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Abstract

Ecosystems with mixed species compared to the ones with pure compositions provide a broader range of options
in the fields of biodiversity, conservation, protection and restoration.

Industrial plantations in Portugal are mostly monocultures with the predominance of coniferous forests, so the
introduction of broadleaves could be important for the biodiversity and sustainability of Portuguese forests.

This study aims to present and discuss field data from pure and mixed-species plantations of European chestnut (Castanea
sativa Mill.) and douglas-fir [Pseudotsuga menziesii (Mirb.) Franco] with different intercropping densities in a total of 5
treatments with two replicate blocks. In respect to growth, the results showed significant difference (P < 0.05, Scheffe)
between treatments for survival and basal area. Diameter breast height (DBH), total and top height of the individual Castanea
tree was positively affected by the presence of Pseudotsuga. In general, soil properties results showed a higher fertility for
mixed treatments compared with pure ones. Statistically differences (P < 0.05, Scheffe) were observed in pH, P, Mn and in
the exchangeable acidity. Results for foliar analysis in N, P, Ca and K concentrations are higher for mixed treatments. The
obtained results from this study indicate that mixed plantations have a positive effect in the productivity of the Castanea.

Additional key words: mixed-species plantation; tree growth, soil fertility; foliar analysis.

Resumen

Comparación del crecimiento, propiedades del suelo y análisis químico del follaje entre masas puras y mixtas
de Castanea sativa Mill. y Pseudotsuga menziesii (Mirb.) Franco en el norte de Portugal

Los ecosistemas con especies mixtas, en comparación con las masas puras, proporcionan una gama más amplia de
opciones en el campo de la biodiversidad, la conservación, la protección y la restauración. Las plantaciones indus-
triales de Portugal son en su mayoría monocultivos con predominio de bosques de coníferas, por lo que la introduc-
ción de frondosas podría ser importante para la biodiversidad y la sostenibilidad de los bosques portugueses.

Este estudio tiene como objetivo presentar y discutir los datos de campo de plantaciones puras y mixtas de espe-
cies de castaño y de abeto de Douglas con diferentes densidades de cultivo intercalado en un total de 5 tratamientos
con dos bloques. En lo que respecta al crecimiento, los resultados mostraron diferencias significativas (P < 0,05) en-
tre los tratamientos para la supervivencia y el área basal. El diámetro normal (DAP), la altura total y la altura domi-
nante del Castaño se vio afectado positivamente por la presencia de Pseudotsuga. En general, las propiedades del sue-
lo mostraron una mayor fecundidad de los tratamientos mixtos en comparación con los puros. Se observaron diferencias
estadísticamente significativas (P < 0,05) en el pH, P, Mn y en la acidez intercambiable. Los resultados de los análi-
sis foliares de N, P, Ca y la concentración de K son mayores para los tratamientos mixtos. Los resultados obtenidos
de este estudio indican que las plantaciones mixtas tienen un efecto positivo en la productividad del Castaño.

Palabras clave: plantaciones mixtas; crecimiento; fertilidad del suelo; análisis foliar.
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Introduction

Society looks now for forest stands in a different way.
Public awareness and the global context of climate
change are forcing the increase of mixed forest stands.
There is also an increasing ecological view on the
production and management of the forest ecosystems
(Kanna, 1997).

Natural forests ecosystems are usually a mixture of
species (Luis and Monteiro, 1998). There are critics
about forest practices that result in wide single-species
plantations that differ radically from natural forest
ecosystems (Bartelink, 2000; Chen and Klinka, 2003).
Even keeping in mind the production perspective, Chen
and Klinka (2003) report that mixed-species stands are
generally thought to be more productive than single-
species stands. These same authors complete this
productive perspective, reporting that mixed stands are
not only more diverse in respect to tree species, but
also provide a more diverse habitat and may also have
greater resilience to natural disturbances. For example,
mixtures of trembling aspen with conifers are more
fire resistant and less susceptible to spruce budworm
outbreaks than pure coniferous stands. Mixtures of
species also provides a diverse range of products, like
fruit and wood, as well as services (Kelty, 2006), and
are more favourable to natural regeneration, allows a
better use of the soil (Luis and Monteiro, 1998) and
proves to be an essential tool for producers to diverse
production.

Forest nutrition management is an important factor
in the management of wood forests since the rates of
production are limited by the supply of one or more
nutrients in almost all forests, a mixture of species,
each with different nutrient requirements and nutrient
cycling properties and efficiency of nutrient use (Khanna,
1997; Binkley and Ryan, 1998; Rouhi-Moghaddam et
al., 2008; Álvarez-Álvarez et al., 2010). This way, high
rates of production depend strongly on nutrient supply,
efficiency of nutrient use, and, thus, on species selec-
tion. Welke and Hope (2005) noted a wide range of effects
for mixed woods with respect to nutrient cycling. Stu-
dies examining relationships between site index and
soil chemical properties report signif icant relation-
ships which include the following soil chemical measu-
res: total N, available P, mineral soil pH, effective ex-
change capacity and C:N ratio.

In Portugal, almost all the commercial plantations
are single-species plantations and there is a predomi-
nance of coniferous forests. Being the single-species

plantations problematic, in terms of risk of fires and
pathologic problems, the introduction of broadleaves
will be important for the sustainability of Portuguese
forests. Furthermore, questions about single-species
plantations are being raised about the sustainability of
their growth and their effects on the site. These ques-
tions are related with the removal of nutrients in the
harvest wood and other tree components and further
losses may occur due to site management practices
(Khanna, 1997).

The present study aims to compare growth, soil and
foliar properties in mixed-species plantations from
pure composition and evaluate which stand compo-
sition is more advantageous and have more producti-
vity. This information could be an important tool to
forest manager’s options. The first goal of this study
is to analyse if different species composition will have
impact on soil nutrients content, and if in mixed stands
these nutritional status will be different from monocul-
tures. The second goal of the study is to understand if
these similarities or differences between soil nutri-
tional status will have impact on the foliar composi-
tion. Finally it is also important to understand if growth
will differ from mixed to pure plantations and in which
level it will occur.

Material and methods

Study area and site characteristics

Growth, soil properties and foliar analysis were quan-
tified within pure and mixed-species plantations of Euro-
pean chestnut (Castanea sativa Mill.) and douglas-fir
[Pseudotsuga menziesii (Mirb.) Franco] for different inter-
cropping densities. Effects of species interactions on
tree growth, concentrations of soil nutrients, and foliar
nutrients on trees were assessed. According to Luis and
Monteiro (1998), Castanea sativa (Cs) is a native deci-
duous broadleaf species in Portugal, known since the
Miocenic period and cultivated since the Roman times.
According with the National Forest Inventory (NFI,
2005/06) Castanea covers an area of 32.029 ha (AFN,
2010) and in Portugal the cultivation of chestnut trees
is for wood and mainly for nut production, either for
internal consumption or export (Vasconcelos et al.,
2010). Pseudotsuga menziesii (Pm) is an exotic ever-
green species, introduced in Portugal in 1846, in Sintra.
Since then it has been used in reforestation projects,
covering nowadays about 4.200 ha (Fontes et al.,
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2003); it proved to be well adapted to mountain sites
and shows a large potential for timber production. In
mountain silviculture, Castanea and Pseudotsuga are
two very interesting species, not only for timber pro-
duction but also with a very high ecological potential
(mainly the deciduous one) in Portugal. On mountain
areas, in the seventies, both species were extensively
planted in pure stands, with promising results.

The experimental site is a private land located 
at Bemlhevai (41°24’ N and 7°6’ W), 55 km away 
from Bragança (Fig. 1), Trás-os-Montes region, in
northeastern Portugal. It is located at an altitude of
710 m above sea level and is an almost flat (2°), NE
turned (60°) site.

According to Luis and Monteiro (1998), the soil at
the site is litholic non-humic from sericitic schist. The
annual rainfall at Bragança is 685 mm, and the average
annual temperature is 13.0°C.

Ruas (1997) compiled climate data obtained by
meteorological stations spread across the Bragança
district for wild studies, in a period between 1980 and

1995. The mean and standard error (±S.E.) was made
for this period and the average annual temperature was
12.5°C (±1.8°C) and the annual rainfall was 690.1 mm
(±8.8 mm) in the Bragança district (Fig. 2).

Experimental design

The site was composed by twenty one sampling plots
with 64 plants each and the trees spacing within the
plantations was 4 × 2 m, established by Jaime Sales
Luis and Maria Monteiro in the winter of 1981 (Luis
and Monteiro, 1998).

The experimental plantations were established using
a randomized complete-block design including tree
replicate blocks with no buffer between treatments. In
each block and treatment, designed by M as the initial
word of «Mixture», 4 subsamples were installed which
covered two lines. Castanea sativa (as target species -
Cs) and Pseudotsuga menziesii (Pm) were planted in
four proportions (100Cs; 25Cs:75Pm; 50Cs:50Pm;
100Pm) according the next scheme: a) row mixtures
with species changing in the planting line; M1 - 1 Cs
and 3 Pm in the line (25Cs:75Pm); M2 - 1 Cs and 2 Pm
in the line (25Cs:75Pm); M3 - 1 Cs and 1 Pm in the line
(50Cs:50Pm); b) line mixtures with species changing
between planting lines; M4 - 1 line of Cs and 1 line of
Pm (50Cs:50Pm); M5 - 1 line of Cs and 2 lines of Pm
(25Cs:75Pm); and c) monocultures; M6 - pure Cs
(100Cs); M7 - pure Pm (100Pm) (Fig. 3). These pro-
portions make 7 treatments which were randomly loca-
ted in each block. The sampling plots size was 512 m2.

In 2005, all the 7 treatments present in block I and
the treatments with the mixtures 50Cs:50Pm (M3 and
M4), present in block II burned. As a result, block II
just presents three mixtures proportions (100Cs – M6;
25Cs:75Pm – M1, M2, M5; 100Pm – M7). All the plots
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Figure 1. Study area location.
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Figure 2. Climate diagram for the study area from the meteo-
rological stations of Bragança since 1980 to 1995 (Ruas, 1997).



installed on block I weren’t considered in this study.
Also plots M3 and M4 (proportions 50Cs:50Pm) in
block III weren’t considered due to the non existence
of plots on block II with the same proportions.

Growth measurements

Dendrometric variables, such as diameter at breast
height (DBH) and total height, were measured for each
tree in each sampling plot from block II and block III.
All trees were numbered and repeated measures were
made in each tree in April 2008 (Castanea and Pseu-
dotsuga 27 years old) and April 2009 (Castanea and
Pseudotsuga 28 years old).

DBH was measured at 1.30 m from the ground and
total height obtained by using a calibrated pole using
always the same measurement direction: center of the
three-center of the plot, in order to avoid measurements
errors because of the non perfect circularity of the
stem. The average of the DBH, total height, basal area,
top height and survival percentage were calculated for
each plot in blocks II and III. Since the plots were ins-
talled height was always measured using an hypso-
meter from the same distance and the same direction.
Once again were avoid measurement errors because of
the non perfect circularity of the stem. To find the mean
top height at each sampling plot it was considered the

maximum height of the dominant trees by averaging
the four highest trees for each species. The increment
in height and DBH was also estimated based on mea-
sures made in 2008 and 2009. The survival was measur-
ed based on the mortality rate, according to the percen-
tage of dead plants in the planted total in each treatment
in April of 2009.

Soil properties

Soil samples were collected at two layers-horizon
A: 0-20 cm and horizon B: 21-60 cm depths during
February 2010 using a 7.6 cm diameter core sampler
(n = 4 cores/plot). These samples were collected in
three proportions (100Cs; 25Cs:75Pm; 100Pm) at M1,
M2, M5, M6 and M7 treatments in blocks II and III.

Then the samples were air-dried and sieved with a
2 mm screen before analysis.

Physical (texture) and chemical analysis, such as
pH(H2O), organic matter content, phosphorous (P),
potassium (K), calcium (Ca), magnesium (Mg), sodium
(Na), nitrogen (N), exchangeable acidity (Exc ac), elec-
trical conductivity (EC), were done in order to estimate
the effect of plantation type on soil fertility.

Soil texture was determined by the Bouyoucos
hydrometer method (Bouyoucos, 1962). pH was mea-
sured using a 1:2.5, soil:water or KCl 1M. EC was
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Figure 3. Layout of permanent research plots composed by Castanea Sativa (O) × Pseudotsuga menziesii (Δ), in Bemlhevai (adap-
ted from Luís and Monteiro, 1998). The grey lines indicate the sampling plots burned. The black lines indicate the sampling plots
not analysed because the repetitions in other blocks were burned. The rectangles represent the subsamples installed in each plot.
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determined using an Orion Ionalyzer Model 901 EC
meter in a 1:2.5, soil:water solution. Soil organic
carbon was determined using an elemental analysis
equipped with an IR detection. The total nitrogen was
measured using a semi Micro-Kjeldhal technique and
quantified by molecular absorption spectrophotometry
(Bremner, 1996). The available P was determined with
spectrophotometer by using Olsen method (Homer and
Pratt, 1961). The exchangeable K, Ca, Mg and Na (by
ammonium acetate extraction at pH 7) were determined
with atomic absorption spectrophotometry (Bower et
al., 1952). Exchangeable acidity was determined by
titration according to Thomas (1996).

Foliage nutrients

The study was carried out with the collection of 64
foliage samples from the 10 sampling plots with the
proportions 100Cs, 25Cs:75Pm, and 100Pm present in
blocks II and III, making 5 treatments (M1, M2, M5,
M6 and M7), in July of 2010 (leaves peak period of
maturity).

Each foliage sample was composed by 30 leaves
collected from the top one third of the tree by clipping
two small distal twigs located on the opposite sides of
the crown. Four representative trees (one in each row
of the sub-plot) per species were selected inside the
sampling plots to collect the fully expanded leaves
(mature leaves). The collected samples were oven-dried
at 70°C to constant weight and grounded in a mill to
pass through a 0.25 mm sieve before the chemical
analysis. The analysed nutrients were nitrogen (N),
phosphorous (P), potassium (K), calcium (Ca), mag-
nesium (Mg) and carbon (C).

N, P and K were analyzed after digesting the sample
in concentrated H2SO4 + H2O2 using Se as catalyst
(Milles and Jones Jr., 1996). N and P were determined
by molecular absorption spectrophotometry and K by
flame emission spectrophotometry. C was determined
by an elemental analysis equipped with a NIR detec-
tion. Ca and Mg were determined using an atomic ab-
sorption spectrophotometry after wet digestion with
HNO3 and HClO4 (Milles and Jones Jr., 1996).

Statistical analysis

All statistical analyses were made using the SPSS
v.18 software. Normality of the variables was checked

by Shapiro-Wilk test and the homogeneity of the va-
riances was done by the Levene test. One-way analysis
of variance (ANOVA) was used to compare tree growth,
soil properties data and foliar nutrients data among
experimental treatments. The Scheffe test was used to
separate the averages of the dependent variables which
were signif icantly affected by treatment. Data from
soil parameters were analyzed using a two-way ANOVA
with treatments and soil depth as the factors. Signifi-
cant differences among the treatments averages were
tested at P < 0.05 using Scheffe test.

Results

Growth measurements

From the analysis of Figure 4, and in terms of sur-
vival, there are significant differences between pure
and mixed plantations for both species (P < 0.05,
Scheffe). The treatment M6 (100Cs) present the highest
survival value (85.16 ± 0.99%) for Castanea, only in
treatment M2 (25Cs:75Pm), the survival was slightly
lower (71.88 ± 0.88%). The treatment M5 (25Cs:75Pm)
present the highest survival value (89.58 ± 1.20%) for
Pseudotsuga (Fig. 4a).

There are no significant differences on DBH in both
species (P > 0.05, Scheffe) among the treatments, so
DBH of Castanea was unaffected by the presence of
Pseudotsuga in different proportions (Fig. 4b). The
Pseudotsuga mixed plantations present slightly higher
DBH values in treatment M5 (19.01 ± 2.61 cm) than in
pure plantations, M7 (100Pm, 16.72 ± 1.41 cm). For
the Castanea, the heterogeneity is the most notable
fact, with treatments of mixed plantations presenting
higher values than the pure plantations but also the
opposite; the average of DBH ranged from 12.92 cm
to 14.55 cm. There is not a logical evolution of this
parameter which allows the conclusion if mixed or pure
plantations are better.

A similar behaviour occurs in the total height
(Fig. 4c) but for both species. The average of total tree
height for Castanea ranged from 6.73 m to 8.56 m and
for Pseudotsuga ranged from 11.31 m to 12.43 m with
no significant difference (P > 0.05, Scheffe) among the
treatments in both species. The analysis of top height
shows the highest values for Castanea and for Pseu-
dotsuga in M2 treatment (25Cs:75Pm) (Fig. 4d).

With respect to the basal area the Pseudotsuga
presents higher values than the Castanea species. For
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the Castanea, basal area is lower in the mixed treat-
ments than in the pure ones. The same occurs for the
Pseudotsuga (Fig. 4e). A general study of the analysed
parameters allows the conclusion that in mixed plan-
tations the Castanea presents lower DBH values than
in a pure one, but is taller. This means competition bet-
ween species tends to increase height and decrease
DBH. The behaviour of the Pseudotsuga is different
because while DBH tends to increase in mixed stands,
top height tends to be stable.

Figure 5 shows the DBH and total height measured
in 2008 and 2009 and the increment that occurred in

this period. Analysing the DBH (Fig. 5a) the M1
(25Cs:75Pm) treatment presents the highest values for
each species. The increment for the Castanea is lower
in the mixed treatments than in the pure ones. For the
Pseudotsuga the increment is higher in mixed treat-
ments than in pure ones (Fig. 5b).

In respect to the total height for the same period, the
M1 (25Cs:75Pm) also presents the highest values for
each species (Fig. 5c). The increment for both species
shows higher values in pure treatments (M6 for Casta-
nea and M7 for Pseudotsuga) (Fig. 5d). When compa-
ring different establishment procedures (M1, M2 and
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Figure 4. Survival (a), DBH (b), total height (c), top height (d) and basal area (e) of both tree species were separately compared.
The letters on different column indicate a different comparison. Mean values with the same letter within a tree species do not dif-
fer significantly with each other (P < 0.05, Scheffe).
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M5), even with the same proportion of trees (25Cs:75Pm),
it can be observed the heterogeneity of these values.

Based on the results the Pseudotsuga has a different
behaviour and the DBH increment is even more hete-
rogeneous with mixed treatments presenting higher
increment values than the pure ones (e.g. M2). In terms
of the total height increment the tendency is clear, with
the pure treatments presenting higher increment values
than the mixed ones. In mixed treatments the Pseudo-
tsuga DBH increment was positively affected by the
presence of Castanea (Fig. 5b). Khanna (1997) made
a comparison study of growth in pure and mixed stands
of Eucalyptus globulus and Acacia mearnsii and has
concluded that the DBH increment of Eucalyptus was
higher in mixed treatments.

Soil properties

The obtained results showed few differences in soil
properties among the treatments. The soils were cha-
racterized as medium-textured. Soil pH (H2O), ranged

from 4.69 to 4.85 in horizon A (0-20 cm depth) in M2
and M5 (25Cs:75Pm) treatments and no signif icant
differences were found. In horizon B (21-60 cm depth)
extreme values ranged from 4.59 to 4.89 in M6 (100Cs)
and M5 (25Cs:75Pm) treatments with significant diffe-
rences (P < 0.05, Scheffe) among the treatments (Table 1).

There were no signif icant differences (P > 0.05,
Scheffe) between pure and mixed treatments in terms
of K (pure treatments with 52.50 and 55.00 mg kg–1;
mixed treatments with 49.25, 39.25, and 53.00 mg kg–1,
for horizon A). Nevertheless, the K content shows a
decrease in mixed treatments.

In terms of exchangeable acidity, there are differen-
ces between the mixed treatments analysed in both
horizons (P < 0.05, Scheffe) (for horizon A the pure
treatments present 2.53 and 1.71 cmol(+) kg–1; mixed
treatments with 1.88, 2.13 and 2.34 cmol(+) kg–1, and
for horizon B the pure treatments present 3.69 and 2.69
cmol(+) kg–1; mixed treatments present 2.50, 2.40 and
2.38 cmol(+) kg–1). Once again mixed treatments pre-
sented lower values than the pure ones, excluding hori-
zon A for pure Pseudotsuga.
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For P and for horizon A, M6 (100Cs) treatment pre-
sents higher values (20.9 mgkg–1), which decreases with
the decreasing proportion of the Castanea among the
mixed treatments (12.4, 11.2 and 9.1 mgkg–1). This means
that higher proportions of Castanea results in higher va-
lues of P in the soil. It is also interesting to report that diffe-
rences can be observed among the three mixed treatments.

No statistically significant differences were observed
for the organic matter content between the treatments
in both soil layers (horizon A ranged from 23.3 to 26.5
g kg–1 and horizon B ranged from 8.8 to 14.1 g kg–1),
although it decreases with a decreasing of Castanea
proportion in horizon A.

Ca (values ranged from 0.14 to 0.21 cmol(+) kg–1 in
horizon A and from 0.06 to 0.31 cmol(+) kg–1 in horizon
B), Mg (values ranged from 0.09 to 0.18 cmol(+) kg–1

in horizon A and from 0.03 to 0.13 cmol(+) kg–1 in
horizon B) and total N (values ranged from 1.11 to 1.31

g kg–1 in horizon A and from 0.52 to 0.72 g kg–1 in
horizon B) exhibited no significant differences among
the soil horizons of treatments (P > 0.05, Scheffe).
Also, no significant differences were observed in the
exchangeable Na (values ranged from 0.08 to 0.11
cmol(+) kg–1 for both horizons) and electrical conduc-
tivity content in both soil layers between the treatments.

A generic analysis of the Table 1 shows that soils
are not so different between pure and mixed stands.
The only statistically differences were observed for the
pH in the horizon B, P in horizon A and the exchan-
geable acidity for both layers.

Foliage nutrients

Table 2 shows the results of foliage chemical ana-
lysis. Once again, and reflecting the previous results
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Table 1. Soil properties in 5 treatments in two soil layers (A and B horizons) with their standard error

Soil propertiesa Depth 100Cs 25Cs:75Pm 25Cs:75Pm 25Cs:75Pm 100Pm
ANOVAb

(cm) (M6) (M2) (M2) (M5) (M7)

pH (H2O) 0-20 4.73 (0.07) 4.75 (0.06) 4.69 (0.06) 4.85 (0.05) 4.83 (0.07) ns
21-60 4.59a (0.07) 4.70b (0.05) 4.71b (0.06) 4.89c (0.05) 4.64a (0.09) *

pH (KCl) 0-20 3.77 (0.06) 3.81 (0.09) 3.83 (0.06) 3.84 (0.06) 3.87 (0.07) ns
21-60 3.65 (0.08) 3.76 (0.08) 3.85 (0.09) 3.79 (0.09) 3.71 (0.12) ns

Organic matter (g kg–1) 0-20 26.5 (0.03) 23.5 (0.03) 25.0 (0.02) 24.9 (0.03) 23.3 (0.03) ns
21-60 8.8 (0.01) 10.5 (0.02) 12.0 (0.02) 11.7 (0.03) 14.1 (0.01) ns

P2O5 (mg kg–1) 0-20 20.9a (4.62) 12.4b (2.15) 11.2c (2.71) 9.1d (1.92) 15.5b (2.21) *
21-60 1.7 (0.30) 3.1 (0.89) 3.9 (1.18) 1.9 (0.42) 3.4 (1.20) ns

K2O (mg kg–1) 0-20 52.50 (5.86) 49.25 (4.73) 39.25 (4.44) 53.00 (7.20) 55.00 (8.98) ns
21-60 41.50 (7.33) 47.25 (5.10) 34.00 (2.56) 40.00 (4.34) 45.50 (6.14) ns

Ca [cmol(+) kg–1] 0-20 0.17 (0.06) 0.14 (0.05) 0.16 (0.09) 0.21 (0.05) 0.16 (0.05) ns
21-60 0.14 (0.05) 0.14 (0.08) 0.13 (0.08) 0.31 (0.15) 0.06 (0.01) ns

Mg [cmol(+) kg–1] 0-20 0.18 (0.05) 0.09 (0.02) 0.11 (0.05) 0.15 (0.04) 0.16 (0.06) ns
21-60 0.13 (0.05) 0.10 (0.02) 0.03 (0.01) 0.43 (0.28) 0.06 (0.02) ns

K [cmol(+) kg–1] 0-20 0.15 (0.01) 0.12 (0.01) 0.09 (0.01) 0.15 (0.02) 0.14 (0.02) ns
21-60 0.11 (0.01) 0.13 (0.02) 0.08 (0.01) 0.15 (0.03) 0.11 (0.03) ns

Na [cmol(+) kg–1] 0-20 0.08 (0.01) 0.11 (0.03) 0.08 (0.01) 0.08 (0.01) 0.09 (0.01) ns
21-60 0.08 (0.01) 0.09 (0.01) 0.08 (0.01) 0.11 (0.03) 0.09 (0.01) ns

Exc ac [cmol(+) kg–1] 0-20 2.53a (0.17) 1.88b (0.17) 2.13b (0.19) 2.34b (0.19) 1.71c (0.11) *
21-60 3.69a (0.46) 2.50b (0.21) 2.40b (0.38) 2.38b (0.24) 2.69c (0.38) *

Total N (g kg–1) 0-20 1.31 (0.14) 1.11 (0.12) 1.11 (0.13) 1.14 (0.13) 1.14 (0.13) ns
21-60 0.52 (0.03) 0.61 (0.08) 0.61 (0.07) 0.61 (0.13) 0.72 (0.07) ns

EC (dS m–1) 0-20 0.04 (0.01) 0.04 (0.01) 0.03 (0.01) 0.03 (0.01) 0.03 (0.01) ns
21-60 0.02 (0.01) 0.03 (0.01) 0.02 (0.01) 0.02 (0.01) 0.02 (0.03) ns

a Mean values with the same letter within the soil layer do not differ significantly with each other. b ANOVA results: ns = treat-
ment effect not significant. * P < 0.05 Scheffe. 



of soil analysis there is almost no statistically diffe-
rences between pure and mixed treatments for both
species. The results of the analysis of variance (ANOVA)
have showed that only for the Castanea there was a sta-
tistic difference for the N content. In this case, mixed
treatments presented higher values for the N content
and the highest being in M5 (25Cs:75Pm) treatment
with 23.4 g kg–1. Generally, N and P contents in Casta-
nea were higher in the M5 (25Cs:75Pm) treatment.
Variations of N in foliage ranged from 19.5 to 23.4 g
kg–1 for Castanea and from 9.2 to 10.2 g kg–1 for
Pseudotsuga. P limit values vary from 1.94 to 2.22 g
kg–1 for Castanea and from 1.38 to 1.57 g kg–1 for Pseu-
dotsuga.

The others elements (K, Ca, and C) did not present
significant differences for Castanea leaves between
pure and mixed treatments, although K and Ca present
a higher concentration (16.4 g kg–1 for K and 5.3 g kg–1

for Ca) in M1 (25Cs:75Pm) treatment and C present a
higher concentration, with 541.2 g kg–1, in M6 (100Cs)
treatment. Pseudotsuga leaves present signif icant
differences only for Mg among the treatments, with
the highest value observed for M7 (100Pm) treatment
with 1.87 g kg–1.

Discussion

This study area is located in a place where Castanea
is ecologically well adapted. According to Fontes et.
al. (2003) the best sites for Pseudotsuga growth are
located along north coastal to central regions at alti-
tudes between 500 m and 1,000 m with moisture deficit
above 1,000 m, and as mentioned above, this study area
is installed in a place in accord with these parameters.

Castanea and Pseudotsuga survival have significant
differences in pure and mixed plantations. Survival of

Castanea is higher in pure than in mixed plantations
with Pseudotsuga. Rouhi-Moghaddam et al. (2008)
reported that survival of Quercus in the pure planta-
tions was lower than in the mixed plantations with Zel-
kova carpinifolia. The differences between our results
and those obtained by these authors were probably due
to differences in nutrient and light requirements of our
species and the ones studied by them.

In terms of diameter growth, we found that there
were no significant differences between the different
treatments, for both species and in result the DBH was
not affected by the different mixtures. A similar result
was obtained by Rouhi-Moghaddam et al. (2008).
According to these authors this results could be due to
the similarity of the two species in their light needs.

Basal area for the Castanea and the Pseudotsuga
plantations showed significant differences between the
pure compared to the mixed plantations. Our results
were similar to those obtained by Khanna (1997),
Parrotta (1999), Montagnini (2000) and Piotto et al.
(2004); they found larger basal area for target species
in the mixed compared to the pure plantations. Oppo-
site results were obtained by Sayyad et al. (2006).

In terms of total height there were no signif icant
differences between pure and mixed plantations for
both species. Although it is important to stress that,
analyzing only the mixed treatments, it could be obser-
ved different results with the same species composi-
tion, showing a diversity of responses.

Top height showed a more clear response to species
composition. Dominant height is higher for mixed
plantations of Castanea than in pure ones. This fact is
not so clear for the Pseudotsuga, where values are more
similar. Based on the assumptions of Kayahara et al.
(1995), Tsuga heterophylla does not appear to increase
in site index with increasing nutrients, and assuming
that top height is a good measure of site index, we can
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Table 2. Foliage chemical analysis in 5 treatments and in two species (Castanea and Pseudotsuga) with their standard error

Fully 100Cs (M6) 25Cs + 75Pm (M1) 25Cs + 75Pm (M1) 25Cs + 75Pm (M5) 100Pm (M7)
expanded

leaves Castanea Castanea Pseudotsuga Castanea Pseudotsuga Castanea Pseudotsuga Pseudotsuga

N (g kg–1) 19.5a (0.56)* 19.9a (0.42)* 9.2 (0.25) 20.0a (0.45)* 9.4 (0.47) 23.4b (0.80)* 10.2 (0.27) 9.5 (0.30)
P (g kg–1) 1.94 (0.09) 2.21 (0.10) 1.57 (0.11) 2.06 (0.11) 1.48 (0.09) 2.22 (0.18) 1.57 (0.11) 1.38 (0.10)
K (g kg–1) 16.4 (0.92) 16.4 (0.50) 11.2 (0.45) 16.1 (1.05) 10.5 (0.66) 14.4 (0.66) 11.0 (0.41) 9.7 (0.34)
Ca (g kg–1) 4.3 (0.40) 5.3 (0.60) 4.8 (0.51) 4.8 (0.52) 4.7 (0.55) 4.3 (0.27) 5.0 (0.28) 4.9 (0.43)
Mg (g kg–1) 3.73 (0.46) 3.70 (0.44) 1.55a (0.06)* 3.03 (0.36) 1.76b (0.10)* 3.88 (0.51) 1.65b (0.06)* 1.87c (0.11)*
C (g kg–1) 541.2 (10.07) 539.9 (8.78) 542.8 (10.00) 535.5 (7.87) 563.2 (6.41) 538.4 (5.18) 501.1 (12.33) 564.6 (4.76)

Mean values with the same letter within the two species do not differ significantly with each other. ANOVA results: * = treatment
significant (P < 0.05 Scheffe).



at least assume that top height is depending on species
composition, and mixed plantations promote higher
values of this structural parameter. Luis and Monteiro
(1998) found, for the same experimental design, that
Castanea and Pseudotsuga show significant differences
in top height growth patterns, but these patterns were
not influenced by the mixtures tested; this contradict
what some years late was found for the same study
area. Chen and Klinka (2003) reported that produc-
tivity was not higher in mixed species stands thus, they
have concluded that mixed-species composition in
western hemlock and western redcedar stands in
southern coastal British Columbia did not increase
aboveground productivity. Assuming that the analyzed
structural variables are also indicators of the stand
productivity, the obtained results were in agreement
with these ones, except for the top height.

N is often the most important determinant of plant
growth and crop yield. Proteins, which are of great
importance in many plant organs, e.g. seeds, are com-
pounds of nitrogen whilst chlorophyll, the green colo-
ring matter of the leaves, also contains the element.
Our results showed that soil N content does not vary
between mixed and pure plantations. Rouhi-Moghaddam
et al. (2008) reached similar results as this one, and
Montagnini (2000) did not observed any significant
differences in soil N between pure and mixed planta-
tions. In terms of foliar N concentrations the results
was a lower value than the limit for possible deficiency
(12 mg g–1, according to Will, 1985) for the pure plan-
tations of Pseudotsuga, but not for the pure plantations
of Castanea.

P plays an important role in the process of photo-
synthesis, nutrient transport, and energy transfer. The
P concentration in soil was signif icantly different
between pure and mixed plantations. It was higher in
pure plantations for both species, even if the highest
values were found for the pure Castanea treatments
(M6). It is also important to stress that when testing
the same proportion of both species but changing the
design of the plantation, P content changes, which
could be related with the initial heterogeneity of the
soil. In this case P content results are not related with
changes of species proportion (because they are the
same). The P limit values of foliage concentrations
vary from 1.00 to 1.50 g kg–1 (Mankovska, 1996). In
this study, all the plots showed P foliar concentrations
higher than the reported limit values range. The ob-
tained results for P soil content are exactly the inverse
in terms of foliar concentrations, which means that

while for soil P concentrations values are higher in
pure than in mixed plantations, in terms of P foliar con-
centrations results are the inverse.

K is a major plant nutrient which has to be accumu-
lated in great quantity by roots and distributed throughout
the plant and within plant cells. Membrane transport
of K can be mediated by K channels and secondary K
transporters (Gierth and Mäser, 2007). Álvarez-Álvarez
et al. (2010) have concluded that for the hybrid chest-
nut plantations the stands with the highest growth rates
were characterized by high foliar concentrations of K,
P and Ca. The obtained results show no differences
between the K concentration on foliage, for both species,
and for pure and mixed plantations. A similar result
was obtained for the soil analysis. In all the treatments
analyzed, the K levels were higher than the marginal
ranges for K (3-5 gkg–1, according to Will, 1985), which
means this nutrient is not conditioning plants growth.

According to Hong-Bo et al. (2008), in plant cells
Ca plays a role as a second messenger, coupling a wide
range of extracellular stimuli with intracellular respon-
ses. In this study satisfactory foliar Ca concentrations 
(> 1 g kg–1, according to Will, 1985) were observed in
all the treatments. Variations of this element in foliage
followed the order: 4.3-5.3 mg g–1 for Castanea and
4.7-5.0 mg g–1 for Pseudotsuga leaves. These values
are very similar to the ones found by Rouhi-Moghaddam
et. al. (2008). For the soils there was, once again, no
differences between all treatments, which means this
study did not found differences between exchangeable
Ca from mixed and pure plantations, for both horizons.

In terms of Mg, the obtained values are much higher
than the optimal nutritional values for Mg ranging from
0.6 to 1.5 g kg–1 (Stefan et al., 1997). In terms of soils
analysis, there were no statistically differences between
the Mg content for pure and mixed plantations, for both
horizons. Vejre (1999) found that for norway spruce
stands the content of Mg and Ca correlated signif i-
cantly with stand yield class.

Concerning C, foliar analysis showed no significant
differences between pure and mixed plantations for
both species. The average C value was near 540 g kg–1.

For horizon B the pH was statistically different
between treatments. Pure treatments of Castanea (M6)
and Pseudotsuga (M7) differ from the mixed treatments
and M1 do not differ from M2 treatment but differ from
M5. Although all the mixed treatments analyzed have
the same species proportions the only difference was
the way the trees were planted. Generally, when ana-
lyzing soil horizons, the differences between pure and
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mixed plantations were very small. This indicates that
it might be a result of a fairly short time frame, e.g.,
longer time spans are required for an influence of the
tree species to develop in the mineral soil. Similar
results were obtained by Brandtberg et al. (2004),
studying Betula spp. and Picea abies in mixed stands.
These authors reported that mixture of broadleaf tree
species and conifers are not complementary in nutrient
uptake from the forest floor and mineral soil.

The results obtained with this study do not confirm
what Luis and Monteiro (1998) stated about the more
productive mixtures when compared with the tradi-
tional solution of Castanea sativa monocultures in an
economic evaluation. Nevertheless the experimental
design should be followed in the next couple of years
not only because improves the biodiversity but also
because, according to them, these mixtures perform
better over time in productivity and economic terms.
So it will be necessary to monitor the treatments in the
future and evaluate if mixed plantations really have
more ecological and economic advantages than pure
plantations.

The present study is a preliminary study of the evo-
lution and behaviour of these two species under diffe-
rent treatments; more definitive conclusions are expec-
ted in 10-15 years when the effects at ages closer to
the rotation age can be observed, especially the effects
induced by Pseudotsuga menziesii.

Acknowledgments

This study was funded by FCT research in project
PTDC/AGR-CFL/68186/2006 and FCT Program SFRH/ 
PROTEC/50127/2009.

References

AFN, 2010. Inventário Florestal Nacional, Portugal Con-
tinental – IFN5 2005-2006. Relatório final. Autoridade
Florestal Nacional, Lisboa. 209 pp.

ÁLVAREZ-ÁLVAREZ P., DÍAZ-VARELA E., CÁMARA-
OBREGÓN A., AFIF-KHOURI E., 2010. Relating growth
and nutrition to site factors in young chestnut plantations
established on agricultural and forest land in northern
Spain. Agroforestry Systems 79(3), 291-301.

BARTELINK H.H., 2000. A growth model for mixed forest
stands. For Ecol Manage 134, 29-43.

BINKLEY D., RYAN M.G., 1998. Net primary production
and nutrient cycling in replicated stands of Eucalyptus sa-
ligna and Albizia facaltaria. For Ecol Manage 112, 79-85.

BOUYOUCOS G.J., 1962. Hydrometer method improved for
making particle size analysis of soils. Agron J 56, 464-465.

BOWER C.A., REITEMEIER R.F., FIREMAN M., 1952.
Exchangeable cation analysis of saline and alkali soils.
Soil Sci 73(4), 251-261.

BRANDTBERG P-O., BENGTSSON J., LUNDKVIST H.,
2004. Distributions of the capacity to take up nutrients by
Betula spp. and Picea abies in mixed stands. For Ecol
Manage 198, 193-208.

BREMNER J.M., 1996. Nitrogen-total. In: Methods of soil
analysis, Part 3, 3rd ed. (Sparks D.L. ed). American Society
of Agronomy, Madison, WI. pp. 1085-1122.

CHEN H.Y.H., KLINKA H., 2003. Aboveground produc-
tivity of western hemlock and western redcedar mixed-
species stands in southern coastal British Columbia. For
Ecol Manage 184, 55-64.

FONTES L., TOMÉ M., THOMPSON F., YEOMANS A.,
LUIS J.F.S., SAVILL P., 2003. Modelling the Douglas-fir
[Pseudotsuga menziesii (Mirb.) Franco] site index from
site factors in Portugal. Forestry 76, 491-507.

GIERTH M., MÄSER P., 2007. Potassium transporters in
plants - Involvement in K+ acquisition, redistribution and
homeostasis. FEBS Letters 581, 2348-2356.

HOMER C.D., PRATT P.F., 1961. Methods of analysis for
soils, plants and waters. University of California, Agricu-
ltural Sciences Publications, Berkeley, CA. 309 pp.

HONG-BO S., WEI-YI S., LI-YE C., 2008. Advances of
calcium signals involved in plant anti-drought. C R  Biolo-
gies 331, 587-596.

KAYAHARA G.J., CARTER R.E., KLINKA K., 1995. Site
index of western hemlock (Tsuga heterophyta) in relation
to soil nutrient and foliar chemical measures. For Ecol
Manage 74, 161-169.

KELTY M.J., 2006. The role of species mixtures in plan-
tation forestry. For Ecol Manage 233, 195-204.

KHANNA P.K., 1997. Comparison of growth and nutrition
of young monocultures and mixed stands of Eucalyptus glo-
bulus and Acacia mearnsii. For Ecol Manage 94, 105-113.

LUIS J.F.S., MONTEIRO, M.L., 1998. Dynamics of a broad-
leaved (Castanea sativa) conifer (Pseudotsuga menziesii)
mixed stands in Northern Portugal. For Ecol Manage 107,
83-190.

MANKOVSKA B., 1996. Geochemical Atlas of Slovakia-
Forest biomass (Slovak, English). Geological Service of Slo-
vak Republic, Bratislava, ISBN: 80-85314-517-7. p. 87.

MILLES H.A., JONES Jr. J.B., 1996. Plant analysis Hand-
book II, MicroMacro Publishing Inc, Athens, Georgia,
USA. 422 pp.

MONTAGNINI F., 2000. Accumulation in above-ground
biomass and soil storage of mineral nutrients in pure and
mixed plantations in a humid tropical lowland. For Ecol
Manage 134, 257-270.

PARROTTA J.A., 1999. Productivity, nutrient cycling and
succession in single- and mixed-species plantations of
Casuarina equisetifolia, Eucalyptus robusta, and Leucaena
leucocephala in Puerto Rico. For Ecol Manage 124, 45-77.

PIOTTO D., VIQUES E., MONTAGNINI F., KHANNA M.,
2004. Pure and mixed forest plantations with native

506 L. Nunes et al. / Forest Systems (2011) 20(3), 496-507



Comparison of growth, soil properties and foliage analysis 507

species of the dry tropics of Costa Rica: a comparison of
growth and productivity. For Ecol Manage 190, 359-372.

ROUHI-MOGHADDAM E., HOSSEINI S.M., EBRAHIMI
E., TABARI M., RAHMANI A., 2008. Comparison of
growth, nutrition and soil properties of pure stands of
Quercus castaneifolia and mixed with Zelkova carpini-
folia in the Hyrcanian forests of Iran. For Ecol Manage
255, 1149-1160.

RUAS L.M., 1997. Revisão de parâmetros meteorológicos
locais para a indexação de risco de incêndio. Master
thesis. Universidade de Trás-os-Montes e Alto Douro, Vila
Real. 159 pp.

SAYYAD E., HOSSEINI S.M., MOKHTARI J., MAHDAVI
R., JALALI S.G., AKBARINIA M., TABARI M., 2006.
Comparison of growth, nutrition and soil properties of
pure and mixed stands of Populus deltoides and Alnus
subcordata. Silva Fennica 40(1), 27-35.

STEFAN K., FRUST A., HACKER R., BARTELS U., 1997.
Forest foliar condition in Europe. Technical report. EC
and UN/ECE, Brussels, Geneva. p. 207.

THOMAS G.W., 1996. Soil pH and soil acidity. In: Methods
of soil analysis, Part 3, 3rd ed. (Sparks D.L. ed). American
Society of Agronomy, Madison, WI. pp. 475-490.

VASCONCELOS M.C.B.M., BENNETT R.N., QUIDEAU
S., JACQUET R., ROSA E.A.S., FERREIRA-CARDOSO
J.V., 2010. Evaluating the potential of chestnut (Castanea
sativa Mill.) fruit pericarp and integument as a source of
tocopherols, pigments and polyphenols. Industrial Crops
and Products 31, 301-311.

VEJRE H., 1999. Stability of Norway spruce plantations in
western Denmark – soil nutrient aspects. For Ecol Manage
114, 45-54.

WELKE S.E., HOPE G.D., 2005. Influences of stand
composition and age on forest floor processes and che-
mistry in pure and mixed stands of Douglas-fir and paper
birch in interior British Columbia, For Ecol Manage 219,
29-42.

WILL G.M., 1985. Nutrient deficiencies and fertilizer use
in New Zealand exotic forests. FRI Bulletin No. 97. Ro-
torua, New Zealand. 53 pp.


