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Age and thinning effects on elemental composition of Pinus pinaster
and Pinus radiata needles

The information about the impacts of thinning on the availability of micro-nu-
trients, as well as macro-nutrients other than N, P and K, is still scarce. We as-
sessed the changes in the concentrations of 12 elements (Al, B, Ca, Cu, Fe, K,
Mg, Mn, N, Na, P and Zn) with needle age (current year or 1-year-old) and
three early thinning treatments in two of the most widely distributed pines in
SW Europe: P. pinaster and P. radiata. Four treatments were setup in tripli-
cate: control (C), light thinning (LT), heavy thinning (HT) and selection thin-
ning of dominant trees (ST), with 0%, 10%, 20% and 20% of total basal area re-
moved, respectively. Needle "N varied little with needle age and most thin-
ning treatments in both species, but ST triggered an increase of N in P.
pinaster needles. Needle Ca and Na increased with age, but were unaffected
by treatment. Foliar K, Zn and Cu decreased with age in both species and in-
creased with ST only in P. pinaster. Jointly considering all treatments, there
was no needle age effect on Mn concentration, neither in P. radiata nor in P.
pinaster, but in the latter species Mn levels increased with age in the selec-
tion thinning plots. There were significant thinning effects on Mn levels in
both P. pinaster (ST>C) and P. radiata (HT > LT, ST). Foliar Fe and Al concen-
tration increased with age in both pines; the former increased with ST only in
P. pinaster while the latter was affected by thinning only in current year nee-
dles and without a clear tendency. Neither age nor treatment effects on nee-
dle Mg and B were found, while for P needle age had a significant effect only
in P. pinaster.
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Introduction

As leaves account for a high proportion
of nutrients in the aboveground biomass of
trees, nutrient concentrations in leaves
have been frequently used for assessing
the nutritional status of forest stands
(Lopez-Serrano et al. 2005, Davis et al.
2007, Albaugh et al. 2010, Alvarez-Alvarez
et al. 2011, Jiménez & Navarro 2015, Knapp
etal. 2016).

In forest management, thinning is a com-
mon practice aiming to improve or redis-
tribute tree growth, increase timber qual-
ity, regulate tree species, ameliorate wild-
life habitat and reduce risks due to wildfire,
snow breakage or windthrow (Graham et
al. 1999, Inagaki et al. 2008, Torras & Saura
2008, Hedwall et al. 2013, Yan et al. 2018).

By reducing stem density, thinning alters a
variety of abiotic and biotic factors (light,
water and nutrient availability; soil temper-
ature; moisture and microbial activities; in-
ter- and intra-specific competition), leading
to improve stand growth and productivity
(Inagaki et al. 2008, Blanco et al. 2009,
Miesel 2012, Bolat 2014, Bai et al. 2017). Be-
sides, thinning has been considered an im-
portant management practice for conserv-
ing soil fertility (Inagaki et al. 2008).
Regarding the effects of thinning treat-
ments on forest stands, Chase et al. (2016)
highlighted that the response of trees to
nutrient availability (less frequently stud-
ied) was higher than that to light availabil-
ity, at least in Douglas-fir forests. However,
most research focused on N, P, and K as
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major limiting nutrients for forest growth
(Mugasha et al. 1991, Hokka et al. 1996, Thi-
bodeau et al. 2000), as well as on foliar Ca
and Mg (Lopez-Serrano et al. 2005). To as-
sess the effects of thinning on N cycling,
both the leaf N concentration (Inagaki et
al. 2008) and the foliar 8N have been em-
ployed (Bai et al. 2017, Yan et al. 2018).
Nonetheless, studies about the impacts of
pre-commercial thinning or thinning on fo-
liar micronutrient status are more recent
and still scarce (Chase et al. 2016, Piatek et
al. 2017, Deligbz et al. 2019).

At present, a significant part of European
forests are ‘“semi-natural” plantations of
native and non-native species, i.e., even-
aged stands under intensive management,
with low species richness and simplified
structure (EEA 2006). Two pine species
with contrasting origins and characteristics
are currently among the most widely
planted in SW Europe: the native Pinus
pinaster Ait. and the exotic Pinus radiata D.
Don. While the former is able to grow even
under harsh environmental conditions (un-
fertile soils and limited water availability),
the latter requires a better supply of water
and nutrients (Sanchez-Rodriguez et al.
2002).

Taking into account all this information,
our objective was to evaluate the effects of
three early thinning treatments, differing in
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Tab. 1- Main characteristics of the studied sites before thinning.

Sites
Characteristic Barbantes Baamonde
(Pinus pinaster) (Pinus radiata)

Geographic coordinates 42°20'29" N 43°08' 59" N

08°01" 15" W 07°45' 04" W
Altitude (m a.s.l.) 370 475
Slope (%) 9-10 3
Mean annual temperature (°C) 14.0 12.2
Mean annual precipitation (mm) 900-1100 830-1430
Stand size (ha) 2.7 2.6
Plot size (m) 20 x 25 30 x 30
Stand age (years) 13 12
Density (trees/ha) 3750 1670
Site Index (m) 14.8 26
Mean diameter at breast height (cm) 9.6 13.0
Total basal area at breast height (m* ha™) 26 22

Soil type

Parent material

pHizo

Sand (%)

Silt (%)

Clay (%)

Total C (g kg™ dry soil)
Total N (g kg™ dry soil)

Leptic umbrisol Haplic umbrisol

Adamellitic granite Graphitic schists

4.2 5.1
75.7 38
11.1 38.8
13.2 23.2
70.9 57.5
3.1 3.6

the intensity of canopy reduction, on the
availability of nutrients and trace elements
in trees. With this aim, the concentrations
of 12 elements (Al, B, Ca, Cu, Fe, K, Mg, Mn,
N, Na, P and Zn) were assessed in current
year and 1-year-old needles of P. pinaster
and P. radiata, using unthinned plots as
control.

Material and methods
Study areas

The study was conducted in Galicia (NW
of Spain) at Barbantes site, a Pinus pinaster

. Control
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Selection thinning
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Aiton stand naturally regenerated after a
wildfire that completely destroyed the ori-
ginal plantation, and at the Baamonde site,
a plantation of Pinus radiata D. Don. Tab. 1
shows the main site and stand characteris-
tics of both sites before thinning. When
the stands where 12-year-old, four treat-
ments were randomly setup at both sites in
triplicate: C, control unthinned; LT, light
thinning from below with 10% of total basal
area at breast height (m?> ha') and 19% of
trees removed; HT, heavy thinning from
below with 20% of total basal area and 37%
of trees removed; ST, selection thinning of
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Fig. 1- Random distribution of the plots with the different treatments within the stud-

ied stands.
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trees with worst shape or growth, with 20%
of the total basal area and 24% of trees re-
moved (Fig. 1).

Needle sampling, processing and
analysis

Two years after thinning, six pines per
stand were randomly selected to collect
current year (“young”) and 1-year-old
(“old”) needles from the upper third of live
crown in mid-January, according to the rec-
ommendations reported by Stefan et al.
(1997). Overall, we sampled 24 trees for
each pine species, of which 12 for each age
class, and 6 for each thinning treatment.

Needle samples were oven-dried at 60 °C
to a constant mass and finely ground (< 100
pm) in a planetary ball mill (PM 100°,
Retsch GmbH, Haan, Germany) for nutrient
analyses. Between consecutive samples,
vessel and balls (both made of zirconium
oxide) were thoroughly cleaned with wa-
ter, Dl-water and ethanol. The dry matter
content of needles was assessed by oven-
drying subsamples at 110 °C to constant
weight. Needle total N and N were mea-
sured with an elemental analyser (CNS
1508°%, Carlo Erba, Milan, Italy) coupled on-
line to an isotopic ratio mass spectrometer
(delta ¢", Finnigan Mat, Bremen, Germany).
For determining the total concentration of
other elements, a subsample (500 mg) was
digested for 55 min with 8 mL of 65% HNO,
and 25 mL of 30% H,0, in teflon containers
in a high performance microwave digestion
unit (Milestone 1200 Mega, Sorisole, Italy).
Once cooled, the solutions were filtered
through quantitative filter paper (Filter-lab-
oratory 1242, 90-mm diameter), transferred
to 25 mL volumetric flasks and made to vol-
ume with water. Analytical-grade chemicals
were obtained from Merck Chemical Co.
(Darmstadt, Germany), and all aqueous so-
lutions were prepared with type | water
(ASTM 2008). The total concentration of
Al, B, Ca, Cu, Fe, K, Mg, Mn, Na, P and Zn
was measured by simultaneous ICP-OES
(Varian Vista Pro, Mulgrave, Australia).

Calculation and statistical analysis

Data were examined by two-way ANOVA
with age and thinning treatment as factors.
The fulfillment of the assumptions of nor-
mal distribution of the data was verified by
the Shapiro-Wilk’s W test, and the equality
of variances among groups by the Levene’s
test. In the case of departure from normal-
ity or heteroscedasticity, the original data
were subjected to Tukey’s ladder of pow-
ers to yield normal distribution and equal-
ity of variances. The Bonferroni’s test for
multiple comparisons was used to detect
significant differences between the group
means; throughout the text the values
given are the mean + standard deviation.
The proportion of the variation accounted
for each factor or interaction in the ANOVA
was determined by the partial eta-squared
(n,?) statistic. Statistical procedures were
performed with SPSS® v. 25.0 for Windows
(IBM Corp., Armonk, NY, USA).

iForest 14: 299-306



Elemental composition of pine needles

Tab. 2 - Tests of between-subjects effects for the macro- and micro-nutrient concentrations of pine needles with two-way ANOVAs. ;
(df): degrees of freedom; (CM): Corrected model; (1): intercept; (NA): needle age; (T): thinning; (X): needle age x thinning (NAxT). =
S
‘g’ g Pinus pinaster Pinus radiata ‘é g Pinus pinaster Pinus radiata _'-E
é § o F Prob np2 F Prob  np2 u;‘Ej § of F Prob np2 F Prob  np? g
N M7 8.095 <0.001 0.632 0.691 0.679 0.131 Mn CM 7 3.254 0.009 0.401 2.852 0.019 0.37 §
| 1 1940.444 <0.001 0.983 1633.086 <0.001 0.981 | 1 546.967 <0.001 0.941 187.836 <0.001 0.847 5
NA 1 3.889 0.057 0.105 0.807 0.376 0.025 NA 1 2.268 0.141 0.063 2.774 0.105 0.075 \mJ
T 3 16.688 <0.001 0.603 0.5 0.685 0.045 T 3 4.268 0.012 0.274 5.714 0.003 0.335 8
X 3 0.465 0.708 0.041 0.853 0.475 0.074 X 3 2.501 0.076 0.181 0.204 0.893 0.018 go
6N CM 7 1.799 0.122 0.282 1.591 0.172 0.247 ZIn CM 7 9.499 <0.001 0.675 2.03 0.08 0.295 )
| 1 281.491 <0.001 0.898 139.998 <0.001 0.805 | 1 2134.946 <0.001 0.985 6299.779 <0.001 0.995 _.L
NA 1 4.179 0.049 0.116 4.964 0.033 0.127 NA 1 10.696 0.003 0.251 7.958 0.008 0.19 3
T 3 2.618 0.068 0.197 1.874 0.153 0.142 T 3 18.546 <0.001 0.635 1.695 0.186 0.13 E
X 3 0.042 0.988 0.004 0.063 0.979 0.006 X 3 0.345 0.793 0.031 0.812 0.496 0.067 =
P M7 4.837 0.003 0.482 0.299 0.948 0.077 Cu CM 7 23.972 <0.001 0.832 6.737 <0.001 0.596
| 1 470.763 <0.001 0.948 69.904 <0.001 0.737 | 1 6108.075 <0.001 0.994 6356.334 <0.001 0.995
NA 1 6.601 0.016 0.202 0.223 0.641 0.009 NA 1 44.927 <0.001 0.569 41.084 <0.001 0.562
T 3 7.966 0.002 0.38 0.049 0.985 0.006 T 3 33.461 <0.001 0.747 0.504 0.683 0.045
X 3 0.8 0.46  0.058 0.474 0.703 0.054 X 3 3.811  0.019 0.252 1.477 0.239 0.122
Ca CM 7 2.459 0.037 0.336 4.084 0.002 0.457 B CM 7 0.782 0.607 0.139 0.439 0.871 0.083
| 1 414.071 <0.001 0.924 220.705 <0.001 0.867 | 1 110.8 <0.001 0.765 121.606 <0.001 0.781
NA 1 7.672 0.009 0.184 23.156 <0.001 0.405 NA 1 2.2 0.147 0.061 0.011 0.917 0.001
T 3 2.608 0.068 0.187 0.934 0.435 0.076 T 3 0.584 0.63 0.049 0.336 0.799 0.029
X 3 0.322 0.81 0.028 0.328 0.805 0.028 X 3 0.283 0.837 0.024 0.592 0.625 0.05
Mg CM 7 1.506 0.198 0.237 0.767 0.618 0.136 Na CM 7 1.158 0.352 0.193 5.72 <0.001 0.556
| 1 537.074 <0.001 0.94 1386.803 <0.001 0.976 | 1 2782.872 <0.001 0.988 4693.933 <0.001 0.993
NA 1 1.179 0.285 0.034 1.651 0.208 0.046 NA 1 5.274 0.028 0.134 28.289 <0.001 0.469
T 3 2.541 0.073 0.183 0.794 0.506 0.065 T 3 0.432 0.731 0.037 1.409 0.258 0.117
X 3 0.52  0.672 0.044 0.559 0.646 0.047 X 3 0.459 0.712 0.039 1.425 0.254 0.118
K ™M 7 2.582 0.03 0.347 1.549 0.184 0.242 Al CM 7 4.733 0.001 0.501 3.493 0.007 0.426
| 1 883.349 <0.001 0.963 684.165 <0.001 0.953 | 1 549.783 <0.001 0.943 515.934 <0.001 0.94
NA 1 3.623 0.065 0.096 5.973 0.02 0.149 NA 1 21.661 <0.001 0.396 20.303 <0.001 0.381
T 3 3.727 0.02 0.247 1.47 0.24 0.115 T 3 3.37 0.03 0.235 0.958 0.424 0.08
X 3 0.754 0.528 0.062 0.3 0.825 0.026 X 3 1.4 0.26 0.113 0.14 0.935 0.013
Fe CM 7 21.911 <0.001 0.823 7.047 <0.001 0.607
| 1 952.987 <0.001 0.967 617.617 <0.001 0.951
NA 1 77.624 <0.001 0.702 44.219 <0.001 0.58
T 3 21.326 <0.001 0.66 1.169 0.337 0.099
X 3 5.799 0.003 0.345 0.126 0.944 0.012
Results (-1.76 + 0.75 % and -2.24 * 0.71 % in young young and old needles, respectively) and P.

The needle N concentration in P. pinaster
(11.08 + 2.32 g kg and 10.04 + 1.87 g kg™ in
young and old needles, respectively) was
not significantly affected by needle age,
but strongly influenced by the treatment
which accounted for 60% of the total vari-
ance, with higher values in ST than in the
other treatments (Tab. 2, Fig. 2A). Con-
versely, N concentration in P. radiata nee-
dles (17.13 + 1.66 and 15.77 + 1.42 g kg™ in
young and old needles, respectively) was
unaffected by the studied factors (Tab. 2,
see also Fig. 2A for the mean values and
significant differences among groups). The
needle ®N isotopic signature in P. pinaster

iForest 14: 299-306

and old needles, respectively) and P. radi-
ata (-0.93 * 0.61 % and -1.37 * 0.60 % in
young and old needles, respectively) did
not differ significantly between needle age
classes (Tab. 2, Fig. 2B).

The foliar P concentration was 735 * 240
mg kg™ in P. pinaster and 639 = 378 mg kg
in P. radiata (Fig. 3A). However, while in P.
radiata no effect of age or treatment was
found, in P. pinaster there were significant
effects of both needle age and treatment
(20% and 38% of the variance explained, re-
spectively; ST > C, LT - Tab. 2).

The values of Ca concentration in P. pin-
aster (788 * 213 and 1102 * 475 mg kg" in

radiata (1756 + 528 and 3672 * 1286 mg kg
in young and old needles, respectively) did
not show significant differences due to
treatment and increased significantly with
needle age in both species (18% and 41% of
the variance explained, respectively — Tab.
2, Fig. 3B). Compared to young needles,
the mean concentration of Ca in old nee-
dles increased moderately in P. pinaster
(40%) and much more importantly in P. ra-
diata (109% — Tab. 2, Fig. 3B).

No significant effects of either thinning or
age, nor an interaction effect of these fac-
tors, was observed for needle Mg (1601 *
524 mg kg in P. pinaster; 962 + 165 mg kg

301
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A)

P. pinaster young

P. pinaster old

P. radiata young

W Control (unthinned)

in P. radiata — Tab. 2; see Fig. 3C for the
mean values and significant differences
among groups).

Potassium concentration tended to de-
crease with age in both P. pinaster (5728 +
1237 and 4991 = 1160 mg kg" in young and
old needles, respectively) and P. radiata
(4720 + 858 and 3946 * 1208 mg kg in
young and old needles, respectively), but
the effect was only significant in the latter,
accounting for 15% of the variance (Tab. 2).
There was only a treatment effect in P.
pinaster, explaining 25% of the variance
with ST > LT, and the other two treatments
in intermediate positions (Tab. 2, Fig. 3D).

Needle age was an important factor of Fe
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P. radiata old
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P. radiata old

P. radiata old

[ Light thinning

8 1°N (%o0)
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Fig. 2 - Mean nitrogen con-
centration (A) and 6N (B)
in young (current year)
and old (1-year-old) nee-
dles of Pinus pinaster and
Pinus radiata from control
(unthinned) and light,
heavy and selection thin-
ning plots. For each
species, different lower-
case letters indicate signifi-
cant differences among
treatments for the same
needle age, while different
uppercase letters indicate
significant differences
between young and old

— 3

P. pinaster young P. pinaster old P. radiata young

W Light thinning Heavy thinning [0 Selection thinning

variability in pine needles (70% and 58% of
the variance explained in P. pinaster and P.
radiata, respectively — Tab. 2), Fe levels in-
creasing significantly with needle age from
44 15 to 71 £ 12 mg kg™ in P. pinaster and
from 38 = 7 to 64 = 13 mg kg™ in P. radiata
(Fig. 4A). The two-way ANOVA also show-
ed a significant effect of the treatment and
the needle age x treatment interaction in
P. pinaster, the concentration of Fe de-
creasing in the order ST > C, LT > HT, but
differences were significant only in the
young needles (Tab. 2).

Unlike most of the other studied ele-
ment, needle Mn in P. pinaster (89 + 25 and
101 £ 33 mg kg in young and old needles,

B)

aA 5000 |

aA
4000

3000 |

Camg kg'd.w

2000

1000 |

P. pinaster young P. pinaster old

D)

8000 |

abA
6000 e a: 7y aB Py

4000

K mg kg'' d.w

2000

P. radiata young

0

P. pinasteryoung P pinaster old

@ Heavy thinning [ Selection thinning

P. radiata young

P. radiata old

needles for the same treat-
ment (n = 6, p < 0.05).

respectively) and P. radiata needles (86 =
42 and 110 * 59 mg kg", in young and old
needles, respectively) was not affected by
needle age (except in P. pinaster after ST),
but a significant effect of thinning treat-
ment was recorded in both species (27-34%
of the variance explained - Tab. 2), with ST
> Cin the former and HT > LT, ST in the lat-
ter (Fig. 4b).

Zinc concentration in P. pinaster (11.7 + 1.6
and 6.8 £ 1.2 mg kg™, in young and old nee-
dles, respectively) and P. radiata needles
(21.8 £ 1.2 and 17.8 £ 1.3 mg kg", in young
and old needles, respectively) was moder-
ately affected by needle age (19-25% of the
variance explained - Tab. 2), decreasing by

Fig. 3 - Mean concentra-
tion of phosphorous (A),
calcium (B), magnesium
(€) and potassium (D) in
young (current year) and
old (1-year-old) needles of
Pinus pinaster and Pinus
radiata from control
(unthinned) and light,
heavy and selection thin-
ning plots. For each
species, different lower-
case letters indicate signifi-
cant differences among
treatments for the same
needle age, while different
uppercase letters indicate
significant differences
between young and old
needles for the same treat-
ment (n = 6, p < 0.05).

P. radiata old

P. radiata old
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heavy and selection thin-
ning plots. For each
species, different lower-

Fig. 4 - Mean concentration A)
case letters indicate signifi-
cant differences among

Fe mg kg d.w

of iron (A), manganese (B),
zinc (C) and copper (D) in
an
bB
bB
cB
treatments for the same
needle age, while different P. pinasteryoung P pinaster old

young (current year) and
uppercase letters indicate
aA
bA bA
: bA

old (1-year-old) needles of
significant differences
P. pinaster young P. pinaster old

Pinus pinaster and Pinus
radiata from control
(unthinned) and light,
between young and old
needles for the same treat- 2
ment (n =6, p < 0.05).

Zn mg kg'' d.w

W Control (unthinned)

P. radiata young P. radiata old

P. radiata young P. radiata old
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B)

P.pinasteryoung  P. pinasterold  P.radiatayoung P. radiata old

P. pinaster 1-y P. pinaster 2-y P. radiata 1-y P. radiata 2-y

B Light thinning [ Heavy thinning [0 Selection thinning

about 29% in P. pinaster and 17% in P. radiata in selection thinning (ST) than in the other needles, respectively) and P. radiata nee-

(Fig. 4C). In P. pinaster there was also a treatments.

dles (6.2 + 0.8 and 4.5 + 0.6 mg kg", in

strong treatment effect (64% of the vari-  The concentration of Cu in P. pinaster (2.9 young and old needles, respectively) was
ance explained - Tab. 2), with higher values +1.0 and 2.0 * 0.5 mg kg, in young and old  strongly affected by age, which explained

Fig. 5 - Mean concentration ~ A)
of boron (A), sodium (B) =
and aluminium (C) in young

aA A
(current year) and old A aA
(1-year-old) needles of s
Pinus pinaster and Pinus
radiata from control (un- 2
thinned) and light, heavy % ,,
and selection thinning
plots. For each species,
different lowercase letters . )
indicate significant differ-
ences among treatments
for the same needle age, ,

while different uppercase P. pinasteryoung . pinaster old
letters indicate significant
differences between young
and old needles for the
same treatment (n=6, p <

0.05).

B mg kg’ d.w

C)

500 |

abB aA
abB
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56-57% of Cu variance (p < 0.001 - Tab. 2); in
both species, Cu concentration decreased
from current year to 1-year-old needles, by
31% in P. pinaster and 22% in P. radiata (Fig.
4D). In P. pinaster there was also a strong
treatment effect and a needle age x treat-
ment interaction (75% and 25% of the vari-
ance explained, respectively - Tab. 2), with
higher values in selective thinning (ST)
than in the other treatments.

Like for Mg, needle B (3.2 £ 1.8 and 2.1
1.2 mg kg" in P. pinaster and P. radiata, re-
spectively) did not show significant effects
of either thinning or needle age, nor an in-
teraction effect of these factors (Fig. 5A).

The two-way ANOVA showed a significant
increase of Na concentration with needle
age: from 487 + 270 to 784 + 423 mg kg in
P. pinaster, and from 67 £ 25 to 138 + 61 mg
kg in P. radiata, explaining 13% and 47% of
the variance, respectively, but no differ-
ences due to treatment nor a needle age x
treatment interaction (Tab. 2, Fig. 5B).

The Al concentration in P. pinaster was
297 + 79 mg kg in young needles and 434 +
120 mg kg in old needles, while the corre-
sponding values for P. radiata were 268 =+
55 mg kg' and 373 * 50 mg kg", respec-
tively (Fig. 5C). The two-way ANOVA
showed a moderate effect of thinning on
Al concentration only in P. pinaster needles
(24% of the variance explained - Tab. 2),
differences being significant only between
the highest (ST) and the lowest values
(HT). Contrastingly, needle age accounted
for about 40% of Al variability in both P.
pinaster and P. radiata (38-40% of the vari-
ance explained - Tab. 2), with mean values
around 39% (P. pinaster) and 53% (P. radi-
ata) higher in young than in old needles
and significant differences due to needle
age in most treatments.

Discussion

Nitrogen concentration in the foliar or-
gans is directly related with photosynthetic
activity and water use efficiency (Blumfield
et al. 2004) and, consequently, is a key fac-
tor for tree growth. In the investigated P.
pinaster stands, needle N concentration
was always within the range of values of 7
to 16 g kg" reported for pine needles by
several authors (Zhang & Allen 1996, Tausz
et al. 2004, Choi et al. 2005, Warren 2006,
Couto-Vdzquez & Gonzdlez-Prieto 2010),
but in some cases it was below the N defi-
ciency threshold of 9.8 g kg proposed for
the species in NW Spain (Eimil-Fraga et al.
2014). In P. radiata our values were ever in
the upper end of the mentioned range or
even above it. The insignificant decrease of
N concentration with needle age in our
stands contrasts with the reduction of fo-
liar N with age reported for other Pinus
species by Zhang & Allen (1996) and Choi
et al. (2005). Regarding the effects of thin-
ning on needle N concentration, we found
contrasting results, as it was significantly
modified only by selection thinning in P.
pinaster (with the highest value for this
species); therefore, except for this single
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combination (ST in P. pinaster) the thinning
treatments did not affect the foliar N con-
centration, thus not improving the photo-
synthetic activity and water use efficiency
of trees. Similarly, contrasting results have
been reported about the effects of thin-
ning on leaf N concentration, ranging from
increased values (Thibodeau et al. 2000,
Lopez-Serrano et al. 2005, Inagaki et al.
2008), to no changes (Piatek et al. 2017),
and even reductions (Chase et al. 2016).
The decrease of 8N with needle age that
we observed in both Pinus species agrees
with the trend most frequently reported
(Gebauer & Schulze 1991, Emmett et al.
1998, Couto-Vdzquez & Gonzalez-Prieto
2010, 2014), though inconclusive results
have also been found (Choi et al. 2005). Al-
though a foliar "N increase and more
open N cycling in thinned areas relative to
unthinned plots have been reported (Bai et
al. 2017, Yan et al. 2018), we did not find sig-
nificant changes in needle 8N due to thin-
ning.

Phosphorous concentrations were in the
lower half of the usual range for P. pinaster
(0.6-1.5 g kg — Saur 1989, Tausz et al. 2004,
Eimil-Fraga et al. 2014), but below the nor-
mal levels in P. radiata (1-1.6 g kg — Turner
& Lambert 1986, Zas & Serrada 2003, Tausz
et al. 2004). In our stands, neither needle
age nor thinning treatment impacted on
the P concentration of P. radiata needles,
agreeing with the results of Piatek et al.
(2017), but both factors affected it in P.
pinaster. In the latter species, the increase
of foliar P concentration in thinned plots
shows the beneficial effects of thinning in
P nutrition which has been already re-
ported by many authors (Mugasha et al.
1991, Hokka et al. 1996, Thibodeau et al.
2000, Lopez-Serrano et al. 2005, Chase et
al. 2016, Delig6z et al. 2019).

Most values of needle Ca in our P. pina-
ster stands were well below the expected
range of 1.6-2.7 g kg reported in the refer-
ences compiled by Tausz et al. (2004), but
above the Ca deficiency level (0.6 g kg")
proposed for the species in NW Spain
(Eimil-Fraga et al. 2014). In P. radiata nee-
dles, all values were within the expected
range for Ca nutrition (1-4 g kg" - Turner &
Lambert 1986, Zas & Serrada 2003, Tausz et
al. 2004). The slight increase of Ca concen-
tration we observed from young to old
needles in P. pinaster contrasted with the
substantial increment (from 1.7 + 0.1 g kg™
to 2.9 + 0.6 g kg™) observed by Saur (1989)
in this species and with the two-fold in-
crease in our P. radiata stands. The lack of
treatment effects on needle Ca clearly
showed that thinning was unable to im-
prove the foliar levels of Ca in P. pinaster
and P. radiata growing in the studied acidic
soils. This result agrees with those of Pi-
atek et al. (2017), as well as with the immo-
bility of Ca inside the plant that explains
the little effects of silvicultural treatments
on needle Ca in P. halepensis (Lopez-Ser-
rano et al. 2005).

Magnesium concentration was ever with-

in the normal ranges of 0.5-2 g kg™ in P.
pinaster (Saur 1989, Tausz et al. 2004, Eimil-
Fraga et al. 2014) and 0.4-2.4 g kg" in P. ra-
diata (Turner & Lambert 1986, Zas & Ser-
rada 2003, Tausz et al. 2004), as well as
within the optimum range for P. sylvestris
(0.5-2 g kg — Oleksyn et al. 2002). Neither
needle age nor thinning did affect the con-
centration of Mg in the studied P. pinaster
and P. radiata needles. As for Ca, the lack of
thinning effects on needle Mg was likely
explained by its immobility inside the plant
(Lopez-Serrano et al. 2005) and shows that
thinning was unable to improve foliar Mg
nutrition in the studied stands.

All K values we found in P. pinaster nee-
dles were in the upper half or above the
range (3-5 g kg") compiled for the species
(Saur 1989, Tausz et al. 2004) and above
the threshold of K deficiency (4.5 g kg™)
proposed for NW Spain (Eimil-Fraga et al.
2014). Similarly, K concentration in P. radi-
ata needles were ever within the range of
3-8 g kg usually reported (Turner & Lam-
bert 1986, Zas & Serrada 2003, Tausz et al.
2004). Most of the values in both pine
species were also within the optimum
range (4.5-6 g kg') suggested for P. syl-
vestris (Oleksyn et al. 2002). Needle K con-
centrations decreased not significantly
with needle age in P. pinaster but signifi-
cantly in P. radiata, as also reported for P.
taeda (Zhang & Allen 1996). Although in-
creased foliar K levels are more frequent in
thinned plots (Hokka et al. 1996, Thibodeau
et al. 2000, Lopez-Serrano et al. 2005, Deli-
goz et al. 2019), we only found a significant
increase in current year P. pinaster needles
from selection thinning plots, the incre-
ment being not significant in 1-year-old nee-
dles, thus agreeing with the findings by
Lopez-Serrano et al. (2005). Moreover, the
lack of significant changes in needle K in
our P. radiata stands and two of the three
thinning treatments in P. pinaster agreed
with the results of Chase et al. (2016) and
Piatek et al. (2017) and showed that thin-
ning has little effect on foliar K nutrition, at
least in stands without K deficiency as in
our case.

In P. pinaster Fe concentration in young
and old needles were below and within the
respective ranges (52 = 8 mg kg and 66 *
12 mg kg") observed by Saur (1989), and
the same holds for P. radiata needles when
compared with the range (71 £ 28 mg kg™)
reported for this species by Zas & Serrada
(2003). In young needles of P. pinaster
(only LT and HT treatments) and P. radiata,
Fe concentrations were also below the op-
timum range of 40-100 mg kg" previously
reported for P. sylvestris (Oleksyn et al.
2002). Our results suggested that even in
pinewoods with sub-optimum foliar Fe lev-
els, thinning had not significant effects on
tree Fe nutrition, except the selection thin-
ning which improved Fe nutrition in P.
pinaster, the effect being significant in
young needles.

Manganese concentration was quite simi-
lar in P. pinaster and P. radiata needles and
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well within the ranges usually reported for
these and other Pinus species: 40-300 mg
kg* in P. pinaster (Saur 1989, Saur et al.
1992, 1995), 50-500 mg kg in P. radiata
(Turner & Lambert 1986, Zas & Serrada
2003, Tausz et al. 2004) and 70-400 mg kg
in P. sylvestris (Oleksyn et al. 2002). Man-
ganese was the only studied element not
affected by needle age, and showing sig-
nificant differences among thinning treat-
ments, but without a common trend in
both species. Significant differences were
found for treatment ST > C in P. pinaster
and HT > LT, ST in P. radiata. These results
suggest that the strong thinning treat-
ments (ST and HT) can improve foliar Mn
nutrition, contrasting with the lack of ef-
fects reported by Piatek et al. (2017).

In our stands, needle Zn in P. pinaster was
below the range of 15-65 mg kg reported
for this species and other conifers (Saur
1989, Boardman & McGuire 1990, Saur et
al. 1992, 1995, Zas & Serrada 2003, Tausz et
al. 2004), except for ST plots; whereas all
P. radiata values fall within that range and
were above the critical level of 11-12 mg kg
indicated by Turner & Lambert (1986). Re-
garding needle age effects on Zn concen-
tration, our results for both Pinus species
contrasted with the decrease in foliar Zn
concentration after thinning in Douglas-fir
reported by Chase et al. (2016). No treat-
ment effects were found for P. radiata
while a positive influence of ST on Zn nutri-
tion was observed in P. pinaster; these dif-
ference could be related with the respec-
tive Zn nutritional status in our stands,
which was well above the critical level in
the former and below it in the latter, espe-
cially in the old needles.

Foliar Cu concentrations in the studied P.
pinaster stands were in the lower part of
the usual range of 2-9 (31) mg kg (Saur
1989, Saur et al. 1992, 1995, Tausz et al.
2004) and in most cases below the opti-
mum range (3-6 mg kg") for P. sylvestris
(Oleksyn et al. 2002). Unlike P. pinaster,
needle Cu levels in our P. radiata sites were
in the middle of the range of 2-10 mg kg
usually reported (Lastra et al. 1988, Turvey
& Grant 1990, Zas & Serrada 2003, Tausz et
al. 2004) and above the optimum range for
P. sylvestris (Oleksyn et al. 2002). Copper
concentration decreased significantly with
needle age in both P. pinaster and P. radi-
ata, as also found by Saur (1989) for the
former species. Agreeing with the lack of
thinning effects on foliar Cu found by
Chase et al. (2016), only one of the assayed
thinning treatment (ST) improved Cu nutri-
tion and only in one of the studied species
(P. pinaster).

Boron levels in P. pinaster were within the
ranges previously found by Saur (1989) for
current year and 1-year-old needles (15.9
2.9 and 13.6 * 3.2 mg kg, respectively), and
were also close to those of 12 and 16 mg
kg*compiled by Saur et al. (1992) and Tausz
et al. (2004), respectively. In P. radiata the
concentration of B was also within the nor-
mal range of 10-15 mg kg reported for the
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species and above the critical deficiency
threshold of 8 mg kg™ (Lambert & Turner
1977, Turner & Lambert 1986), which is
identical to that for P. sylvestris (Oleksyn et
al. 2002). Although Chase et al. (2016) re-
ported an increase of foliar B in thinned
plots of Douglas-fir, no thinning effects on
needle B were found in our plots, a result
which can be related with the good B lev-
els in the unthinned plots.

In both Pinus species, foliar Na levels in-
creased with needle age and did not varied
due to the thinning treatment.

Compared to the concentration of Al re-
ported by Saur (1989) for current year (215
+ 62 mg kg') and 1-year-old (240 * 78 mg
kg™) needles in P. pinaster, Al values in our
stands were similar in the former case, but
noticeably higher in the latter. In P. radiata,
needle Al concentration was always below
the most frequent threshold of 500 mg kg
(Turner & Lambert 1986). In both pine spe-
cies, needle Al increased with needle age
and was affected by thinning only in young
needles, but no clear tendency can be dis-
cerned, likely due to the fact that this ele-
ment is not essential for plant growth, but
it is toxic for trees at high concentration.

Conclusions

Needle age affected the foliar concentra-
tions of 8 out 12 of the elements consid-
ered in the same way for both pine species
studied: needle &"N, K, Zn and Cu de-
creased with needle age, whereas the lev-
els of P (only in P. pinaster), Ca, Fe, Na and
Al increased. Conversely, except for Mn,
the effects of thinning on foliar elemental
concentrations were restricted to P. pina-
ster and more specifically to the selection
thinning treatment which enhanced the
levels of N, K, Fe, Mn, Zn and Cu.

Acknowledgements

This research was done on the experi-
mental stands setup by Dr. A. Rojo Al-
boreca, Dr. J.G. Alvarez Gonzélez and Dr. R.
Rodriguez Soalleiro, who are acknowl-
edged for their invaluable collaboration.
We also thank Teresa Pérez and Jorge
Benitez for their technical assistance in the
laboratory.

This work was supported by the Spanish
Ministry of Science and Technology
through the project AGL2004-07976-Co2-
02-FOR. The participation of ACV and
MXGR was supported, respectively, by a
pre-doctoral CSIC-I3P contract and a post-
doctoral JAE-DOC contract co-financed by
the European Social Fund. The isotopic ra-
tio mass spectrometer was partly financed
by the European Regional Development
Fund (EU).

References

Albaugh JM, Blevins L, Allen HL, Albaugh TJ, Fox
TR, Stape JL, Rubilar RA (2010). Characteriza-
tion of foliar macro- and micronutrient concen-
trations and ratios in loblolly pine plantations in
the Southeastern United States. Southern Jour-
nal of Applied Forestry 34: 53-64. - doi: 10.1093/

Elemental composition of pine needles

sjaf/34.2.53

Alvarez-Alvarez P, Afif Khouri E, Cadmara-Obre-
gon A, Castedo-Dorado F, Barrio-Anta M (2011).
Effects of foliar nutrients and environmental
factors on site productivity in Pinus pinaster Ait.
stands in Asturias (NW Spain). Annals of Forest
Science 68: 497-509. - doi: 10.1007/513595-011-0
047-5

ASTM (2008). Standard specification for reagent
water. Annual Book of ASTM Standards, 11.01
Water (1), American Society for Testing Materi-
als International - ASTM, West Conshohocken,
PA, USA, pp. D1193-06.

Bai SH, Dempsey R, Reverchon F, Blumfield TJ,
Ryan S, Cernusak LA (2017). Effects of forest
thinning on soil-plant carbon and nitrogen dy-
namics. Plant and Soil 411: 437-449. - doi:
10.1007/511104-016-3052-5

Blanco JA, Imbert JB, Castillo FJ (2009). Thinning
affects nutrient resorption and nutrient-use
efficiency in two Pinus sylvestris stands in the
Pyrenees. Ecological Applications 19: 682-698. -
doi: 10.1890/1051-0761-19.3.682

Blumfield TJ, Xu ZH, Saffigna PG (2004). Carbon
and nitrogen dynamics under windrowed res-
idues during the establishment phase of a sec-
ond-rotation hoop pine plantation in subtropi-
cal Australia. Forest Ecology and Management
200: 279-291. - doi: 10.1016/j.foreco.2004.07.008

Boardman R, McGuire DO (1990). The role of
zinc in forestry. I. Zinc in forest environments,
ecosystems and tree nutrition. Forest Ecology
and Management 37: 167-205. - doi: 10.1016/03
78-1127(90)90054-F

Bolat | (2014). The effect of thinning on microbial
biomass C, N and basal respiration in black pine
forest soils in Mudurnu, Turkey. European Jour-
nal of Forest Research 133: 131-139. - doi: 10.1007
[s10342-013-0752-8

Chase CW, Kimsey MJ, Shaw TM, Coleman MD
(2016). The response of light, water, and nutri-
ent availability to pre-commercial thinning in
dry inland Douglas-fir forests. Forest Ecology
and Management 363: 98-109. - doi: 10.1016/].
foreco.2015.12.014

Choi WJ, Chang SX, Allen HL, Kelting DL, Ro HM
(2005). Irrigation and fertilization effects on fo-
liar and soil carbon and nitrogen isotope ratios
in a loblolly pine stand. Forest Ecology and
Management 213: 90-101. - doi: 10.1016/j.foreco.
2005.03.016

Couto-Vazquez A, Gonzalez-Prieto SJ (2010). Ef-
fects of climate, tree age, dominance and
growth on &N in young pinewoods. Trees 24:
507-514. - doi: 10.1007/500468-010-0420-2

Couto-Vazquez A, Gonzélez-Prieto SJ (2014). Ef-
fects of biotic and abiotic factors on 8%N in
young Pinus radiata. European Journal of For-
est Research 133: 631-637. - doi: 10.1007/510342-
014-0791-9

Davis MR, Coker G, Parfitt RL, Simcock R, Clinton
PW, Garrett LG, Watt MS (2007). Relationships
between soil and foliar nutrients in young
densely planted mini-plots of Pinus radiata and
Cupressus lusitanica. Forest Ecology and Man-
agement 240: 122-130. - doi: 10.1016/j.foreco.20
06.12.023

Deligéz A, Bayar E, Karatepe Y, Geng M (2019).
Photosynthetic capacity, nutrient and water
status following precommercial thinning in
Anatolian black pine. Forest Ecology and Man-

305

>
-
)
(%]
v
S
O
L
©
(=
(1}
w
v
v
c
o
v
w
[©]
v
oD
0
a0}
|
e
(%]}
v
S
(<]
=



https://doi.org/10.1093/sjaf/34.2.53
https://doi.org/10.1093/sjaf/34.2.53
https://doi.org/10.1016/j.foreco.2006.12.023
https://doi.org/10.1016/j.foreco.2006.12.023
https://doi.org/10.1007/s10342-014-0791-9
https://doi.org/10.1007/s10342-014-0791-9
https://doi.org/10.1007/s00468-010-0420-2
https://doi.org/10.1016/j.foreco.2005.03.016
https://doi.org/10.1016/j.foreco.2005.03.016
https://doi.org/10.1016/j.foreco.2015.12.014
https://doi.org/10.1016/j.foreco.2015.12.014
https://doi.org/10.1007/s10342-013-0752-8
https://doi.org/10.1007/s10342-013-0752-8
https://doi.org/10.1016/0378-1127(90)90054-F
https://doi.org/10.1016/0378-1127(90)90054-F
https://doi.org/10.1016/j.foreco.2004.07.008
https://doi.org/10.1890/1051-0761-19.3.682
https://doi.org/10.1007/s11104-016-3052-5
https://doi.org/10.1007/s13595-011-0047-5
https://doi.org/10.1007/s13595-011-0047-5

>
-
ey
(%]
v
S
O
L.
©
=
(1}
(%]
[
v
=
o=
v
w
o
(V)
o0
=
m
|
-
wn
v
-
o
=

Gomez-Rey MX et al. - iForest 14: 299-306

agement 451: 117533. - doi: 10.1016/j.foreco.20
19.117533

EEA (2006). European forest types: categories
and types for sustainable forest management
reporting and policy. Technical Report no. 9/
2006, European Environment Agency - EEA,
Copenhagen, Denmark, pp. 111.

Eimil-Fraga C, Rodriguez-Soalleiro R, Sanchez-
Rodriguez F, Perez-Cruzado C, Alvarez-Rodri-
guez E (2014). Significance of bedrock as a site
factor determining nutritional status and
growth of maritime pine. Forest Ecology and
Management 331: 19-24. - doi: 10.1016/j.foreco.
2014.07.024

Emmett BA, Kjonaas OJ, Gundersen P, Koop-
mans C, Tietema A, Sleep D (1998). Natural
abundance of N in forests across a nitrogen
deposition gradient. Forest Ecology and Man-
agement 101: 9-18. - doi: 10.1016/S0378-1127(97)
00121-7

Gebauer G, Schulze ED (1991). Carbon and nitro-
gen isotope ratios in different compartments
of a healthy and a declining Picea abies forest in
the Fichtelgebirge, NE Bavaria. Oecologia 87:
198-207. - doi: 10.1007/BF00325257

Graham RT, Harvey AE, Jain TB, Tonn JR (1999).
The effects of thinning and similar stand treat-
ments on fire behavior in Western forests.
PNW-GTR-463, USDA Forest Service, Pacific
Northwest Research Station, Portland, OR,
USA, pp. 27. [online] URL: http://books.google.
com/books?id=S_w8hpzmlukC

Hedwall PO, Strengbom J, Nordin A (2013). Can
thinning alleviate negative effects of fertiliza-
tion on boreal forest floor vegetation? Forest
Ecology and Management 310: 382-392. - doi:
10.1016/j.foreco.2013.08.040

Hokka H, Penttila T, Hanell B (1996). Effect of
thinning on the foliar nutrient status of Scots
pine stands on drained boreal peatlands. Cana-
dian Journal of Forest Research 26: 1577-1584. -
doi: 10.1139/x26-177

Inagaki Y, Kuramoto S, Torii A, Shinomiya Y,
Fukata H (2008). Effects of thinning on leaf-fall
and leaf-litter nitrogen concentration in hinoki
cypress (Chamaecyparis obtusa Endlicher) plan-
tation stands in Japan. Forest Ecology and
Management 255: 1859-1867. - doi: 10.1016/j.for
€C0.2007.12.007

Jiménez MN, Navarro FB (2015). Monthly foliar-
nutrient pattern in a semiarid Aleppo pine plan-
tation five years after thinning. Forest Ecology
and Management 343: 63-72. - doi: 10.1016/j.for
€c0.2015.01.032

Knapp BO, Wang GG, Walker JL, Hu H (2016). Us-
ing silvicultural practices to regulate competi-
tion, resource availability, and growing condi-
tions for Pinus palustris seedlings underplanted
in Pinus taeda forests. Canadian Journal of For-

306

est Research 46: 902-913. - doi: 10.1139/cjfr-201
6-0066

Lambert MJ, Turner J (1977). Dieback in high site
quality Pinus radiata stands - the role of sulphur
and boron deficiencies. New Zealand Journal of
Forestry Science 7: 333-348. [online] URL:
http://www.scionresearch.com/ _data/assets/p
df file/0003/58953/NZJFS731977LAMBERT333-
348.pdf

Lastra O, Chueca A, Lachica M, Lépez Gorgé J
(1988). Root uptake and partition of copper,
iron, manganese, and zinc in Pinus radiata seed-
lings grown under different copper supplies.
Journal of Plant Physiology 132: 16-22. - doi:
10.1016/S0176-1617(88)80176-7

Lopez-Serrano FR, De Las Heras J, Gonazalez-
Ochoa Al, Garcia-Morote FA (2005). Effects of
silvicultural treatments and seasonal patterns
on foliar nutrients in young post-fire Pinus hale-
pensis forest stands. Forest Ecology and Man-
agement 210: 321-336. - doi: 10.1016/j.foreco.20
05.02.042

Miesel JR (2012). Differential responses of Pinus
ponderosa and Abies concolor foliar characteris-
tics and diameter growth to thinning and pre-
scribed fire treatments. Forest Ecology and
Management 284: 163-173. - doi: 10.1016/j.for
€C0.2012.07.054

Mugasha AG, Pluth DJ, Higginbotham KO, Takyi
SK (1991). Foliar responses of black spruce to
thinning and fertilization on a drained shallow
peat. Canadian Journal of Forest Research 21:
152-163. - doi: 10.1139/x91-019

Oleksyn J, Reich PB, Zytkowiak R, Karolewski P,
Tjoelker MG (2002). Needle nutrients in geo-
graphically diverse Pinus sylvestris L. popula-
tions. Annals of Forest Science 59: 1-18. - doi:
10.1051/forest:2001001

Piatek KB, Fajvan MA, Turcotte RM (2017). Thin-
ning effects on foliar elements in eastern hem-
lock: implications for managing the spread of
the hemlock woolly adelgid. Canadian Journal
of Forest Research 47: 81-88. - doi: 10.1139/cjfr-
2016-0260

Saur E (1989). Alimentation oligo-minérale du
Pin maritime (Pinus pinaster Soland in Ait) en
relation avec quelques caractéristiques physi-
co-chimiques des sols sableux des Landes de
Gascogne [Trace-mineral supply of Maritime
pine (Pinus pinaster Soland in Ait) in relation to
some physicochemical characteristics of sandy
soils in the Landes de Gascogne]. Annales des
Sciences Forestieres 46: 119-129. [in French] -
doi: 10.1051/forest:19890202

Saur E, Brechet C, Lambrot C, Masson P (1995).
Micronutrient composition of xylem sap and
needles as a result of P-fertilization in maritime
pine. Trees 10: 52-54. - doi: 10.1007/BF00197780

Saur E, Ranger J, Lemoine B, Gelpe J (1992). Mi-

cronutrient distribution in 16-year-old maritime
pine. Tree Physiology 10: 307-316. - doi: 10.1093/
treephys/10.3.307

Stefan K, First A, Hacker R, Bartels U (1997). For-
est foliar condition in Europe - Results of large-
scale foliar chemistry surveys 1995. European
Commission, United Nations Economic Com-
mission for Europe, Brussels, Belgium, pp. 207.

Sénchez-Rodriguez F, Rodriguez-Soalleiro R, Es-
pafiol E, Lépez CA, Merino A (2002). Influence
of edaphic factors and tree nutritive status on
the productivity of Pinus radiata D. Don planta-
tions in northwestern Spain. Forest Ecology
and Management 171: 181-189. - doi: 10.1016/S0
378-1127(02)00471-1

Tausz M, Trummer W, Wonisch A, Goessler W,
Grill D, Jiménez MS, Morales D (2004). A survey
of foliar mineral nutrient concentrations of Pi-
nus candriensis at field plots in Tenerife. Forest
Ecology and Management 189: 49-55. - doi:
10.1016/j.foreco.2003.07.034

Thibodeau L, Raymond P, Camire C, Munson AD
(2000). Impact of precommercial thinning in
balsam fir stands on soil nitrogen dynamics, mi-
crobial biomass, decomposition, and foliar nu-
trition. Canadian Journal of Forest Research 30:
229-238. - doi: 10.1139/x99-202

Torras O, Saura S (2008). Effects of silvicultural
treatments on forest biodiversity indicators in
the Mediterranean. Forest Ecology and Man-
agement 255: 3322-3330. - doi: 10.1016/j.foreco.
2008.02.013

Turner J, Lambert MJ (1986). Nutrition and nutri-
tional relationships of Pinus radiata. Annual Re-
view of Ecology and Systematics 17: 325-350. -
doi: 10.1146/annurev.es.17.110186.001545

Turvey ND, Grant BR (1990). Copper deficiency in
coniferous trees. Forest Ecology and Manage-
ment 37: 95-122. - doi: 10.1016/0378-1127(90)900
49-H

Warren CR (2006). Why does photosynthesis de-
crease with needle age in Pinus pinaster? Trees
20: 157-164. - doi: 10.1007/s00468-005-0021-7

Yan T, Zhu J, Fang Y, Yang K, Li M (2018). Effects
of thinning on nitrogen status of a larch planta-
tion, illustrated by N-15 natural abundance and
N resorption. Scandinavian Journal of Forest
Research 33: 357-364. - doi: 10.1080/02827581.
2017.1391956

Zas R, Serrada R (2003). Foliar nutrient status
and nutritional relationships of young Pinus ra-
diata D. Don plantations in northwest Spain.
Forest Ecology and Management 174: 167-176. -
doi: 10.1016/S0378-1127(02)00027-0

Zhang S, Allen HL (1996). Foliar nutrient dynam-
ics of 11-year-old loblolly pine (Pinus taeda) fol-
lowing nitrogen fertilization. Canadian Journal
of Forest Research 26: 1426-1439. - doi: 10.1139/
X26-159

iForest 14: 299-306


https://doi.org/10.1139/x26-159
https://doi.org/10.1139/x26-159
https://doi.org/10.1016/S0378-1127(02)00027-0
https://doi.org/10.1080/02827581.2017.1391956
https://doi.org/10.1080/02827581.2017.1391956
https://doi.org/10.1007/s00468-005-0021-7
https://doi.org/10.1016/0378-1127(90)90049-H
https://doi.org/10.1016/0378-1127(90)90049-H
https://doi.org/10.1146/annurev.es.17.110186.001545
https://doi.org/10.1016/j.foreco.2008.02.013
https://doi.org/10.1016/j.foreco.2008.02.013
https://doi.org/10.1139/x99-202
https://doi.org/10.1016/j.foreco.2003.07.034
https://doi.org/10.1016/S0378-1127(02)00471-1
https://doi.org/10.1016/S0378-1127(02)00471-1
https://doi.org/10.1093/treephys/10.3.307
https://doi.org/10.1093/treephys/10.3.307
https://doi.org/10.1007/BF00197780
https://doi.org/10.1051/forest:19890202
https://doi.org/10.1139/cjfr-2016-0260
https://doi.org/10.1139/cjfr-2016-0260
https://doi.org/10.1051/forest:2001001
https://doi.org/10.1139/x91-019
https://doi.org/10.1016/j.foreco.2012.07.054
https://doi.org/10.1016/j.foreco.2012.07.054
https://doi.org/10.1016/j.foreco.2005.02.042
https://doi.org/10.1016/j.foreco.2005.02.042
https://doi.org/10.1016/S0176-1617(88)80176-7
http://www.scionresearch.com/__data/assets/pdf_file/0003/58953/NZJFS731977LAMBERT333-348.pdf
http://www.scionresearch.com/__data/assets/pdf_file/0003/58953/NZJFS731977LAMBERT333-348.pdf
http://www.scionresearch.com/__data/assets/pdf_file/0003/58953/NZJFS731977LAMBERT333-348.pdf
https://doi.org/10.1139/cjfr-2016-0066
https://doi.org/10.1139/cjfr-2016-0066
https://doi.org/10.1016/j.foreco.2015.01.032
https://doi.org/10.1016/j.foreco.2015.01.032
https://doi.org/10.1016/j.foreco.2007.12.007
https://doi.org/10.1016/j.foreco.2007.12.007
https://doi.org/10.1139/x26-177
https://doi.org/10.1016/j.foreco.2013.08.040
http://books.google.com/books?id=S_w8hpzmIukC
http://books.google.com/books?id=S_w8hpzmIukC
https://doi.org/10.1007/BF00325257
https://doi.org/10.1016/S0378-1127(97)00121-7
https://doi.org/10.1016/S0378-1127(97)00121-7
https://doi.org/10.1016/j.foreco.2014.07.024
https://doi.org/10.1016/j.foreco.2014.07.024
https://doi.org/10.1016/j.foreco.2019.117533
https://doi.org/10.1016/j.foreco.2019.117533

	Age and thinning effects on elemental composition of Pinus pinaster and Pinus radiata needles
	Introduction
	Material and methods
	Study areas
	Needle sampling, processing and analysis
	Calculation and statistical analysis

	Results
	Discussion
	Conclusions
	Acknowledgements
	References


