; Keeley 2006). Sprouting
shoots can originate from dormant buds located
above ground (axillary, branch epicormic or stem
epicormic) or from the base of the plant (i.e. from the
collar, roots or underground stems) (Bond and van
Wilgen 1996; Miller 2000; Del Tredici 2001).
Hereafter, these two sprouting modes will be referred
to as ‘crown’ and ‘basal’ sprouting (Bond and van
Wilgen 1996).

Bellingham and Sparrow (2000) presented a
general model of resprouting responses as a function
of increasing disturbance severity (severity defined as

A.G. Van der Valk (ed.), Forest Ecology. DOI: 10.1007/978-90-481-2795-5_7 77
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a measure of a plant’s perception of a disturbance
event). This gradient of increasing severity was
expected to create a sequence of hierarchical regen-
erative responses ranging from crown (e.g. axillary
and branch epicormic) to basal sprouting, where the
loss of one type of tissue (e.g. in twig) induces a
regenerative response from the next level of hierar-
chy (e.g. twig axil on the branch) (Bellingham and
Sparrow 2000). In their model, disturbance severity is
expressed as proportion of above-ground biomass lost
(Bellingham and Sparrow 2000). For one particular
type of disturbance, wildfires, and in particular crown
fires, often all the canopy foliage, buds and twigs are
consumed (crown consumption). When this happens,
severity will depend mainly on the fire intensity and
the level of fire-protection mechanisms at the indi-
vidual level (e.g. Bond and van Wilgen 1996).
Although the hierarchical nature of sprouting
responses presented in Bellingham and Sparrow’s
model could also be expected in this situation, the
fact that in a few studies sprouting responses at
different hierarchical levels were simultaneously
registered in the same individual plant (Trollope
1984, current study) suggests that the factors under-
lying response types will be more complex than just
above-ground biomass lost.

In situations where wildfires caused total crown
consumption in sprouting trees we allege that distur-
bances of differing levels of damage (severity), and
corresponding sprouting responses, not necessarily
organised as an hierarchical model, can still be
recognised. These responses will be determined by
the amount of bud damage in the twigs and branches,
the level of damage to stem and root cambial tissue
and the amount of below-ground reserves which
determines how much carbohydrate reserves can be
mobilised to rebuild the lost biomass (Chapin et al.
1990; Bond and van Wilgen 1996; Iwasa and Kubo
1997; Bellingham and Sparrow 2000) (Fig. 1). When
the level of fire damage is low (e.g. caused by low fire
intensity on trees with thicker bark, and where the
stem cambium is not affected), the plant is expected
to resprout from crown buds that survived the fire
(Fig. 1a). If the level of damage is extreme (e.g.
caused by high fire intensity on trees with thinner
bark or where the stem cambium is damaged), the
most likely outcome is plant death (Fig. 1d). At
intermediate levels of severity two response types can
be identified. If the level of damage is higher, all

a b c d

e

evel of damage / fire severity

_— I T~

Bud Cambial tissue Below-ground
damage damage reserves

Fig. 1 A conceptual model of post-fire responses of a
sprouting tree that suffered total crown consumption (combus-
tion of leaves and twigs during a wildfire) in relation to a
gradient of increasing level of damage/fire severity. (a) Crown
sprouting, (b) simultaneous sprouting from crown and base, (c)
basal sprouting, (d) plant death (for further explanations see
text)

crown buds will be killed, either directly through heat
or indirectly through the destruction of the vascular
cambium in the stem, as the carbohydrate reserves
that support sprouting are primarily stored in below-
ground structures (Del Tredici 2001). Furthermore,
apical dominance will be suppressed directly through
bud destruction by heat or indirectly via damage to
the cambium (Kozlowski 1971; Kozlowski et al.
1991; Miller 2000), and the tree is therefore expected
to respond through basal resprouting (Fig. lc).
Alternatively, if the level of damage is not so severe,
partial damage to the crown buds and cambium will
cause weakened apical dominance (Kozlowski 1971)
and at least some accessibility to below-ground
reserves, thereby resulting in the simultaneous res-
prouting of the crown and base (Fig. 1b). Since the
amount of carbohydrate, nitrogen and phosphorus
resources that can be used for growth also determines
the extent to which plants can resprout (Chapin et al.
1990), the observed resprouting patterns will there-
fore also be influenced, and plants with depleted
below-ground resources may suffer higher levels of
damage since they are unable to allocate enough
energy to restore the lost biomass. An example of
these above-mentioned four types of responses can be
found in a study of Acacia karroo savanna by
Trollope (1984), where different responses were
related to tree size and fire intensity. However, no
other examples were found in the literature where the
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occurrence of different responses was registered and
characterised for other tree species.

The cork oak Quercus suber L. is a very important
tree species within the Mediterranean basin, both
from an economic and ecological perspective (Silva
and Catry 2006). The existence of a thick cork bark
plays an important role in the capacity of this species
to withstand the frequent occurrence of fire typical of
Mediterranean climates (e.g. Pausas 1997; Moreira
et al. 2007). Another feature of cork oak trees is the
capacity of post-fire resprouting from the base and
crown after complete defoliation, hence the species is
a good model for studying the different response
patterns previously described.

In general, there is little information available on
the relative frequency of the different response types
as well as the factors influencing these responses in
cork oak. Previous studies (e.g. Cabezudo et al. 1995;
Pausas 1997; Barberis et al. 2003; Catry et al. 2007,
Moreira et al. 2007) focused mainly on the factors
influencing post-fire survival, and showed the key
role of cork stripping, cork thickness and tree size on
determining oak survival. In this article, we hypoth-
esise that these three variables also influence other
post-fire response patterns (as described in Fig. 1)
besides death, since they are expected to influence the
level of resistance to fire and, consequently, the level
of damage.

Cork stripping is a common operation that is
normally performed after the tree attains a certain
circumference at breast height (70 cm in Portugal).
Cork is a valuable raw material for industry and is
periodically removed with an axe by manually
cutting along vertical and horizontal lines on the
stem and thicker branches and stripping off cork
planks (Pereira and Tomé 2004). After each cork
stripping, the tree has the capacity to produce new
cork bark by adding new layers of cork every year
(Pereira and Tomé 2004), Moreira et al. (2007)
showed that unstripped trees (with unharvested virgin
cork) had higher survival rates than trees that had
been exploited for cork (i.e. trees debarked at least
once). These authors suggested that the higher
survival rates of unstripped trees may be explained
by the higher insulating properties of virgin cork (for
a given bark thickness) and the absence of stress
caused by cork extraction. In fact, cork extraction is a
disturbance that has negative effects on tree health
and growth (Costa et al. 2004). Thus, stripping

probably requires a greater allocation of below-
ground energy reserves that will subsequently not be
available for investment in resprouting. Conse-
quently, unstripped trees are expected to show
lower levels of damage when compared to exploited
trees since their buds are more protected and their
below-ground reserves may be better preserved.

Cork thickness depends on the harvesting cycle and
the time elapsed between harvesting events. Cork can
only be harvested every 9-15 years (minimum 9 years
according to Portuguese legislation), and several
studies have shown that cork age (and thus thickness)
is inversely related to post-fire mortality (e.g. Lamey
1893; Pampiro et al. 1992; Cabezudo et al. 1995;
Pausas 1997; Barberis et al. 2003; Catry et al. 2007;
Moreira et al. 2007). The thicker the bark, the lower the
expected level of post-fire damage (again, buds and
cambium are more protected from fire).

Barberis et al. (2003) and Moreira et al. (2007)
provided evidence that trees with larger diameter at
breast height (DBH) had a lower probability of
survival. Possible explanation for this pattern include
a likely higher amount of stripping damages, higher
susceptibility to stress or diseases and higher frequency
of poor management practices (e.g. deep ploughing,
excessive pruning) in older trees (Costa et al. 2004;
Moreira et al. 2007). A bigger tree that has suffered
several damage events across its lifespan is therefore
prone to higher levels of post-fire damage, mainly
because of the lack of carbohydrate reserves to invest in
resprouting (Iwasa and Kubo 1997).

The aim of this article is to explore the importance
of tree size, bark thickness and cork stripping in
determining the whole range of post-fire response
types in cork oak. In particular we aimed to: (a)
quantify the relative frequency of four different post-
fire responses in burned cork oak trees 1.5 years after
an intense wildfire and (b) explore whether stripping,
bark thickness and tree size influenced each of the
observed types of post-fire responses as hypothesised.

Methods
Study area and plot definition
The study area is located in “Serra do Caldeirdo”, a

mountain range in the Algarve province, southern
Portugal. The climate is Mediterranean with an
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average annual temperature and rainfall of 16.6°C
and 900 mm, respectively. The altitude ranges from
150 to 580 m above sea level. Soils consist mainly
of shallow schist lithosols that have a low fertility
and are prone to erosion. The landscape is charac-
terised by vast expanses of cork oak forests ranging
from areas with high tree cover, to “montados” that
have scattered trees and an understory of crops or
pastures. In the 2004 summer, an intense wildfire
burned ca. 25,000 ha in this region. A 1 x 1 km?
grid of points covering part of the burned area was
used to define a 50 m-radius circle (sampling plot)
around each point. Plots were checked in the field
for accessibility and to confirm whether they had
burned and were dominated by cork oak trees. A
total of 40 plots were ultimately selected. Large
within-plot variability in tree size and cork age (and
consequently bark thickness) was common since
cork debarking was not carried out simultaneously
on all individual trees (for further details see
Moreira et al. 2007).

Tree variables

Individual tree evaluation in the plots took place
between December 2005 and April 2006, approxi-
mately 1.5 years after the fire. Trees were assessed
along four 50-m strip transects departing from the
plot centres at right angles. Given the very high
density of young trees in many plots, only trees larger
than ca. 9 cm DBH were measured. Approximately
30 trees per plot were assessed (mean =+ s.e. of
28.8 £ 0.51, range = 14-30, n = 40) yielding a total
of 1,151 individuals. For each tree, several variables
were measured (see Moreira et al. 2007 for details);
however, for the purposes of this article only the
following variables are presented: (a) tree size (DBH,
cm), taken as the average of two measurements at
1.3 m above ground level, (b) bark thickness (average
thickness, cm) at breast height, calculated from four
measurements using a bark gauge and (c) presence/
absence of cork stripping in order to distinguish
unstripped trees with virgin cork from exploited trees
where cork debarking (stripping) had occurred at
least once. The types of post-fire responses were also
assessed and classified into four mutually exclusive
categories: (a) dead trees (no resprouting from the
base or crown), (b) trees that resprouted exclusively
from the crown, (c) trees that resprouted exclusively

from the base (thus with a dead stem) and (d) trees
that resprouted from both the crown and base.

Data analysis

To examine the influence of tree variables on post-fire
response types, an information theoretic approach was
used based on the Akaike information criterion
corrected for small sample sizes (AIC.) (Burnham
and Anderson 2002). This approach starts with the
formulation of a series of models that rely on an
understanding of the system being studied, followed by
an assessment of how different putative models
compare to the reality (Rushton et al. 2004). The suite
of candidate models is compared using AIC,, and the
smaller the AIC, value the better the model fits the data.

Each of the four response types was modelled
separately using a binary variable taking the value 1
for the specific response type and O for the remaining
types. A generalised linear model with binomial error
structure and a logit link function (McCullagh and
Nelder 1989) was used to test a group of biologically
plausible models, including separate models for each
of the three variables (stripping, bark thickness,
DBH) assumed to be biologically significant, and all
possible combinations of these variables. Two inter-
action terms were also added to this list of variables:
stripping x bark thickness, as previous analyses
showed that we could expect different responses,
for a given bark thickness, of unstripped or exploited
trees (Moreira et al. 2007); and stripping x DBH, as
the effects of tree size could also vary according to
stripping status. This yielded four groups (one group
per response type) of 27 models each, resulting from
all combinations of these five variables. The smaller
AIC, among the models in each group was used to
identify the more parsimonious model (Burnham and
Anderson 2002) for each response type.

The fit and predictive performance of the models
with smaller AIC, was evaluated through the likeli-
hood ratio statistic (full model ) and by calculating
the area under the receiver operating characteristics
(ROC) curve (Saveland and Neueschwander 1990;
Pearce and Ferrier 2000). This has the advantage of
assessing model performance in a threshold-indepen-
dent fashion, being independent of the prevalence of
the several response types. The AUC varies between
0.5 (no discrimination ability) to 1 (perfect discrimi-
nation ability) (Pearce and Ferrier 2000). Usually,
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AUC values of 0.5-0.7 are taken to indicate low
accuracy, values of 0.7-0.9 indicate useful applica-
tions and values above 0.9 indicate high accuracy
(Swets 1988). The calculation of the AUC and standard
error was based on a non-parametric assumption. For a
better visualization of the expected probabilities of the
fitted models, data from bark thickness and tree size
were grouped into classes. The former was divided into
three classes: <2 cm (33.8% of the trees), 2—4 cm
(54.4%) and >4 cm (11.8%). Tree size was also
divided into three DBH categories: <20 cm (28.8% of
the trees), 2040 cm (58.5%) and> 40 cm (12.7%).
There was no correlation between bark thickness and
DBH (r = 0.021, n = 1151, P = 0.487). However,
exploited trees (n = 859) had significantly larger DBH
than unstripped ones (n = 292) (mean * s.e. of
30.7 £ 0.406 cm and 16.5 £ 0.253 cm, respectively,
t-test, t = 29.6, P < 0.001), and had a slightly thinner
bark (mean £ se. of 239+ 1289 cm and
2.93 £ 0.835, respectively, r-test, = 8.1, P < 0.001).

Results
Response types

For the 1,151 sampled trees, the most common
response type was resprouting exclusively from
crown (68.8%, n = 792 trees), followed by death
(15.8%, n = 182), simultaneous resprouting from the
crown and base (10.1%, n = 116) and lastly, respro-
uting exclusively from the base (5.3%, n = 61).

Influence of predictor variables on response types

The more parsimonious model for tree death, among
the set of models compared, is shown in Table 1 and
Fig. 2. The probability of a tree dying increased if it
had been exploited and had a larger DBH. Bark
thickness was also a key variable but only if trees
were exploited, in this case the probability of death
increased as bark thickness decreased. Similarly to
death, the model with the lowest AIC for resprouting
only from base showed that this response type was
also more likely in stripped trees (Table 1; Fig. 2).
Bark thickness was an important variable in the case
of stripped trees, and was negatively correlated to
basal resprouting probability. The more parsimonious
model for simultaneous resprouting from the base and
crown (Table 1; Fig. 2) included only DBH, with
larger trees being less likely to show this response
type. Finally, resprouting exclusively from the crown
was more likely in unstripped trees (Table 1; Fig. 2).
For stripped trees, this resprouting type increased
with bark thickness and decreased with DBH. Over-
all, model performance was low to moderate with
AUC values ranging from 0.64 to 0.82.

Discussion

Differences in sprouting behaviour are important for
understanding vegetation dynamics, extinction risks
for threatened species and for defining management
regimes for woody plants (Bond and Midgley 2003).

Table 1 Generalized linear models with the lowest AIC, among the set of models compared, for each of the four post-fire response
types in cork oak (death, resprouting exclusively from crown, resprouting exclusively from base, resprouting from both crown and

base).

Variable Death Base only Crown and base Crown only
Stripping 1.645 4 0.280 2.955 £ 0.440 —1.464 £ 0.278
Bark thickness

DBH 0.031 £ 0.007 —0.055 £ 0.012

Stripping x bark thickness —0.688 = 0.086 —1.272 £ 0.182 0.809 £ 0.075
Stripping x DBH —0.016 £ 0.007
Constant —2.722 £ 0.229 —3.570 £ 0.358 —0.842 £ 0.283 0.940 & 0.130
Model »* 101.95 81.03 27.79 153.65

AUC 0.71 £+ 0.022 0.82 4+ 0.026 0.64 + 0.026 0.70 + 0.017

The variables entering each model (linear predictor), their coefficients (+s.e.), the model 12 and the area under the ROC curve
(AUC = s.e.) are shown for each response type. See Fig. 2 for model visualization. All model 12, variable coefficients and AUC

values are significant (P < 0.05)
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Bellingham and Sparrow’s (2000) model of respro-
uting response as a function of increasing disturbance
severity assumes a hierarchical sequence of regener-
ative responses that depends on the proportion of the
above-ground biomass lost. Here, a conceptual model
is presented (Fig. 1) which can be applied to situa-
tions where a specific disturbance (fire) caused crown
consumption on a tree with resprouting abilities. In
this situation, different levels of damage are expected
to create a sequence of response types where the
hierarchical nature of sprouting type is not necessar-
ily followed. These damage levels are assumed to be
determined by the amount of damage to buds and
cambial tissue, and by the available below-ground
reserves that can be used to rebuild the lost biomass
(e.g. Bond and van Wilgen 1996). Different levels of
damage will cause four different types of post-fire
responses that were identified in cork oaks in
southern Portugal, 1.5 years after being burned in
an intense wildfire. The majority of trees (ca. 70%)
resprouted exclusively from the crown, which is
expected to correspond to the lower level of damage.
The second most common response category was
death (16% of the trees), which corresponds to the
highest level of damage. Response types expected to
correspond to intermediate damage levels were less

bark thickness (cm)

common: simultaneous resprouting of the crown and
base was the third more common response type (10%
of the trees), whereas the least common response type
was resprouting only from the base (i.e. stem death)
(5% of the trees).

The relationship between the expected level of
damage and the degree to which a tree is protected
from disturbance was also addressed. The focus was
on three variables previously known to have an
important impact on cork oak post-fire survival,
namely cork stripping, bark thickness and tree size.

It was hypothesised that stripping would be a
strong determinant of the expected level of post-fire
damage to trees, since the process of extracting
highly insulating virgin cork for the first time
initialises major periodic stresses across the life span
of a tree (e.g. Natividade 1950; Costa et al. 2004;
Moreira et al. 2007). This is consistent with the result
that stripping is positively correlated with the like-
lihood of response types with higher levels of damage
(i.e. dead trees and resprouting from base), and was
negatively related to the probability of crown
resprouting (corresponding to lower levels of
damage).

Bark thickness is a well-known determinant of
post-fire survival in cork oak (e.g. Cabezudo et al.
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1995; Pausas 1997; Barberis et al. 2003; Catry et al.
2007; Moreira et al. 2007). Insulating capacity
increases with bark thickness (Dikinson and Johnson
2001), thereby providing a higher level of protection
to both the buds and the living tissues in the vascular
cambium from which resprouting closely depends. As
expected, the thicker the bark the lower the proba-
bility of a greater level of damage (expressed in the
negative correlation of this variable with dead and
basal resprouting probability), and the higher the
probability of a low level of damage (expressed in the
positive correlation with crown resprouting probabil-
ity). However, the effect of bark thickness on post-
fire responses is expressed only in exploited trees,
suggesting that trees with virgin cork have an
additional degree of protection that appears indepen-
dent of bark thickness, as previously discussed in
Moreira et al. (2007).

The relationship between tree size (DBH) and
level of protection from fire was hypothesised to be
related to the amount of damage and to the
availability of below-ground carbohydrate reserves
that may be allocated to resprouting. To be able to
sprout and support regrowth, a plant needs surviving
meristems and stored carbohydrate reserves (Iwasa
and Kubo 1997; Bond and Midgley 2001). Older
plants should have larger below-ground reserves
(Gurvich et al. 2005) and consequently a higher
capacity to mobilise reserves in response to distur-
bance (Bellingham and Sparrow 2000). For example,
Malanson and Trabaud (1988) found that a 9-year-old
Q. coccifera resprouted more vigorously than a 3-
year-old, presumably because the latter had less
developed below-ground reserves. Other empirical
studies, however, suggest that resprouting ability
declines with age and that below-ground carbohy-
drate storage in larger trees may be invested in
survival rather than growth (Bond and van Wilgen
1996; Bond and Midgley 2001). In the case of cork
oak, once cork exploitation has begun, the older (and
therefore larger) trees have probably experienced a
higher number of stripping events and poor manage-
ment practices (e.g. deep ploughing or excessive
canopy pruning) (Natividade 1950; Costa et al. 2004;
Silva and Catry 2006). Therefore, if below ground
reserves are allocated to recover from damages
accumulated across the plant’s lifespan, they will be
diverted from resprouting (Bellingham and Sparrow
2000; Chapin et al. 1990). Reduced vigour and

survivorship of resprouting shrubs have been related
to increasing disturbance frequency due to the
impossibility of rebuilding or maintaining energy
reserves in storage organs between consecutive
disturbances (Bellingham and Sparrow 2000). Thus,
it was hypothesised that bigger trees would be prone
to higher levels of damage, and this was consistent
with the fact that DBH was positively correlated with
the likelihood of death, particularly in exploited trees.
Bigger trees were also less likely to resprout from the
crown, which also indicated a higher level of damage,
and of simultaneous resprouting from the crown and
base.

The fact that the models obtained had moderate
predictive performance suggests that other variables,
which may not be directly related to tree features,
also contribute to the level of damage suffered by
each individual. If these other factors had been taken
into account, they would probably explain a larger
proportion of variability in the observed patterns. For
example, Moreira et al. (2007) showed that variables
related to stand structure (e.g. tree density or
understory vegetation height) and topographic loca-
tion (slope and aspect) as well as indicators of fire
severity (e.g. charring height) were significant pre-
dictors of cork oak mortality in the same study area.
Other factors known to influence post-fire sprouting
responses include site quality (Lopez Soria and
Castell 1992), disturbance frequency (Bond and
Midgley 2001), fire season (Konstantidinis et al.
2006) and the existence of herbivory (Moreno and
Oechel 1991).

The expected probabilities of the different
response type models reflected the relative frequency
of these types in the field. Thus, the more likely
response type (the one with higher expected proba-
bility) for all possible combinations of stripping
status, cork thickness and bark thickness was respro-
uting from crown. The only exception was when trees
were exploited, had a very thin bark (<2 cm) and
were very big (>40 cm DBH). This corresponds to
the higher level of damage in our model, which is
consistent with the fact that death was the most likely
outcome (Fig. 2).

In summary, the influence of the studied variables
on the post-fire response patterns of cork oak after fire
were in agreement with the hypothesis that different
levels of damage (and corresponding response types)
may be found in sprouting trees where all the crown
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was destroyed by wildfire. We provided evidence that
four different response types may occur, and that
these are influenced by stripping status, bark thick-
ness and tree size, which are probably related to the
level of protection of buds and cambial tissue, and to
the amount of below ground reserves available for the
plant to invest in resprouting.
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Abstract We provide total vascular plant species
counts for three 1-ha plots in deciduous, semi-
deciduous and evergreen forests in central Bolivia.
Species richness ranged from 297 species and
22,360 individuals/ha in the dry deciduous forest to
382 species and 31,670 individuals/ha in the
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evergreen forest. Orchidaceae, Pteridophyta and
Leguminosae were among the most species-rich
major plant groups in each plot, and Peperomia
(Piperaceae), Pleurothallis (Orchidaceae) and Til-
landsia (Bromeliaceae), all epiphytes, were the most
species-rich genera. This dominance of a few but
very diverse and/or widespread taxa contrasted with
the low compositional similarity between plots. In a
neotropical context, these Central Bolivian forest
plots are similar in total species richness to other dry
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deciduous and humid montane forests, but less rich
than most Amazonian forests. Nevertheless, lianas,
terrestrial herbs and especially epiphytes proved to be
of equal or higher species richness than most other
neotropical forest inventories from which data are
available. We therefore highlight the importance of
non-woody life-forms (especially epiphytes and ter-
restrial herbs) in Andean foothill forest ecosystems in
terms of species richness and numbers of individuals,
representing in some cases nearly 50% of the species
and more than 75% of the individuals. These figures
stress the need for an increased inventory effort on
non-woody plant groups in order to accurately direct
conservation actions.

Keywords Alpha diversity - Andean foothills
forest ecosystem - Life-form diversity -
Non-woody plants - Total species inventory

Introduction

Statements about the diversity of plant species in
forest ecosystems are usually based on results from
vegetation inventories that are mostly restricted to a
certain plant subgroup. Woody species, usually trees
and shrubs with diameter at breast height of >1 cm
(e.g. the STRI 50-ha plots, Condit 1995), >2.5 cm
(e.g. 0.1-ha transects, Gentry 1982) and >10 cm (e.g.
Gentry 1988; Valencia et al. 1994; Smith and Kill-
leen 1998), are the most commonly studied plant
groups. In contrast, herbs (e.g. Poulsen and Balslev
1991; Poulsen and Nielsen 1995), lianas (Pérez-
Salicrup et al. 2001; Mascaro et al. 2004) and
epiphytes (Ingram et al. 1996; Arévalo and Betancur
2004; Benavides et al. 2005; Kromer et al. 2005) are
less commonly used to characterize the diversity of
vegetation types. These non-woody life-forms, how-
ever, have been shown to be of importance in the few
assessments of tropical plant alpha diversity in which
all vascular plants were counted (Whitmore et al.
1985; Gentry and Dodson 1987; Duivenvoorden
1994; Balslev et al. 1998; Galeano et al. 1998;
Langenberger et al. 2006). The scarcity of such
studies can be attributed to the difficulties associated
with identification of more (and usually less well
known) plant groups (restricting inventories to some

life-form groups in the tropics is already a huge
identification task) and the difficulty of collecting
epiphyte specimens from the forest canopy. Whit-
more and colleagues have undertaken the most
comprehensive study of vascular plants to date in a
Costa Rican rain forest. To accomplish their task of
inventorying all species (including non-vascular
plants), destructive sampling of a 10 m x 10 m plot
was required (Whitmore et al. 1985).

The few full tropical plant inventories performed
to date have focused on a single and homogeneous
vegetation type, usually tropical lowland rain forests.
Although some of these studies (e.g. Duivenvoorden
1994; Langenberger et al. 2006) inventoried plots
and transects along edaphic and physiographic gra-
dients, only two have inventoried and compared
different vegetation types using a uniform sampling
methodology throughout. Alvarez et al (2003)
reported total vascular plant counts in three 0.1-ha
plots in Amazonian, Chocoan and Andean forests in
Colombia. This study, however, was not published
formally, and epiphytes in the Amazonian plot were
not sampled, restricting the total vascular plant count
to the Choc6 and Andean forest only. The other study
by Gentry and Dodson (1987) compared three 0.1-ha
plots in wet, moist and dry forests in Ecuador. The
lack of standardized inventory methods hampers the
quantitative comparison between both of these stud-
ies. The use of florulas could be an option to compare
different forests (e.g. Gentry 1990), but the size of the
areas studied and collection intensities are not
uniform (Tobler et al. 2007).

We chose Central Bolivia, a region where four
major biomes occur in close proximity to each other
(humid and moist vegetation from Amazonia, sea-
sonal subtropical lowland vegetation from the Chaco,
subtropical highland vegetation from the Andes and
seasonal vegetation of the Chiquitania (Ibisch et al.
2003)), as our study region. We established within
this complex biogeographic setting three permanent
1-ha plots. We used a uniform methodology along a
humidity gradient from deciduous to evergreen
forest, inventorying all vascular plants present. Our
main objective was to quantitatively assess the
relative importance of different life-form groups
and taxa within the different vegetation types we
surveyed and to compare our results with similar
studies in the neotropical region.
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Methods
Study area

The study was carried out at the Refugio Los
Volcanes in Santa Cruz, Bolivia. Los Volcanes is a
private reserve of approximately 300 ha. It is located
about 18°06’ S and 63°36’ E and is adjacent to the
southern border of Ambord National Park, directly on
the transition from the humid inner tropics to the
seasonally dry subtropics (Fig. 1a). The substrate of
the study area consists primarily of red sandstone and
locally of loamy sedimentary rocks (lutite). These red
sandstones form cliffs several hundred metres high
and are intersected by narrow valleys providing the
area with dramatic scenery. Annual precipitation is
about 1200-1500 mm, with most of the rainfall from
October/November to March/April, but with high
temporal variability.

The general vegetation of the area has been
classified as ‘subhumid to humid deciduous forest
of southeastern Amboré’ (Navarro et al. 1996)
and is usually found at 900-1100 masl. Among
the dominant tree species are Aspidosperma cylin-
drocarpon (Apocynaceae), Cariniana estrellensis
(Lecythidaceae), Cedrela  lilloi  (Meliaceae),
Gallesia integrifolia (Phytolaccaceae), Pachystroma

Fig. 1 Main vegetation types and plot shape and location in
the study area. a Aerial photograph of the Refugio Los
Volcanes area in central Bolivia, inset showing map of Bolivia
and location of study area. b Schematic representation of the

longifolium (Euphorbiaceae), Pogonopus tubulosus
(Rubiaceae) and Tabebuia lapacho (Bignoniaceae)
(Navarro et al. 1996). Locally, however, vegetation
types are determined by differences in topography,
aspect and precipitation regimes that lead to ecolog-
ically relevant differences in water availability within
the study area. Consequently, the dominant zonal
vegetation is semi-deciduous forest (about 30-50%
deciduous trees) mainly found on shaded south-
facing slopes. Steep, sunny and north-facing slopes
are occupied by deciduous forest (70-90% deciduous
trees), whereas flat, shaded valleys with groundwater
supply support evergreen forest (10-20% deciduous
trees) (Fig. 1b).

Vegetation sampling

A permanent plot of 1 ha was established in each
forest type (deciduous, semi-deciduous and ever-
green) between 2002 and 2003. Each plot was
subdivided into 25 adjacent 20 m x 20 m subplots.
Plots where laid out in such a way as to include only
the forest type under study, avoiding other forest
types, young secondary vegetation and non-forest
vegetation (e.g. rock outcrops). Thus, our plots are
not the traditional square 100 m x 100 m inventory
plots but have rather irregular shapes (Fig. 1c).
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All vascular plants in each plot were inventoried
between 2002 and 2004, mainly in the season
following the summer rains (i.e. May—August). J.
Lendzion inventoried herbs, shrub and tree seedlings,
E. I. Hennig epiphytes, D. Hoffmann lianas and V.
Cardona, D. Soto and S. K. Herzog woody plants. For
the herb inventories, we recorded all species with
stem diameter below 1 cm. Additionally, we recorded
all Cactaceae, Bromeliaceae and Costaceae below
I m height and epiphytes on fallen branches. For
lianas, we recorded all individuals, including Ara-
ceae, with a diameter of >1 cm at 1.3 m above soil
level. All epiphytes were observed and counted.
Collections of epiphytes were made either with a
clipper pole or with the help of rope-climbing
techniques. Binoculars were used to aid identification
when they were too inaccessible to collect. Finally,
we recorded all woody plants, excluding lianas, with
diameter at breast height (dbh) of >1 cm.

Voucher specimens of all species were collected
for later determination and are deposited at USZ
(Santa Cruz) and LPB (La Paz), with a small subset
of samples at the Gottingen Herbarium (GOET)
(herbarium acronyms follow Holmgren and Holm-
gren 1998). Several sterile specimens could not be
fully identified and were sorted into morphospecies.
The final stage of data production was completed at
USZ (by R. Linares-Palomino) by cross-checking all
collected vouchers in order to unify morphospecies
delimitations.

Data analysis

We used a conservative approach in calculating
species numbers by lumping highly similar morpho-
species into one group instead of considering them as
several distinct species. The herb inventory, which
included life-forms other than herbaceous plants, was
split into terrestrial herbs, tree seedlings, shrub
seedlings and epiphytes. Thus, terrestrial herbs
formed a life-form group by itself in subsequent
analyses. The other three subgroups were cross-
referenced with the tree, shrub and epiphyte inven-
tories and merged accordingly. We follow the
TROPICOS and Flora of Bolivia online databases
for nomenclatural purposes (both available at
http://mobot.mobot.org/W3T/Search/vast.html  and
http://www.efloras.org/flora_page.aspx?flora_id=40,
respectively). Despite much progress in the

understanding of the phylogeny of extant ferns,
familial composition and relationships are still
unsatisfactorily solved (Smith et al. 2006; Schuett-
pelz and Pryer 2007). We therefore refrained from
assigning our collections to families and treated all
ferns and fern allies as a single taxon Pteridophyta.

We computed species accumulation curves based
on the 20 m x 20 m subplots using EstimateS (Col-
well 2005). Similarity between forest plots was
evaluated by subtracting the Bray—Curtis distance
between two forest plots from unity. Pair-wise Bray—
Curtis distances (Dgc) were calculated in the vegan
package for R (Oksanen et al. 2006; R Development
Core Team 2006) using presence/absence data by
Dgc = 2a/(2a + b + ¢), where a is the total number
of species present in both forest plots, b is the number
of species present only in the first forest plot, and c is
the number of species present only in the second
forest plot (Magurran 2004). In order to compare the
species richness of the Los Volcanes plots with that
of other forests in the neotropics, we searched for
other published full plant, epiphyte, liana, terrestrial
herb and tree/woody plant inventories (Appendix 1)
and plotted species accumulation curves for each
forest type at Los Volcanes against the species
richness data of the other studies.

Results
Taxonomic diversity

We recorded 80,352 individual plants belonging to
670 species (including morphospecies) on the three
plots (Appendix 2). We were able to completely
identify 52% of our collections to species level (341
species), an additional 25% could be assigned to
genus (172 morphospecies) and 14% to family (95
morphospecies). Nine percent (62 morphospecies)
could not be assigned to a family or lower taxon.
The most species-rich plots were in the evergreen
and semi-deciduous forest, both of which had an
almost identical number of species (381 and 382,
respectively). The deciduous forest had 297 species.
Of the 273 genera, most were recorded in the
evergreen and semi-deciduous forest (190 and 185,
respectively) compared to 162 genera in the decid-
uous forest. Of the 92 families, 75 were found in the
evergreen, 72 in the semi-deciduous and 60 in the
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Table 1 Number of families, genera and species of three 1-ha plots in Santa Cruz, Central Bolivia (A: angiosperms, P:

pteridophytes)
Total from the three forest plots  Deciduous forest plot ~ Semi-deciduous forest plot  Evergreen forest plot
A P Total A P Total A P Total A P Total
Families 80 12 92 55 5 60 64 8 72 65 10 75
Genera 245 28 273 149 13 162 168 17 185 166 24 190
Species 617 53 670 279 18 297 353 29 382 337 44 381
Life-form
Epiphyte 142 67 80 109
Hemiepiphyte 9 1 4 8
Liana 153 64 86 44
Shrub 97 45 49 57
Tree, liana 1 1 - 1
Tree, shrub 39 17 16 20
Terrestrial herb 79 30 42 57
Tree 148 71 105 84
Other 1 - - 1
Parasite 1 1 - -

Life-form composition values show the number of species assigned to each plant group

deciduous forest. The contribution of ferns and
lycophytes (“pteridophytes”) to species richness
was higher in the evergreen forest than in the two
other forest types (Table 1).

Of the 10 most species-rich families, seven were
shared between all three plots, although with different
ranking within each plot (Table 2). Taking all three
plots together, the most species-rich families were
Orchidaceae, pteridophytes, Leguminosae and Big-
noniaceae. Orchidaceae, a family containing mostly
epiphytic species, was by far the most species-rich in
all plots. Pteridophytes, composed mostly of ground
herbs, ranked second in the evergreen and semi-
deciduous and fourth in the deciduous forest. Legu-
minosae, which was mainly composed of woody
species in our plots, decreased in importance from the
deciduous (second) to the evergreen forest (fourth).
Absolute species numbers were similar in the ever-
green forest and higher in the semi-deciduous forest
as compared to the deciduous forest. Bignoniaceae (a
family including liana, shrub and tree species), the
third most important family in the deciduous forest,
was the fourth most important family in the semi-
deciduous forest (again with a higher species number)
but was ranked only eighth in the evergreen forest.
Only two other families were important in terms of
species numbers, and these were shared by two forest

types: Apocynaceae (mostly trees) present in the
deciduous and semi-deciduous forest and Rubiaceae
(shrubs and trees) present in the semi-deciduous and
evergreen forest.

In contrast to families, only five species-rich
genera were common to all three forest plots
(Peperomia, Pleurothallis, Tillandsia, Acalypha and
Eugenia). Of these, the three most species-rich genera
were Peperomia, Tillandsia and Pleurothallis,
although ranking varied between forest plots
(Table 2).

Two species of Tillandsia had the highest numbers
of individuals on all three plots (Table 2): T. bryoides
had highest numbers in the deciduous forest, whereas
T. tenuifolia had most individuals in the semi-decid-
uous and evergreen forests. The 10 species with
highest number of individuals in the deciduous forest
included epiphytes and terrestrial herbs (three species
each) and shrubs and trees (two species each). The
contribution of non-woody plants increased in the
semi-deciduous forest, including epiphytes (four
species), terrestrial herbs (three species) and one
species each of shrubs, trees and lianas. Non-woody
plant contribution was highest in the evergreen forest
with six species of epiphyte, two species of terrestrial
herb and one hemiepiphyte species dominating. Only
one shrub species was included among the top 10.



Table 2 Most species-rich families and genera (number of species in parentheses) and most abundant species (number of individuals in parentheses)

Deciduous

Semi-deciduous

Evergreen

Total

Families (Pteridophyta is considered as one family)

Orchidaceae (34, e)
Leguminosae (20, t)
Bignoniaceae (19)
Pteridophyta (18, h)
Bromeliaceae (16, e)
Euphorbiaceae (13, s,t)
Piperaceae (12)
Acanthaceae (12, h)
Apocynaceae (10, t)
Myrtaceae (9, s,t)
Cactaceae (9)

Genera

Peperomia (9)

Pleurothallis (8)

Tillandsia (7)

Acalypha (6)

Forsteronia (6)

Acacia (5)

Eugenia (5)

Machaerium (4)

Epidendrum (4)

Philodendron (4)

Ruellia (4)

Species (number of individuals)
Tillandsia bryoides (2410, e)
Peperomia comarapana (1654, h)
Rinorea ovalifolia (1534, s)
Petiveria alliacea (1056, s)
Peperomia tetragona (1012, e)

Orchidaceae (45, e)
Pteridophyta (29, h)
Leguminosae (26, t)
Bignoniaceae (23)
Rubiaceae (16)
Bromeliaceae (15, e)
Sapindaceae (13)
Euphorbiaceae (12, s,t)
Apocynaceae (11, t)
Piperaceae (11)

Tillandsia (11)
Peperomia (8)
Pleurothallis (8)
Forsteronia (6)
Acalypha (5)
Eugenia (5)
Machaerium (5)
Philodendron (5)
Psychotria (5)
Randia (5)
Thelypteris (5)

Tillandsia tenuifolia (2008, e)
Piper callosum (1132, s)
Paspalum humboldtianum (972, h)
Olyra fasciculata (932, h)
Peperomia tetraphylla (925, e)

Orchidaceae (60, e)
Pteridophyta (44, h)
Bromeliaceae (20, e)
Leguminosae (20, t)
Piperaceae (16)
Rubiaceae (14)
Euphorbiaceae (12, s,t)
Araceae (9, e)
Moraceae (9, t)
Asteraceae (8)
Bignoniaceae (8)
Lauraceae (8, t)
Melastomataceae (8)

Tillandsia (13)
Pleurothallis (10)
Peperomia (9)
Epidendrum (8)
Acalypha (7)
Begonia (7)
Piper (7)
Eugenia (6)
Ficus (6)
Thelypteris (6)

Tillandsia tenuifolia (5576, e)
Racinaea parviflora (1879, e)
Vriesea maxoniana (1745, e)
Blechnum occidentale (1058, h)

Philodendron camposportoanum (837, e)

Orchidaceae (85, e)
Pteridophyta (53, h)
Leguminosae (39, t)
Bignoniaceae (35)
Bromeliaceae (26, e)
Rubiaceae (23)
Euphorbiaceae (21, s,t)
Acanthaceae (20, h)
Apocynaceae (18, t)
Piperaceae (18)

Tillandsia (15)
Pleurothallis (14)
Peperomia (11)
Acalypha (10)
Epidendrum (9)
Forsteronia (9)
Begonia (8)
Eugenia (7)
Ficus (7)

Piper (7)

Tillandsia tenuifolia (8059, e)
Peperomia tetragona (2549, e)
Racinaea parviflora (2426, e)
Tillandsia bryoides (2410, e)
Piper callosum (2156, s)

6
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Table 2 continued

Evergreen Total

Semi-deciduous

Deciduous

Vriesea maxoniana (2120, e)
Olyra fasciculata (2012, h)

Adiantum tetraphyllum (800, h) Thelypteris dentata (803, h)

Peperomia tetragona (789, e)

Olyra fasciculata (986, h)

Peperomia tetragona (748, e)

Acacia polyphylla (802, t)

Philodendron camposportoanum (2007, e)

Lomagramma guianensis (741)

Philodendron camposportoanum (745, e)

Commelina erecta (777, h)

Peperomia aceroana (735, e) Peperomia comarapana (1678, h)

Piper amalago (681, t)

Tillandsia streptocarpa (755, e)

Commelina erecta (1574, h)

Piper callosum (692, s)

Herreria montevidensis (521, 1)

Coursetia brachyrhachis (522, t)

The dominant life-form is indicated for families and individual species (e = epiphytic, h = terrestrial herb, s = shrub, t = tree, | = liana). Nomenclature follows TROPICOS

and the Flora of Bolivia online databases (http://mobot.mobot.org/W3T/Search/vast.html and http://www.efloras.org/flora_page.aspx?flora_id=40, respectively)

Life-form composition

In the deciduous forest, trees, epiphytes and lianas
contributed similar species numbers (22-24% of the
total, Table 1). In the semi-deciduous forest, trees
were slightly more species-rich than other life-forms
(28%), followed by lianas (23%) and epiphytes
(21%). The most species-rich life-form in the ever-
green forest was epiphytes (29%), followed by trees
(22%), shrubs (15%) and ground herbs (15%)
(Table 1). Woody plants (including lianas and
shrubs) contributed to approximately 66%, 57% and
54% of total species richness in the deciduous, semi-
deciduous and evergreen forest plots, respectively.
There was a highly significantly statistical difference
between the proportions of life-forms in the three
studied forest types (G-test, G = 28.34, P = (0.0004,
df = 8).

Pearson correlation analyses among life-form
richness patterns within each forest plot showed that
tree species richness patterns were positively and
significantly correlated with total plant species rich-
ness: deciduous forest r = 0.67 (P = 0.0002), semi-
deciduous forest r = 0.54 (P = 0.0049), evergreen
forest r = 0.59 (P = 0.0021). No other significant
correlation could be detected between trees and other
life-forms, except with shrubs in the semi-deciduous
forest (r = 0.51, P = 0.01) and with lianas in the
evergreen forest (r = 0.53, P = 0.0064). Apart from
trees, lianas were the only other life-form that showed
similar levels of positive and significant correlations
with total plant species richness across the three
plots: deciduous forest r = 0.63 (P = 0.0007), semi-
deciduous forest r = 0.66 (P = 0.0003), evergreen
forest r = 0.54 (P = 0.0051). Other positive signif-
icant correlations were detected in the evergreen
forest plot between total plant species richness and
epiphytes (r = 0.60, P = 0.0017) and terrestrial
herbs (r = 0.69, P = 0.0001).

Similarity among plots

Similarity among plots was 0.46 between deciduous
and semi-deciduous (155 species shared), 0.37
between deciduous and evergreen (125 species
shared) and 0.57 between semi-deciduous and ever-
green (216 species shared). We recorded 106 species
occurring in all three plots. One hundred and twenty-
three species were recorded only in the deciduous
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plot, 117 only in the semi deciduous plot and 146
only in the evergreen forest plot.

Discussion

Plot shape and its influence on species richness
estimations

Spatial distribution patterns of plant species in
tropical forests are influenced by niche assembly
and/or random dispersal assembly processes acting at
both local and landscape scales (Chave 2004; Gaston
and Chown 2005; John et al. 2007), resulting in
mostly clumped distributions (e.g. Condit et al.
2000). Within this scenario, plot shape has been
documented to influence estimates of species rich-
ness, i.e. longer and narrower rectangular plots are
prone to capture more species than square plots of
similar area (Condit et al. 1996; Laurance et al.
1998). The differences, however, were found to be
small and statistically non-significant in a study
comparing tree species richness in 100 m x 100 m
square plots versus 40 m x 250 m rectangular plots
in Central Amazonia (Laurance et al. 1998). Given
the patchy and fragmented nature of the deciduous
and evergreen forests in our study area, it was
impossible to survey the vegetation types in tradi-
tional square or rectangular plots. Rather, we tried to
survey as environmentally homogeneous an area as
possible, leading to our irregular plot shape design.
There is little doubt that plot shape has influenced our
results, especially those of the evergreen forest plot.
The extent of this influence, however, seems to be
small, since the species accumulation curves for all
vascular plants together and for individual life-forms
significantly decrease or level off when the hectare is
completely surveyed, suggesting that sampling was
representative in all three forest types.

Alpha diversity and plant density at Los Volcanes

Additional plant surveys across the entire Los
Volcanes reserve (approx. 300 ha) have documented
65 species of pteridophytes (M. Kessler, unpublished
data), of which 53 (82%) were recorded in the plots.
The corresponding figures are 83% for Acanthaceae,
90% for Araceae, 84% for Bromeliaceae and 92% for
Cactaceae. If these groups are considered to be

representative of the total flora, then our plots contain
roughly 80-90% of the vascular plant flora of Los
Volcanes reserve, which would then be estimated to
be around 740-840 species, corresponding to about
6.4-7.2% of the Bolivian vascular plant flora (esti-
mated at 11,600 species, Jgrgensen et al. 2000).
Species that were not encountered in the plots are
either forest species that are patchily distributed or
non-forest species occurring on sandstone walls of
the area, secondary vegetation on landslides, rock
falls or along streams.

The impressive number of individuals of 7. tenui-
folia and T. bryoides in the Los Volcanes plots is not
unique to these forests. Both have been documented
as the characteristic and dominant species of some
seasonal forests of Central and Southern Bolivia
(Navarro 2001). Likewise, Bonnet (2006) and Bonnet
et al. (2007) reported high densities and wide
regional distribution for T. fenuifolia in Parana,
Brazil. They attributed the success of this species in
humid and seasonal semi-deciduous forests to its
small size (ca. 25 cm long, Smith and Downs 1977),
the presence of plumose wind-dispersed diaspores,
CAM metabolism, its atmospheric nutrient acquisi-
tion strategy (i.e. species that have no form of
absorptive root system, in which the tank habit is
lacking and where epidermal trichomes cover the
whole shoot system and are entirely responsible for
nutrient and water uptake, cf. Griffiths and Smith
1983) and the fact that this species usually forms
dense monospecific associations with no explicit
preference for some position on the phorophyte. Most
of these factors are also true for T. bryoides, in
particular the small size of the plants (usually no
longer than 5 cm), their plumose diaspores (Smith
and Downs 1977) and the formation of dense
monospecific populations (Navarro 2001).

Los Volcanes plots in a neotropical context

To our knowledge, there is only one other study
(Balslev et al. 1998) that includes an inventory of all
vascular plants in 1 ha of tropical forest and is
therefore directly comparable to our study (although
the mentioned study inventoried trees and shrubs of
1-5cm dbh only in a 0.49-ha subplot). In the
Amazonian terra firme rain forest of Cuyabeno,
Ecuador, a perhumid area with 3555 mm of annual
rainfall and no dry season, Balslev et al. (1998) found
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942 species of vascular plants in 88 families. Our
plots contained between 297 and 382 species in 60—
75 families/ha for the three forest types studied. This
is clearly much lower than the Cuyabeno plot, but
lower rainfall and strong seasonality set the forests at
Los Volcanes apart from the Amazonian site. There
were further differences in the relative contribution of
different life-forms to overall species richness at both
sites. At Cuyabeno, trees (which made up 50% of
species) were clearly the most species-rich group,
distantly followed by epiphytes (making up 18% of
species) and shrubs and lianas (both making up 11%
of species). At Los Volcanes, trees were the most
species-rich life-form in the deciduous and semi-
deciduous forest but contributed only 32% of all
species. Epiphytes (including hemiepiphytes) and
lianas (23% and 22% in the deciduous forest, 22%
and 23% in the semi-deciduous forest, respectively)
followed them closely. Shrubs were less important in
these forests, contributing 13% and 15% of all
species in the deciduous and semi-deciduous forest,

higher than terrestrial herbs (ca. 10%). The most
striking difference is in the evergreen forest in which
epiphytes (31%) were more species-rich than trees
27%).

For a more representative comparison of the Los
Volcanes data with other neotropical sites, we
constructed species accumulation curves for Los
Volcanes that allowed comparisons with other sur-
veys with plot sizes of up to 1 ha (Fig. 2). As Los
Volcanes is found in a biogeographical transition
zone and has high moisture variability between plots,
our study plots cannot be easily assigned to any of the
usual broad categories used for neotropical forests
(lowland humid, montane humid, lowland dry, etc.).
We therefore compared our richness counts with data
from a wide range of other neotropical forest habitats.

Most inventories in lowland humid forests (mostly
in Amazonia) have higher vascular plant, epiphyte,
liana and terrestrial herb counts than any of the plots at
Los Volcanes (Fig. 2). In contrast, plots inventoried in
dry deciduous or humid montane forests have similar
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Fig. 2 Species accumulation curves (sac) for each forest type
at Los Volcanes (D = deciduous, SD = semi-deciduous,
E = evergreen) against species richness data of: a vascular
plant counts, b epiphyte inventories, ¢ liana inventories, d

terrestrial herb inventories and e woody plant inventories in the
neotropics. Symbols described in the legend apply to the entire
figure. Note the different scales of the x and y axes. (Values for
individual sites are provided in Appendix 1)
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vascular plant counts at Los Volcanes are similar to
those in the humid mountains of the Carrasco National
Park (Ibisch 1996) and those in the deciduous forest of
Capeira and moist forest of Jauneche in Ecuador
(Gentry and Dodson 1987), at least at small plot sizes
(Fig. 2a). Epiphytes are perhaps the best represented
group at Los Volcanes. They are more diverse here
than a humid forest plot in Ecuador (Jauneche, Gentry
and Dodson 1987) and at least as diverse as the humid
forest plots in French Guyana (Sinamary, Bordenave
et al. 1998), Venezuela (Surumoni, Nieder et al.
2000) and interestingly also as the Chocoan forests
in Caqueta (Colombia, Duivenvoorden 1994). They
also have higher species richness than other deciduous
forests and similar species richness as montane forests
(Fig. 2b). Lianas have similar levels of species
richness to several humid forests in Ecuador (Yasuni,
Nabe-Nielsen 2001; Burnham 2004), Colombia (Nu-
qui and Coqui, Galeano et al. 1998) and Bolivia
(Oquiriquia, Pérez-Salicrup et al. 2001). In contrast,
the deciduous forest of Capeira in coastal Ecuador
(Gentry and Dodson 1987) has a much higher species
richness of lianas in smaller plots (Fig. 2¢). Terrestrial
herb counts are similar to other humid forests from
Costa Rica (Whitmore et al. 1985), Panama (Royo
and Carson 2005), French Guyana (Bordenave et al.
1998), Colombia (Galeano et al. 1998), Ecuador
(Gentry and Dodson 1987; Poulsen and Balslev
1991) and Brazil (Costa 2004). The deciduous forest
in Capeira (Gentry and Dodson 1987) again has a
higher count of terrestrial herbs than any plot at Los
Volcanes (Fig. 2d).

Tree species richness at Los Volcanes is similar to
several other forest types in the neotropics. If only
trees with dbh >10 cm are considered, the plots at Los
Volcanes are similar to other deciduous forests in
Bolivia and reach the lower end of species richness of
1-ha plots in humid and montane forests (Figs. 2e, 3).
If we compare the overall richness of trees on the Los
Volcanes plots (including those with dbh <10 cm)
with several forest types inventoried by A. Gentry
(0.1-ha transects using the exploded quadrat method,
available at http://www.mobot.org/MOBOT/research/
gentry/transect.shtml), the studied plots have higher
species richness values than most dry deciduous for-
ests in the neotropics. They have also values similar to
the average species richness of humid montane forests
but only reach the lower end of the species richness
values of humid lowland forest (Fig. 3).
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Fig. 3 Species richness values of woody plants and trees at
Los Volcanes (LV) with dbh >10 cm compared against species
richness data of other woody plant inventories (1 ha,
dbh >10 cm) in Bolivia (filled symbols), and all trees
inventoried at Los Volcanes compared to species richness data
of woody plant inventories (0.1 ha, dbh > 2.5 cm) in the
neotropics (empty symbols)

Contribution of non-woody plant groups
to overall plant species richness

Non-woody plants, and specifically epiphytes, have
been highlighted by Gentry and Dodson (1987) as the
most important plant group in terms of species
richness and individual numbers in wet tropical rain
forests in Ecuador, whereas tree species with dbh
>10 cm were more or less equally well represented
in dry, moist and wet forest. In the wet forest sampled
by them, 35% of the species and 49% of the
individuals were epiphytes. At Los Volcanes, epi-
phytes (including hemiepiphytes) included ca. 30%
of the species and nearly 60% of the individuals in
the evergreen forest plot. If terrestrial herbs are
included, non-woody life-forms represent 45% of the
species and more than 76% of the individuals. In the
semi-deciduous and deciduous forest plots, figures
are somewhat lower but still impressive. Epiphytes
(including hemiepiphytes) comprised 22% and 23%
of the species and 36% and 31% of the individuals on
the semi-deciduous and deciduous forest plots,
respectively. If terrestrial herbs are included, the
figures are ca. 32% of the species in both forests and
58% and 52% of the individuals, respectively. Non-
woody life-forms showed a consistent pattern across
the different forest types and represented an impor-
tant component of neotropical forests. This is
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certainly overlooked when plots are only sampled for
trees. In contrast, trees with dbh >10 cm represented
only 14%, 18% and 16% of the species and 2.4%,
2.5% and 1.7% of the individuals on our deciduous,
semi-deciduous and evergreen forest plot,
respectively.

Despite these facts, species richness and floristic
data arising from tree inventories are often used (for
want of better and more complete, but also usually
more work-intensive, information) to characterize all
the surrounding vegetation because they are the
major structural element (e.g. ter Steege et al. 2000a;
La Torre-Cuadros et al. 2007). While this may be
enough to identify the major forest types, and indeed
some studies in tropical forests do confirmed a
positive correlation between the richness of the
woody component of a forest and its accompanying
non-woody component (e.g. Webb et al. 1967), there
is also evidence that this is not a consistent pattern
(Duivenvoorden and Lips 1995 in Colombia; ter
Steege et al. 2000b in Guyana; Williams-Linera et al.
2005 in Mexico; Tchouto et al. 2006 in Cameroon).
Our own data indicate that there is no consistent
correlation between tree species richness and the
other life-forms studied at Los Volcanes. The com-
parisons of inventories across the neotropics
discussed above also show that forests with higher
tree species richness do not necessarily contain higher
species richness in non-woody life-forms. In a
neotropical context, the forests at Los Volcanes
may be poor in terms of tree species richness, but
they do show remarkable species richness of lianas,
terrestrial herbs and, especially, epiphytes, challeng-
ing even those of the most diverse forests of the
continent, the Colombian Choco.

We have shown that tree species richness alone
does not always correlate with species richness
patterns in other life-forms (although it consistently
did so with total species richness across the three
forest types studied, as did the species richness
patterns of lianas). We thus advocate that more effort
be put into non-woody plant inventories in order to
better assess the biodiversity of an area and to allow
more informed conservation decisions to be made.
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Abstract The destruction and fragmentation of
tropical forests are major sources of global
biodiversity loss. A better understanding of anthro-
pogenically altered landscapes and their rela-
tionships with species diversity and composition is
needed in order to protect biodiversity in these
environments. The spatial patterns of a landscape
may control the ecological processes that shape
species diversity and composition. However, there is
little information about how plant diversity varies
with the spatial configuration of forest patches
especially in fragmented tropical habitats. The
northeastern part of Puerto Rico provides the
opportunity to study the relationships between
species richness and composition of woody plants
(shrubs and trees) and spatial variables [i.e., patch
area and shape, patch isolation, connectivity, and
distance to the Luquillo Experimental Forest (LEF)]
in tropical forest patches that have regenerated from
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pasturelands. The spatial data were obtained from
aerial color photographs from year 2000. Each photo
interpretation was digitized into a GIS package, and
12 forest patches (24-34 years old) were selected
within a study area of 28 km”. The woody plant
species composition of the patches was determined
by a systematic floristic survey. The species diver-
sity (Shannon index) and species richness of woody
plants correlated positively with the area and the
shape of the forest patch. Larger patches, and
patches with more habitat edge or convolution,
provided conditions for a higher diversity of woody
plants. Moreover, the distance of the forest patches
to the LEF, which is a source of propagules,
correlated negatively with species richness. Plant
species composition was also related to patch size
and shape and distance to the LEF. These results
indicate that there is a link between landscape
structure and species diversity and composition and
that patches that have similar area, shape, and
distance to the LEF provide similar conditions for
the existence of a particular plant community. In
addition, forest patches that were closer together had
more similarity in woody plant species composition
than patches that were farther apart, suggesting that
seed dispersal for some species is limited at the
scale of 10 km.

Keywords Biodiversity - Landscape structure -
Plant species composition - Tropical moist forests -
Patch area - Patch shape
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Introduction

Human land-use practices and the accelerating rate of
human population growth are negatively impacting
ecosystems and landscapes on a global scale. Land-
use change is projected to have the largest worldwide
impact on biodiversity by the year 2100, especially in
the tropics (Sala et al. 2000). Tropical forests are the
world’s richest in terms of species number; thus, their
destruction is a major source of global loss of species
(Lugo 1988; Brown and Lugo 1990; du Toit et al.
2004). The rate of humid tropical deforestation
between 1990 and 1997 was approximately 5.8 mil-
lion ha annually, and 2.3 million ha of forest was
visibly degraded as observed in satellite imagery
(Achard et al. 2002). According to McCloskey (1993),
two-thirds of tropical forests have been fragmented
and are especially vulnerable. Scattered and isolated
forest patches of less than 100 ha are found in many
tropical regions, restricting the dispersal capacity of
organisms and reducing their habitat (Turner and
Corlett 1996). Patch size is related positively to the
presence of interior species (Grashof-Bokdam 1997;
Bender et al. 1998). Thus, small forest patches may
lack the interior conditions necessary for the survival
of some species that require the remoteness from the
surroundings or particular microclimate conditions
(Kremen et al. 1994; Forman 1999). In addition,
larger areas support larger populations, which are
associated to lower extinction rates (Rosenzweig
1995). These forest patches need to be managed
appropriately in order to prevent future species
extinctions, given that the main goal of conserva-
tion management is to maintain species diversity
(Coleman et al. 1996).

Spatial patterns at landscape scales may control
the ecological processes that affect species richness
and composition (Turner 1989; Haines-Young and
Chopping 1996; Gustafson 1998; de Blois et al. 2002;
Opdam et al. 2003). Studies have shown that the size,
shape, and degree of connectivity of habitat patches
influence patterns of species diversity and abundance
due to the effects of spatial patterns on the dispersal,
distribution, and persistence of species (Burkey 1988;
Turner 1989; Bierregaard et al. 1992; Pearson 1993;
Beier and Noss 1998; Gibbs 1998; Mazerolle and
Villard 1999; Jeanneret et al. 2003; Waldhardt 2003).
In addition, landscape-scale studies have shown that
matrix attributes are important for the dispersal of

plants. For example, flying seed dispersers and
pollinators may use small fragments or solitary trees
as “stepping stones” to move between forest patches
(Tewksbury et al. 2002; Murphy and Lovett-Doust
2004; Turner 2005).

Conservation planning in anthropogenically frag-
mented landscapes must include a better understand-
ing of biodiversity patterns and spatial relationships
at a landscape scale (Wu and Hobbs 2002; Waldhardt
2003). However, there is little information on how
plant species diversity and composition vary with
changes in the parameters of landscape structure,
especially in fragmented tropical habitats (Laurance
et al. 1998; Metzger 1997, 2000; de Blois et al. 2002;
McGarigal and Cushman 2002; Hernandez-Stefanoni
2006).

The purpose of this research was to determine how
woody plant species diversity and composition of
forest patches in northeastern Puerto Rico relate to
spatial variables such as patch area and shape and the
degree of connectivity or isolation between forested
areas. Several questions that need to be addressed for
the appropriate management and conservation of
tropical forest patches were considered in this study:
(1) Do forest patches near a reserve, which is a rich
source of propagules, have a higher diversity of
woody plants? (2) Do larger forest patches and/or
patches with a convoluted shape have a higher diver-
sity of woody plants? (3) Do forest patches with
vegetation corridors and/or a vegetated buffer zone
have greater woody plant diversity? (4) Which spatial
variables are related to forest patches with similar
woody plant species composition? (5) Do closer
forest patches are more similar in species composi-
tion than forest patches farther apart?

The northeastern part of Puerto Rico was selected
for this study, because the landscape in this location
has become a mosaic of forest patches and corridors
in a matrix of mixed urban and pasture, as a result of
human intervention. These forest patches regenerated
from pasturelands that were abandoned during the
1950s through the 1970s (Aide et al. 1995; Thoml-
inson et al. 1996; Chinea and Helmer 2003). During
this period the economy of Puerto Rico shifted from
an agrarian economy to an industrial one (Dietz 1986;
Grau et al. 2003). Thus, the chosen site provided an
excellent opportunity to study the spatial configura-
tion of forest patches with more or less equal age of
abandonment, similar land-use history and edaphic
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conditions. In addition, evolutionary factors that may
affect species composition were minimized in this
study because of the young age of the patches.

There is a need to consider these forest patches in
conservation and management efforts because of
their role in sustaining species diversity and as a
source of propagules at a time of accelerating
increase of urban development in this part of Puerto
Rico (Helmer 2004; Lugo and Helmer 2004) and in
many tropical areas of the world (Achard et al.
2002). In addition, subtropical moist forests in
Puerto Rico are the least protected among the six
ecological life zones found in this Caribbean island
(only 3.2% are protected), and land development
occurs mostly in this ecological zone (Helmer 2004;
Lugo 2006).

Fig. 1 Study site in
northeastern Puerto Rico.
The polygons, digitized
from aerial photographs,
represent land-use classes
as shown in the legend. The
12 forest patches examined
are marked by a circle. The
Luquillo Experimental
Forest (LEF) reserve is

Materials and methods
Study site

The northeastern part of Puerto Rico (between
18°22' N, 65°47" W and 18°17' N, 65°57" W) was
selected for this study (Fig. 1). The study site includes
part of the municipalities of Carolina, Candvanas, and
Rio Grande and has an area of 28 km?. It is adjacent to
the northwestern part of the Luquillo Experimental
Forest (LEF), a rainforest reserve of 11,491 ha. The
studied forest patches are located in the subtropical
moist forest life zone (Ewel and W