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Abstract

Aims
We tested whether—in addition to weather conditions—the con-
centrations of nitrogen and phosphorus in the substrate have an 
effect on the radial stem increment of Nothofagus dombeyi trees in 
old-growth forest stands on volcanic soil at the western slopes of the 
Andes in South-Central Chile.

Methods
We took soil samples and tree increment cores from five proximate 
sites (1000–1300 m a.s.l.) that are located in the volcanic region of 
the Conguillío National Park and differ in the age of the substrate 
(Miocene—3500 years B.P.) and in its concentrations of nitrogen (N) 
and phosphorus (P). The soil samples were also analysed on their 
concentrations of other plant mineral nutrients, carbon (C) and nitro-
gen isotope ratios (δ15N). Tree-ring widths and the stem basal area 
increment (BAI) were related to climate parameters. In selected tree 
rings, the stable isotope ratios of carbon (δ13C) and oxygen (δ18O) 
were determined and related to growth and climate parameters.

Important Findings
Consistent with theory, the soils on the oldest substrate showed 
the highest (least negative) δ15N values, but mineral N was the 
only nutrient whose concentration exhibited a straightforward 

(increasing) relationship with increasing substrate age. The BAI was 
largest on the soil with the highest concentration of plant-available 
P. In contrast to BAI, tree-ring chronologies did not differ among the 
study sites. However, tree-ring chronologies and BAI exhibited sig-
nificantly positive correlations with summer precipitation, and nega-
tive correlations, with summer (December) temperature. A negative 
correlation was found between δ13C and precipitation anomalies in 
the growing season (November–March). We interpret the negative 
correlations between growth and temperature, and between δ13C 
and δ18O in the tree rings, as an impairment of net carbon assimi-
lation by anomalously warm weather conditions during the grow-
ing season. We conclude that the growth of N. dombeyi is mainly 
affected by high temperature and low precipitation in spring and 
summer irrespective of the substrate’s age, and enhanced by higher 
concentrations of plant-available P in the soil. Our results may be 
representative of N. dombeyi stands on volcanic substrate within 
their principal distribution range along the Andes of South America.
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INTRODUCTION
Climate and weather as well as the availability of nutrients 
govern plant growth in temperate terrestrial ecosystems. 
According to theory, during the primary seres of long-term 
succession in temperate forests, nitrogen (N) accumulates 
in the soil and the rates of N mineralization (and, thus, the 

quantities of ammonium [NH4
+] and nitrate [NO3

−] read-
ily available to plants) often increase for several thousand 
years (Peltzer et  al. 2010; Vitousek et  al. 1989). During soil 
formation, weathering of rock and minerals generally results 
in an increase in plant-available phosphorus (P), whereas 
in later stages of soil development (from several 1000 to 
10 000  years), the quantity of total P declines, and P often 
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becomes progressively unavailable due to P losses from the 
system, to P occlusion in secondary minerals, or to low P 
release via mineral weathering in relation to the supply of 
other resources (e.g. Chapin et al. 2011; Hobbie and Vitousek 
2000; Vitousek et al. 2010; Walker and Syers 1976). Thus, the 
soil chronosequence is not necessarily coupled with a con-
tinuous increase or decrease in P availability or N:P ratios. In 
ecosystems with old soils, nutrient cycling and tree growth 
are at least co-limited by the availability of P to the plants 
(e.g. Attiwill and Adams 1993; Rennenberg et al. 2009). Plant 
growth can be expected to be optimal in that stage of succes-
sion, in which neither N nor P availability is limiting.

The temperate broad-leaved forests of Argentina and 
Chile are dominated by tree species of the genus Nothofagus 
(Nothofagaceae; e.g. Veblen et  al. 1996). The evergreen 
Nothofagus dombeyi (Mirb.) Oerst., which is the tallest of the 
South American Nothofagus species, displays the largest eco-
logical range, comprising sites from near sea level to an eleva-
tion of 2500 m, but has its distribution centre under oceanic 
climate at humid sites of the western slopes of the Andes 
(e.g. Donoso 1987; Veblen et  al. 1996; Weinberger 1973). 
Nothofagus dombeyi also forms extensive stands in old-growth 
forests in the protected Conguillío National Park of South-
Central Chile at elevations between ~900 and 1300 m a.s.l. 
These stands grow at proximate sites under the same climatic 
conditions along a well-established chronosequence (Naranjo 
and Moreno 2005) of substrate that differs considerably in its 
geological age (Miocene to 3500 years B.P.). However, they 
do not seem to represent different phases of ecosystem ret-
rogression sensu Peltzer et al. (2010) as there are no obvious 
differences in standing plant biomass and in the composition 
of dominating plant species. In contrast, the structure and the 
tree species composition of the stands are similar. Therefore, 
they provide ideal conditions for testing the hypothesis that 
the growth increment of N. dombeyi is highest at sites where 
soil development has resulted in the highest concentrations 
of plant-available P. In theory, this can be caused by products 
of mineral weathering, which have not yet been subjected to 
occlusion nor have largely been leached out from the rooting 
zone. Ultimately, this hypothesis is related to the model by 
Walker and Syers (1976) on the relative share of P fractions 
during pedogenesis and to the elaboration of this model by, 
e.g. McGill and Cole (1981) and by Vitousek and Farrington 
(1997), who proposed that N and P supply to the plants would 
be in an optimum balance for plant growth in intermediate-
aged soils. In order to additionally characterize the soil age on 
the basis of soil chemistry, we analysed the ratio of the sta-
ble isotope 15N, which is being enriched in volcanic soils with 
increasing soil age (Martinelli et al. 1999), to 14N.

Alternatively, the growth of the trees can mainly be gov-
erned by weather conditions. If so, the radial stem increment 
of N. dombeyi trees growing at sites of different edaphic condi-
tions should not differ significantly, and it should be possible 
to create a master chronology from trees at all investigated 
sites at Conguillío National Park. Dendrochronological 

investigations have shown that the radial growth of N. dombeyi 
sensitively reflects interannual variations in climate (Suarez 
2010). This species was also found to respond to drought 
spells with increased mortality of adult trees, saplings and 
seedlings (Suarez et al. 2004; Suarez and Kitzberger 2008). In 
order to mechanistically link the physiological responses of 
the trees to dry periods, we analysed the δ13C and δ18O ratios 
of individual tree rings as a measure of drought-induced 
stomatal closure or of a decline in carbon assimilation (cf. 
Jansen et  al. 2013; Saurer and Siegwolf 2007; Scheidegger 
et  al. 2000), and related them to growth and precipitation 
anomalies.

Thus, we formulated two alternative hypotheses: (i) given 
the relatively high N concentrations of the soil at our study 
sites, the growth increment of N. dombeyi is highest at the site 
with the highest concentration of plant-available P, and low-
est, at the site with the lowest concentration of plant-availa-
ble P; (ii) the growth of N. dombeyi is influenced by weather 
conditions along the investigated sites irrespective of differ-
ences in soil chemistry. We tested our hypotheses by compar-
ing the radial stem increment of trees growing in a temperate 
old-growth forest on volcanic soils that differ in their concen-
trations of plant-available P on the basis of wood increment 
cores.

MATERIALS AND METHODS
Study sites, stand structure and tree coring

Sampling and field measurements were conducted in 
Conguillío National Park of South-Central Chile at the end 
of November 2010 (except for soil samples for δ15N analyses 
that were taken in October 2009). Wood harvesting in the 
park is banned since the area has been declared a National 
Park in 1950. The mean annual temperature of the region 
is 8.5°C (meteorological station of Lonquimay; 40 km to the 
northeast of Lake Conguillío, 900 m a.s.l.), and the mean 
annual precipitation in the park, 2500–3000 mm (Pollmann 
2003). In (near-)natural old-growth Nothofagus forests (with 
individual trees reaching an age of >200 years), we selected 
one stand each of mature N. dombeyi that grew at elevations of 
~1000–1300 m a.s.l. at five sites with volcanic soil differing in 
its concentrations of mineral N and plant-available P (Tables 
1 and 2; supplementary Figure S1). The selected stands were 
representative of the respective sites with regard to topogra-
phy, stand structure, plant species composition and soil mor-
phology. The predominant soil type is Andisol (pHH2O of the 
uppermost 10 cm of the soil, 5.7–5.9); the soil texture, silt to 
loam; and the rooting depth, ~1 m. The composition of the 
organic surface layer (thickness of L, 1.5–2.0 cm; of Of, 2.0–
2.5 cm; and of Oh, <0.5 cm) did not differ between the soils 
on the oldest and the youngest substrate. At all study sites, 
the uppermost 15 cm of the mineral soil (Ah horizon) contain 
scoria (pyroclasts) originating from recent volcanic activity 
(≤3000 years), but the chemistry of the mineral soil of these 
horizons is determined by the underlying substrate, whose 
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chemical composition has been relatively constant during the 
past several 10 000 years (cf. Naranjo and Moreno 2005).

At each study site, a central dominant N. dombeyi tree was 
selected, and five additional dominant N. dombeyi trees with 
a similar height, which also were part of the upper canopy 
layer, were chosen within a radius of ~13 m from the central 
tree (resulting in a plot size of 531 m2, which was also used 
for taking soil samples [see below]). We had to confine sam-
pling and measurements to a relatively small plot size and the 
relatively small number of six trees per site to ensure homo-
geneous structural and edaphic conditions within the plots, 
and because the study sites were not easily accessible in the 
National Park. However, previous studies (Gómez-Guerrero 
et al. 2013; Peñuelas et al. 2008; Silva et al. 2009; Weigl et al. 
2008) have shown that a number of up to five trees can ade-
quately represent trends of environmental signals imprinted 
in the isotopic signature of tree rings at the stand level. In 
addition, only three to five trees per site have been success-
fully used to demonstrate effects of site hydrology or nutri-
ent availability on the radial and basal area increment (BAI) 
of temperate forest tree species (hybrid poplar [Populus x 
euramericana], Schume et  al. 2004; Douglas fir [Pseudotsuga 
menziesii], Brooks and Coulombe 2009). We measured the 
height of the sample trees using an ultrasonic hypsometer 
(Vertex IV, Haglöf, Långsele, Sweden), and the perimeter at 
breast height with a tape measure. From the six sample trees 
per site, we took two radial increment cores per tree at breast 
height of the stems from the east and the south side of the 

trunk when the study plot was level, or from opposite sides 
in parallel to the contour line of the slope when the plot was 
located on a hillside. The increment cores were placed in plas-
tic racks for transportation, and were allowed to air-dry for 
48 h as soon as possible after sampling.

We used hemispherical photography to determine the can-
opy openness as a parameter of the stand structure. Beneath 
the central tree and at distances of ~13 m from that tree to 
the north, south, east and west, hemispherical photos were 
taken using a digital SLR camera (Olympus E-3; Olympus, 
Tokyo, Japan), which was mounted on a tripod and combined 
with a diagonal fisheye lens (Zuiko Digital ED 8 mm 1:3.5, 
Olympus). At the Department of Geobotany, the hemispheri-
cal photos (JPG format) were analysed for canopy openness 
(fraction of open sky, i.e. sky area unobstructed by vegetation, 
in the canopy above the lens) using WinSCANOPY Pro 2009a 
software (Regent Instruments, Quebec, Canada), with zenith 
angles set to 0–60°. Analyses conducted on a subsample of 
the images yielded no significant difference between JPG files 
and files converted from raw files of the camera. Pixels were 
classified on the basis of colour (three colour classes each for 
‘sky’ and ‘canopy’).

Sampling and chemical analyses of the soil

At each plot, six samples were taken from the uppermost 
10 cm of the mineral soil (Ah horizon) according to the sam-
pling scheme adopted by Gallardo et al. (2012). Soil chemical 
analyses were conducted at the Biogeochemistry Laboratory, 

Table 1: study sites and their locations in Conguillío National Park, South-Central Chile

Site Geological unit Soil parent material Age of substrate Location Elevation (m a.s.l.) Inclination Aspect

A Grupo plutonico 
Melipeuco (Mm)

Monzogranite, 
granodiorite

Miocene S 38° 41.166′; W 71° 36.871′ 1001 19° SSW

B Llaima ancestral (Lla1) Andesitic-basaltic lava 60 000 years S 38° 44.218′; W 71° 39.348′ 971 24° ESE

C Llaima ancestral (Lla2) Andesitic-basaltic lava 40 000 years S 38° 43.382′; W 71° 39.345′ 1041 34° SE

D Curacautín/Lago 
Captrén (Llic)

Curacautín ignimbrite 
(pyroclastic flow)

13 000 years S 38° 38.308′; W 71° 42.236′ 1288 0 —

E Llaima fisural 1 (Llf1) Pyroclastic material, 
andesitic-basaltic lava

3500 years S 38° 38.999′; W 71° 39.442′ 1228 0 —

Capital letters were assigned to the sites according to the age of the substrate.

Table 2: carbon and nutrient concentrations and δ15N ratios of the uppermost 10 cm of the soil at the study sites of Conguillío National 
Park, South-Central Chile (n = 6 per site; n = 3 in the case of δ15N)

Site Total C (%) Total N (%) δ15N (‰)
NH4

+-N +NO3
−-N 

(mg kgDM
−1)

Total P  
(mg kgDM

−1)
Plant-available 
P (mg kgDM

−1)
Neutral cations (Ca2+ + Mg2+ + K+ 
+ Na+) (mmolc kgDM

−1)

A 25.3 ± 2.1 a 1.04 ± 0.08 a −3.14 ± 0.57 ab 108.1 ± 25.1 a 528 ± 99 16.2 ± 1.3 abc 492 ± 83

B 20.1 ± 2.4 ab 0.90 ± 0.10 a −2.35 ± 0.21 a  64.4 ± 4.5 a 549 ± 24 13.3 ± 0.8 b 362 ± 26

C 13.4 ± 2.3 b 0.52 ± 0.08 b −4.07 ± 0.87 bc  39.3 ± 4.4 b 363 ± 35 19.1 ± 2.0 ac 509 ± 50

D 22.6 ± 3.0 ab 0.76 ± 0.09 ab −4.59 ± 0.38 c  30.1 ± 5.6 b 543 ± 102 31.4 ± 5.0 a 404 ± 47

E 19.8 ± 1.3 ab 0.79 ± 0.07 ab −4.55 ± 0.10 c  27.9 ± 6.9 b 434 ± 130 12.5 ± 1.6 bc 384 ± 22

Values without lower-case letters, or with the same lower-case letter, do not differ significantly among the sites (H test followed by multiple 
pairwise U tests; P < 0.05, two-sided; one-sided in the case of δ15N). For site description, see Table 1.

 at Pontificia U
niversidad C

atÃ
³lica de C

hile on D
ecem

ber 28, 2015
http://jpe.oxfordjournals.org/

D
ow

nloaded from
 

http://jpe.oxfordjournals.org/


Page 4 of 12 Journal of Plant Ecology

Pontificia Universidad Católica de Chile. Soil pH was meas-
ured in a 1:2 suspension of soil to demineralized water. Plant-
available soil nitrogen (NH4

+-N + NO3
−-N) was extracted 

with a 0.021 M KAl(SO4)2 solution (Gerlach 1978; Pérez et al. 
1998). Ammonium and NO3

- were determined by means of 
fractionated steam distillation (Pérez et al. 1998). Total P was 
extracted in a Hach Digesdahl digester with a solution of con-
centrated sulphuric acid and water peroxide and determined 
by colorimetry with the molybdenum-blue method (Steubing 
and Fangmeier 1992). Plant-available phosphorus (P) was 
extracted through lactation by the CAL (Calcium-Acetate-
Lactate) method (Steubing and Fangmeier 1992) and deter-
mined colorimetrically by the molybdenum-blue method. 
Exchangeable calcium (Ca), magnesium (Mg), potassium 
(K) and sodium (Na) were extracted with a 1 M NH4

+-acetate 
solution and determined using atomic absorption spec-
troscopy (model 2380, PerkinElmer, Waltham, MA, USA). 
Dried soil samples were ground for determination of total N 
and carbon (C) in an element analyser using flash combus-
tion (model NA2500, Carlo Erba/Thermo Fisher Scientific, 
Waltham, MA, USA).

The natural relative abundance of 15N (δ15N, o/oo) in the 
soil was determined in three samples per site taken in October 
2009 from the uppermost 10 cm of the mineral soil (Ah hori-
zon). The measurements were made using an isotope ratio 
mass spectrometer (DeltaV Advantage, ThermoFinnigan, 
Bremen, Germany) at the Department of Geobotany, 
University of Trier, Germany. Ammonium sulphate (0.4  ‰ 
15N; IAEA standard No. 525) was used as a standard.

The results of the soil analyses confirmed our assumption of 
differences in the nutrient concentrations of the soils differing 
in the age of their geological substrate. The concentrations of 
total C, total N and extractable mineral N as well as the δ15N 
ratios of the uppermost mineral soil were highest at the sites 
with the oldest soils (Miocene or 60 000  years of soil age), 
whereas the concentrations of plant-available P were lowest 
at the sites with very old and very young soils and peaked 
at site D (13 000 years of soil age; Table 2). In contrast, the 
concentrations of total P and of neutral cations as well as the 
N:P ratios exhibited no significant difference among the sites.

Weather data

Because there is no meteorological station in the Conguillío 
National Park, weather data were derived from the mete-
orological station of Curacautín (S 38°26′, W 71°54′; 551 m 
a.s.l.). Missing precipitation data were supplemented by cal-
culating regressions on the data of the meteorological stations 
at Temuco (S 38°44′, W 72°36′; 114 m a.s.l.). Missing temper-
ature data were supplemented with grid data set CRU TS3.1 
with a spatial resolution of 0.5°, which was derived from 
the KNMI Climate Explorer (KNMI Climate Explorer 2011). 
Weather anomalies were identified using Cropper values (see 
Tree-ring analyses) on the basis of averages of temperature 
and precipitation for individual months, the four seasons, the 
vegetation period (November–March) and the entire year 

(including the vegetation period), and related to the annual 
radial stem increment of the trees and to their stable isotope 
ratios (see below). Together with the 4 months (March, April, 
May, June) preceding the current year of growth (July–June), 
22 time periods were considered in analysing relationships to 
stem increment and isotope ratios.

Tree-ring analyses

The increment cores (two cores per tree, six trees per site) 
were prepared for tree-ring analyses by cutting the uppermost 
0.5 mm using a microtome (Swiss Federal Research Institute 
WSL, Birmensdorf, Switzerland). Subsequently, the cut sur-
faces of the cores were scanned (Epson Expression 10000 
XL, Seiko Epson Corp., Nagano, Japan) at a resolution of 720 
dpi. The images were saved in the TIF format. For a better 
recognition of the tree rings, these were additionally identi-
fied and marked using a binocular microscope, and contrast, 
colour saturation and tonal range of the images were opti-
mized using Photoshop Elements 2.0 (Adobe, San José, CA, 
USA). The images were analysed using the WinDendro soft-
ware (Regent Instruments, Quebec, Canada). The tree rings 
formed during the past 60 years were considered according 
to the availability of weather data. Mean tree-ring chronolo-
gies were calculated on a tree-by-tree basis. Cross-dating of 
the tree rings for a given site was conducted using the TSAP-
Win Scientific software (version 4.64, Rinntech, Heidelberg, 
Germany).

To test weather effects on tree growth, a master chronol-
ogy for all the five study sites of Conguillío National Park was 
created. First, to eliminate age effects, the individual tree-
ring chronologies were detrended with regional curve stand-
ardization (RCS; Esper et al. 2003) using the Spotty software 
(Esper et al. 2009), which allows the determination of tree age 
and of analyses of growth trends and environmental signals 
on the basis of series of individual years. The RCS method 
adequately reflects stand-wide forest growth patterns (Biondi 
and Qeadan 2008). Second, averaged time series from a total 
of 16 trees (3–4 trees per study site) were selected that met the 
following criteria: g-score (co-linearity, ‘Gleichläufigkeit’) >70 
(Schweingruber 1983) and cross-date index (CDI) >10 (Rinn 
2003). Co-linearity is a measure of the extent of synchronous 
inter-annual changes in tree-ring width in comparisons of dif-
ferent increment cores, and CDI is a proxy for the extent of 
congruence in the size of the individual tree rings of different 
increment cores. From tree-ring series and from time series 
of weather data, pointer years were identified by calculating 
Cropper values (Cjz; z-transformed ratios of anomalies in time 
series to 13-year moving averages; Cropper 1979). Cropper 
transformations have been successfully applied in recent den-
droecological studies on the effects of environmental condi-
tions on tree growth (Neuwirth et  al. 2007; Schweingruber 
and Nogler 2003). Pointer years were defined as significant 
when the absolute Cjz value exceeded 1.28 (corresponding to 
P < 0.2), and as highly significant when it exceeded 1.65 (P 
< 0.1).
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For testing the effects of soil chemistry on the growth of 
the N. dombeyi trees at the different sites, we calculated the 
BAI of the stems, which is largely uninfluenced by age-related 
growth trends and is employed with increasing frequency in 
recent dendroecological studies for detecting environmen-
tal effects on tree growth (e.g. Gómez-Guerrero et al. 2013; 
Härdtle et al. 2013; Peñuelas et al. 2008; Silva et al. 2009; Voltas 
et al. 2013). The BAI was calculated tree-wise (six trees per 
site) and year-wise (60 years back from 2010) as circular rings 
after subtraction of the bark thickness.

For the calculations of regressions between BAI and 
weather data, the BAI values were normalized according to 
Bukata and Kyser (2008) for the same 16 trees that were used 
for calculating the master chronology on a ring-width basis 
(see above): from each BAI computed for a given year, the 
lowest BAI value of the respective time series was subtracted, 
and the resulting difference was divided by the difference 
between the highest and the lowest BAI value of that series. 
This procedure yielded values between 0 and 1 for each series, 
which were averaged to give the normalized BAI chronology 
valid for all the investigated study sites.

Stable isotope analysis of tree rings

From each of the 16 trees that had been chosen for construct-
ing the master chronology (see above), 20 representative 
tree rings were selected. These were rings with average (four 
rings), exceptionally large (four rings) or exceptionally small 
widths (four rings), plus each four rings that had been formed 
in vegetation periods with exceptionally dry (positive temper-
ature and negative precipitation anomalies) or wet weather 
conditions (negative temperature and positive precipita-
tion anomalies). Weather anomalies were identified using 
Cropper values (see above). Cellulose was extracted from the 
isolated tree rings after boiling at 120°C (duration depending 
on the tree-ring size) in a 11:1 mixture of 100% acetic acid 
and 69% nitric acid according to Brendel et al. (2000). After 
oven-drying overnight at 90°C, δ13C and δ18O of the cellulose 
were determined using an isotope ratio mass spectrometer 
(DeltaV Advantage, ThermoFinnigan, Bremen, Germany) 
after combustion in elemental analysers (Flash EA 1112, 
ThermoFinnigan, for δ13C; and TC/EA, ThermoFinnigan, for 
δ18O). Standards were IAEA standard wood for 13C, and sugar 
or benzoic acid, for 18O. The δ13C values were corrected for 
the temporal trend in the atmospheric δ13C values caused by 
anthropogenic CO2 enrichment according to McCarroll and 
Loader (2004) and Keeling et al. (2012), and for alterations in 
the physiological responses to the increased atmospheric CO2 
concentrations according to Treydte et al. (2001). To correct 
for alterations in the physiological responses, we used data 
derived from Earth System Research Laboratory (2012).

Statistical tests

Means ± 1 standard error (SE) are presented in the results 
if not indicated otherwise. Data sets were tested for signifi-
cant deviations from a normal distribution (according to 

Shapiro and Wilk (1965) in cases of <50 data per set; and 
with the Kolmogorov–Smirnov test in the other cases) and 
from homogeneity of variances (Levene test). Data sets of 
tree age, stand structure and soil chemistry, which did not 
pass these tests, were analysed using the H test, followed by 
multiple pairwise U tests (or Dunn’s test in cases of unequal 
sampling sizes). Differences among the tree-ring series and 
among the δ13C ratios from the five study sites were tested 
using general linear models (GLMs) for repeated measure-
ments with the Tukey test as a post hoc test. Due to limita-
tions in the amount of tree-ring material remaining for δ18O 
analyses, results of up to four tree rings per site and year were 
averaged, and differences in the δ18O time series among the 
study sites were tested using the Friedman test, followed by 
multiple pairwise Wilcoxon tests. These tests were also used 
for BAI comparisons among the study sites. Pearson product-
moment correlations were computed between weather vari-
ables, soil nutrients, parameters of tree morphology and stand 
structure, tree-ring width, BAI, and δ13C and δ18O of the tree 
rings. The correlation coefficients were tested on significance 
against the distribution of F values. All these statistical tests 
were conducted using SPSS (versions 17.0.2, 20 or 21; IBM, 
Armonk, NY, USA) or SigmaStat (version 3.5.0.54; Systat 
Software, Erkrath, Germany). We tested time series of BAI on 
temporal trends with the Mann–Kendall trend test, included 
in the ‘Time’ package of XLSTAT software (Addinsoft, Paris, 
France), considering autocorrelation according to the Hamed-
Rao method.

RESULTS
Tree-ring chronologies and climate

The co-linearity of the tree-ring series within sites was equal 
to or higher than 70 at all sites except for site E (co-linear-
ity = 60), and CDI exceeded values of 40 at all sites. However, 
the RCS-indexed tree-ring series did not differ significantly 
among the sites (Fig. 1a). When the annual averages of the 
RCS-detrended values were calculated over all sites, there 
were no significant correlations between the tree-ring incre-
ments and tree age or tree size (tree height, tree diameter). 
Thus, it was possible to create a master chronology from tree-
ring series sampled from all the five study sites in Conguillío 
National Park (Fig.  1b; cf. Tree-ring analyses). Within the 
60-year period of the time series, 8 years with positive anom-
alies (positive pointer years) and 5 years with negative anom-
alies of radial stem increment (negative pointer years) were 
identified on the basis of Cropper values (Fig. 1c). The vegeta-
tion periods of the negative pointer years were characterized 
by positive temperature and negative precipitation anomalies 
(on the basis of Cropper values from weather data; see sup-
plementary Figure S2).

Both approaches for analysing radial stem-growth incre-
ment (BAI and RCS-detrended tree-ring series) yielded 
significantly positive correlations with precipitation or pre-
cipitation anomalies in December and in the entire summer 
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(December–February) and a significantly negative correlation 
with precipitation or precipitation anomalies in August prior 
to the vegetation period (Table 3). With regard to temperature 
or temperature anomalies, significantly negative correlations 
were found for December. Other significantly positive corre-
lations were detected for precipitation anomalies in January, 
precipitation in April and temperature anomalies in June 
prior to the vegetation period. Additional significantly nega-
tive correlations were obtained for temperature of October, of 
summer (December–February) and of the entire vegetation 

period (November–March) as well as for temperature anoma-
lies in autumn (March–May) (Table 3). Altogether, small tree-
ring increments and BAI were detected in years with at least 
1 month of exceptionally high temperature and low precipita-
tion during spring and summer (November–January) (except 
for BAI of 2010/2011, a vegetation period with large incre-
ment, but high precipitation in December and low tempera-
tures in January), whereas large increments were found in 
years with at least 1 month of exceptionally high precipitation 
and low temperature during spring and summer (November–
January; data not shown).

The precipitation anomalies in the period November–
March displayed a significantly negative correlation with the 
δ13C values of the tree rings formed in the respective veg-
etation periods, which were used for establishing the master 
chronology (Fig.  2). No significant correlations were found 
between these precipitation anomalies and δ18O, and between 
tree-ring increment anomalies and δ13C or δ18O (P > 0.35 in 
all these cases). With regard to BAI, the only significant cor-
relation (a positive one) was obtained when δ18O was plotted 
against the normalized BAI values (BAInorm; δ18O = 31.04 + 
1.635 BAInorm; n  =  244, r  =  0.318; P  <  0.0001). When the 
mean values of all the individual study sites were considered, 
the δ18O values of the tree rings were negatively correlated 
with their respective δ13C ratios (Fig. 3).

Differences among sites

At all sites, the N. dombeyi trees exceeded a height of 20 m 
(Table 4). The trees were significantly taller at site A than at 
site C, but the ratios of tree height to the diameter at breast 
height did not differ significantly among the sites. The average 
tree age was highest at site C and lowest at site B. Tree age was 
not correlated with BAI. The stands were moderately dense 
with the lowest values of canopy openness at the Miocene site 
A and site B with 60 000-year-old substrate, and the highest 
values of canopy openness at sites E and D with the youngest 
substrate (3500–13 000 years; Table 4).

The mean radial stem increment (detrended values) ranged 
from 954 to 1325 µm per year (Table 4). The BAI series dif-
fered significantly among the sites (Fig. 1d, Table 4): site D 
exhibited the largest area increments and site C, the lowest. 
For the 60 years under investigation, no temporal BAI trend 
was found at the study sites except for site C (significantly 
positive trend with Kendall’s τ = 0.185, P = 0.037).

Although the power of correlations between soil nutrients 
and stem increment is limited due to the small number of 
study sites (n = 5), we computed those relationships between 
the nutrients listed in Table 2 on the one hand, and the aver-
aged (60 years) values of annual radial stem increment (ARSI, 
µm) and BAI (cm2) from all study sites on the other, to detect 
tendencies in growth according to nutrient availability. The 
only (marginally) significant relationships were found for 
plant-available phosphorus (PPav; mg kg-1) (ARSI = 828.96 + 
16.348 PPav; r = 0.909, F = 14.246, P = 0.033; and BAI = 12.16 
+ 1.144 PPav; r = 0.842, F = 7.327, P = 0.073).

Figure  1: tree-ring series of Nothofagus dombeyi at Conguillío 
National Park during a 60-year period. RCS-indexed mean curves 
from the five study sites with different age of the substrate (a); RCS-
indexed master chronology constructed from a total of 16 trees from 
the five study sites (dashed vertical lines indicate years with nega-
tive increment anomalies, see c) (b); positive and negative increment 
anomalies of the master chronology on the basis of Cropper values 
(broken lines indicate 1.28 standard deviations (two-tailed P < 0.2), 
and dotted lines, 1.65 standard deviations (two-tailed P < 0.1)) (c); 
average basal area increments (BAI) from each six trees per study 
site (for line symbols, see a) (d). Sites differ in average BAI as follows 
(different lower-case letters after the name of the site indicate signifi-
cant differences among the sites; Friedman test followed by multiple 
pairwise Wilcoxon tests): 13 000 years (site D) a; Miocene (site A) b; 
60 000 years (site B) and 3500 years (site E) c; 40 000 years (site C) d.
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For the 20 years selected for the analyses of stable isotope 
ratios, the δ13C values of tree rings from site A were lower 
than those from the other sites; the differences to the sites B 
and E were significant (Fig. 4a). The tree rings from site A also 
exhibited the highest δ18O values (Fig. 4b).

DISCUSSION
Weather conditions, radial stem increment and 
stable isotope signatures

We can accept our hypothesis that irrespective of differences 
in soil chemistry, the growth of N. dombeyi is influenced by 

weather conditions in a similar manner along the investi-
gated sites, which are typical of the species’ distribution area 
at the western slopes of the Andes Mountains. In our master 
chronology of tree-ring series as well as in the basal areas, 
small stem increments were found in almost all instances 
for those years in which at least 1  month with exception-
ally high temperature was accompanied by at least 1 month 
with relatively low precipitation during spring and summer 
(November through January; cf. Table  3). This indicates an 
impairment of the tree growth by high temperatures, or 
by high transpirational demand that could not be met by 
water supply via the soil. Generally, insufficient water sup-
ply induces stomatal closure, which should result in higher 

Figure 2: correlation between δ13C values (corrected for the tempo-
ral trend in atmospheric δ13C and physiological responses to increased 
atmospheric CO2 concentrations) of 20 selected Nothofagus dombeyi 
tree rings (see Stable isotope analysis of tree rings) and precipitation 
anomalies (on the basis of Cropper values) of the periods November–
March of the respective years.

Figure  3: δ13C values (corrected for the temporal trend in atmos-
pheric δ13C and physiological responses to increased atmospheric CO2 
concentrations) versus δ18O values of 20 selected Nothofagus dombeyi 
tree rings (see Stable isotope analysis of tree rings) sampled from the 
five study sites differing in substrate age. The regression line refers to 
the entire data set.

Table 3: significant coefficients (r) and levels of significance (P; two-tailed) of Pearson product-moment correlations between normalized 
basal area increment (dependent variable) and the independent variables precipitation and temperature, and between radial increment 
anomalies (dependent variable) and the independent variables precipitation anomalies and temperature anomalies, for different times of 
the year over a 60-year-period (1951–2010; n = 59–60 for each analysis)

Period of time Precipitation Precipitation anomalies Temperature Temperature anomalies

r P r P r P r P

Junea 0.281 0.031

Augusta −0.381 0.003 −0.384 0.002

October −0.293 0.023

December 0.332 0.010 0.316 0.014 −0.347 0.007 −0.332 0.010

January 0.294 0.023

April 0.275 0.033

Vegetation period (Nov–Mar) −0.257 0.048

Summer (Dec–Feb) 0.257 0.047 0.310 0.016 −0.264 0.042

Autumn (Mar–May) −0.330 0.010

Calculations were made for the Nothofagus dombeyi tree-ring master chronology (16 tree-ring series) from Conguillío National Park (see Weather 
data).
aPrior to vegetation period.
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(less negative) δ13C values in the tree rings due to an increase 
in the water use efficiency (e.g. Loader et al. 2007). Indeed, 
tree-ring δ13C was weakly, yet significantly correlated with 

precipitation anomalies in the spring and summer months 
(November through March; Fig. 2), which provides evidence 
that dry periods during that time are imprinted in the isotopic 
signal of the wood formed in the respective growing season. 
Water availability also explained a significant fraction of the 
variation in δ13C of leaves from three other Nothofagus species 
(N. antarctica, N. betuloides and N. pumilio) along a climatic gra-
dient in Patagonia, Southern Argentina: δ13C decreased with 
increasing moisture supply (Peri et  al. 2012). However, we 
found no significant correlation between δ13C and tree-ring 
or basal-area increment, which indicates that across our study 
sites, insufficient water supply is not the immediate cause of 
reduced growth of N. dombeyi.

The δ18O ratios of the stem wood are not only influenced by 
stomatal conductance and fractionation during carbohydrate 
synthesis (as are the δ13C ratios), but also by an exchange of 
oxygen between carbonyl groups of carbohydrates and water 
on the pathway from the source to the sinks of assimilates, 
and by the isotopic oxygen signal of the source water (e.g. 
Barbour 2007; McCarroll and Loader 2004). Despite of a 
partial intraannual uncoupling of tree-ring δ18O from foliar 
δ18O, which was detected in the temperate deciduous Fagus 
sylvatica (Offermann et  al. 2011), the δ18O signature of tree 
rings was found to reliably reflect foliar δ18O on a seasonal 
basis (in Pinus sylvestris; Gessler et  al. 2009). In theory, it is 
possible that the δ18O signals of the precipitation—and, thus, 
of the source water—varied among our study sites. Variation 
in the δ18O ratios of the precipitation has been detected 
between the windward and the leeward side of the island of 
Maui (Hawaii) and 700 m difference in elevation (Scholl et al. 
2007). However, the horizontal distances (1.5–11 km) and dif-
ferences in elevation (not exceeding 320 m) among our study 
sites were so small that the weather conditions and, thus, the 
δ18O signature of meteoric water can be expected to be the 
same at all our sites (according to Gleixner and Mügler 2007, 
an increase in altitude by 100 m only makes up for a decrease 
by only 0.15–0.50‰ of δ18O in precipitation, a range that is 
smaller than the variations in δ18O within our study sites). In 
addition, it is improbable that the δ18O signature of the soil 

Figure  4: δ13C values, corrected for the temporal trend in atmos-
pheric δ13C and for physiological responses to increased atmospheric 
CO2 concentrations (a), and δ18O values (b) in Nothofagus dombeyi tree 
rings of 20 selected years (see Stable isotope analysis of tree rings) out 
of a 60-year period at sites differing in substrate age (Miocene = site 
A; 60 000 years = site B; 40 000 years = site C; 13 000 years = site D; 
3500 years = site E). Different lower-case letters indicate significant 
differences among the sites (GLM for repeated measurements in 
the case of δ13C, and Friedman test followed by multiple pairwise 
Wilcoxon tests in the case of δ18O).

Table 4: dimensions and age of the sample trees (n = 6), canopy openness as a parameter of the stand density (n = 5), detrended annual 
radial stem increments and basal area increments (BAI) of the years 1951–2010 at the study sites of Conguillío National Park, South-
Central Chile (means ± 1 SE)

Site Height of sample trees (m) Tree height:dbh ratio (m m−1) Tree age (years)
Canopy  
openness (%)

Annual radial stem 
increment (µm) BAI (cm2)

A 34.8 ± 2.8 a 38.0 ± 2.4 160 ± 20 ab 9.7 ± 0.6 b 1174 ± 37 34.4 ± 5.0 b

B 26.9 ± 1.7 ab 52.5 ± 3.3 83 ± 1 b 7.1 ± 0.9 b 1062 ± 31 29.0 ± 4.6 c

C 22.6 ± 3.2 b 43.3 ± 6.3 205 ± 6 a 8.9 ± 2.2 ab 1141 ± 35 24.1 ± 2.8 d

D 28.0 ± 2.4 ab 31.7 ± 4.7 180 ± 11 ab 20.2 ± 2.7 a 1326 ± 35 50.8 ± 7.3 a

E 34.1 ± 2.3 ab 41.0 ± 4.8 188 ± 4 ab 15.8 ± 1.3 a  954 ± 21 28.4 ± 5.6 c

dbh = diameter at breast height. Values without lower-case letters, or with the same lower-case letter, do not differ significantly among the 
sites (ANOVA and Tukey test for tree dimensions, H test followed by multiple pairwise U tests or Dunn’s test [tree age] for tree age and canopy 
openness, and Friedman test followed by multiple pairwise Wilcoxon tests for BAI; P < 0.05). The radial diameter increments were tested using 
GLM (see text); there was no significant difference among the sites. For site description, see Table 1.
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water taken up by the trees differed among the sites. The soils 
were well drained, and in most probability, the tree roots did 
not reach the groundwater as even the level sites were located 
above the foot of the respective hills. For these reasons, the 
isotopic oxygen signal of the water taken up by the roots can-
not be expected to differ significantly among sites. Therefore, 
we can presume that the interannual variation in δ18O of the 
tree rings analysed in our study (Fig. 4b) is mainly influenced 
by transpiration at the canopy level. From the significantly 
positive correlation between δ18O and BAI (cf. Tree-ring chro-
nologies and climate), we infer that the growth increment of 
the N. dombeyi trees can be relatively large even under lower 
air humidity (cf. Scheidegger et al. 2000), although it was sig-
nificantly correlated with summer precipitation. However, 
these assumptions still are circumstantial due to the lack of 
measured data on the soil water relations including the soil 
water’s 18O signature.

The conceptual dual isotope model proposed by Scheidegger 
et  al. (2000) allows conclusions on concomitant changes in 
photosynthetic capacity (Amax; average maximum net photo-
synthesis at ambient CO2 concentration under optimal envi-
ronmental conditions) and stomatal conductance at given 
changes in relative air humidity on the basis of the relation-
ships between δ13C and δ18O. This model has also been suc-
cessfully applied to tree rings (e.g. Jansen et al. 2013; Saurer 
and Siegwolf 2007). With regard to this model, the negative 
relationship between tree-ring δ13C and δ18O detected in our 
study (Fig. 3) is indicative of only slight alterations in stoma-
tal conductance when Amax changes (e.g. upon temperature 
stress). According to Scheidegger et al. (2000) and the expan-
sion of their model by Grams et al. (2007), a small extent of 
changes in stomatal conductance, accompanied by a markedly 
larger extent of changes in Amax, most probably is due to a 
limited operational range of the stomata. A reduction in Amax 
of the N. dombeyi trees could be brought about by high tem-
peratures in the growing season, which may cause photo-oxi-
dative stress (e.g. Hu et al. 2013) or stimulate respiration more 
than carbon assimilation. Experiments with tree seedlings 
under controlled conditions (Roden and Farquhar 2012) have 
shown that—although the conceptual model by Scheidegger 
et al. (2000) did not always allow a straightforward prediction 
of changes in photosynthesis and stomatal conductance in dif-
ferent settings of environmental variables—alterations in δ13C 
and δ18O of the wood were consistent with measured changes 
in photosynthesis and stomatal conductance in a temperature 
treatment. Generally, differences in the δ18O signal can also 
be caused by uptake of water from different sources (e.g. 
Rossatto et  al. 2012 and literature cited therein). However, 
besides our assumptions on the similarity of our study sites 
in the δ18O signature of the trees’ source water (see above), 
the interpretation of our results—reduction in Amax by high 
temperatures in the growing season—is also in accordance 
with the significantly negative correlations between tempera-
tures of December or summer (December–February), autumn 
(March–May) or vegetation period (November–March) on 

the one hand, and radial stem increments, on the other hand 
(Table 3). Indirect evidence for this interpretation is provided 
by our finding that positive increments were accompanied 
by at least 1  month with exceptionally high precipitation 
and low temperature during the November–January period. 
All these results are also in accordance with the fact that the 
distribution of N.  dombeyi is concentrated at humid sites in 
South-American regions with an oceanic climate (Donoso 
1987; Veblen et al. 1996; Weinberger 1973).

The significant relationship between positive anomalies of 
tree-ring increment and temperature in June (Table  3) can 
be explained by continuing carbon assimilation in a mild 
late autumn. The significantly negative correlation between 
August precipitation and increment could be due to the fact 
that in winter, most precipitation falls as snow; a thick and 
long-lasting snow cover could retard the warming of the soil 
in spring and, thus, the onset of growth.

Differences among the sites with contrasting soil 
chemical conditions

Our analyses confirmed that even in the upper soil of the 
study sites, which contained a large fraction of recently 
deposited pyroclasts, the soil chemistry is characterized by the 
geological substrate (mixing of the soil can be brought about 
by the activity of earthworms, which we could observe at the 
study sites). The findings of higher concentrations of C, total 
N and mineral N as well as higher (i.e. less negative) δ15N 
ratios in the soil on the oldest substrate (Table 2) are in agree-
ment with results obtained by Torn et al. (1997), who found 
that C accumulated with time in the uppermost layers of vol-
canic soils up to a soil age of 1.4 million years through stabili-
zation by metastable non-crystalline minerals; and with those 
obtained by Martinelli et al. (1999), who found an enrichment 
of 15N in volcanic soils with an increase in soil age due to 
accumulating effects of fractionation processes in biological 
pathways. However, there were no clear trends in nutrient 
concentrations of the soil along the sequence of substrate age 
except for mineral N, whose concentration increased with 
increasing substrate age.

On the basis of our results, we cannot reject our hypothesis 
that the differences in plant-available nutrients among the 
sites influence the growth of N. dombeyi. The BAI values of site 
D, the site with the highest concentration of plant-available 
P, were significantly higher than those of all the other study 
sites (Fig. 1d). Site C, the site with the lowest BAI, also was 
the site with the lowest total concentrations of P, N and C. As 
plant-available P was the only mineral compound whose con-
centrations in the soil exhibited a (marginally) significant pos-
itive correlation with BAI and tree-ring width (cf. Differences 
among sites), we can conclude that along the gradients in the 
concentrations of plant nutrients in the soil, plant-available P 
is the nutrient compound that has the largest influence on the 
growth of N. dombeyi. Probably, differences in BAI among the 
sites would have been even higher under lower concentra-
tions of N in the soil. The total (and, in the cases of sites A and 
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B, also the mineral) N concentrations of the soil were rela-
tively high, and were typical of Ah horizons of eutrophic for-
est soils in regions with temperate climate (Blume et al. 2002; 
Rehfuess 1990). In contrast, the concentrations of total P were 
only in the intermediate range, and those of plant-available P, 
even on the low side (cf. Blume et al. 2002). Accordingly, the 
molar N:P ratios, which did not differ significantly among the 
sites (mean value of all sites, 32.5 ± 1.3 mol mol−1), were dis-
tinctly higher than N:P ratios typical of temperate forest soils 
(15.9 ± 3.4 mol mol−1; cf. Cleveland and Liptzin 2007). Recent 
fertilization experiments have shown that for seedlings of 
N. alpina, a species that also occurs frequently in the temper-
ate zone along the Andes Mountains, P availability becomes 
a limiting nutritional factor for growth when N availability 
increases (Agüero et al. 2014). Stem diameter increment was 
also largely related to plant-available P in a stand dominated 
by Acer saccharum that displayed high N concentrations in the 
soil due to high rates of N deposition (Gradowski and Thomas 
2006). However, this is not a consistent response of temper-
ate tree species to P availability under conditions of sufficient 
N supply: in an N and P fertilization experiment covering a 
range of deciduous and evergreen tree species in temperate 
forests of North-eastern America, Fraxinus americana was the 
only species that exhibited indications of P limitation once 
N limitation was removed (Finzi 2009). In addition to the 
plasticity of individual forest tree species in nutrient uptake 
(e.g. Richardson et al. 2005), other factors such as disturbance 
through volcanic activity, accompanied by nutrient input or 
new release of nutrients, and nutrient cycling during sec-
ondary succession at a small scale, which is typical of tem-
perate forests according to the mosaic cycle sensu Remmert 
(1991), can also play a role in the response of the trees to the 
availability of nutrients at our study sites. In contrast to the 
response of BAI to the edaphic conditions of the stands, BAI 
and tree-ring increment did not seem to be related to stand 
density as these variables were not significantly correlated 
with canopy openness. Thus, competition for light obviously 
was not a decisive factor for stem growth increment.

The lowest (most negative) δ13C ratios and the highest δ18O 
ratios of the tree rings were found at site A (Fig. 4). This is 
indicative of low water use efficiency and relatively high rates 
of transpiration under a relatively weak stomatal control at 
this site (cf. Roden and Ehleringer 1999; Voltas et al. 2013). It 
is improbable that site-specific factors were responsible for the 
differences among the stable isotope signatures of the wood 
as all study sites were subjected to the same weather con-
ditions and the well-drained soils exhibited similar physical 
characteristics (see above). The differences in altitude among 
the study sites are too small to explain the differences in δ13C: 
generally, the altitude-related differences in 13C discrimina-
tion by plants only amount to 0.11‰ per 100 m (Körner et al. 
1991), a range that is substantially smaller than the within-
site variations at our study sites. Therefore, the most plausible 
explanation of the differences in δ13C might be the size of the 
trees, which were tallest at site A. Presumably, the tall trees 

of that site also had the most extensive root system, which 
facilitated a thorough exploitation of the soil water resources. 
However, this did not result in a higher stem increment com-
pared to the other sites. Therefore, we assume that the water 
relations of our study sites exerted no differentiating effect on 
the growth of N. dombeyi, but additional measurements would 
be needed to corroborate this assumption. With more detailed 
analyses of the soil water relations, one could also thoroughly 
test a new hypothesis that in the region of our study, soil 
water relations have a smaller effect on the growth increment 
of N. dombeyi than the amounts of plant-available P.

We conclude that the growth of N. dombeyi on the volcanic 
soils of Conguillío National Park is influenced by edaphic con-
ditions but—according to the consistent results obtained from 
tree-ring widths and BAI—even more by the weather regime. 
In this regard, it resembles N. alpina that has its distribution 
centre at sites of intermediate temperature regimes in South-
Central Chile at elevations of 500–1000 m a.s.l. (Veblen et al. 
1996) and can co-occur with N. dombeyi (e.g. Dettmann et al. 
2013; Donoso and Donoso 2010): the occurrence and per-
formance of N. alpina are determined by climatic rather than 
by edaphic conditions (Pollmann 2001). As the relationships 
between weather conditions, physiological responses and 
growth found in our study might be inherent to N. dombeyi, 
our results might be representative of N. dombeyi stands on 
volcanic soils along the South American Andes. However, the 
important role of disturbance by wind, fire, earthquakes or 
volcanic activity including deposition of ash or scoria on the 
composition of Nothofagus stands (e.g. Pollmann and Veblen 
2004), which might hamper straightforward interpretations 
of weather effects, has to be considered.

SUPPLEMENTARY MATERIAL
Supplementary material is available at Journal of Plant Ecology 
online.
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