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Introduction
As part of the COFORD/Forest Research UK funded project CLIMADAPT, an assessment of
growth across a climatic gradient (moist to dry) will be completed from western Ireland to eastern
England. Constructing a sampling network of trees from forest stands growing on brown earth soils
in Britain and Ireland would enable us to ascertain for any given tree-ring chronology, a discernible
trend in response to climatic conditions. A pilot study has been initiated in Avoca forest, Co.
Wicklow, on the east coast of the Republic of Ireland, to develop and test a methodology.
Tree ring analysis, height distribution, crown ratio, basal area and dbh were used to characterize
tree growth and stand dynamics. Carbon and oxygen stable isotope values were measured around
two recent drought events (1976 and 2003), covering the period from a year before to three years
after each drought event.
The aim of this assessment was to understand and explain, using dendrochonological procedures
and stand dynamics, tree adaptability to severe climatic conditions; especially moisture deficit and
temperature. Using data from tree ring series and stable isotope analysis, meteorological records
were analyzed to understand tree responses to adverse conditions. Their future adaptability to
changes in our environment following IPCC scenario predictions will be modeled based on the
results of this analysis.
The methodology developed in Avoca for Sitka spruce (Picea sitchensis) will later be extended to
Douglas fir (Pseudotsuga menziesii) and Scots pine (Pinus sylvestris) growing on the same soil
type across transects similar in accumulated temperature but varying in moisture deficit.
The study will contribute to a better understanding of the consequences of long-term climatic
fluctuations; its expected outcome will inform advice on the implementation of better forest
management practices and improve prediction of species suitability and adaptability to changing
climatic conditions. This has future implications for species choice for afforestation and
reforestation programs, as well as for timber supply forecasting.
Data collection
Data for the pilot study were collected in six management plots of 20 x 20 m featuring three
different thinning regimes of a 64 year old Sitka spruce stand: heavy thinning (HT)
moderate/intermediate thinning (IT) and light thinning (LT). Sample trees were chosen from among
the dominants in each plot because the growth of these individuals would have been least affected
by the negative changes due to management and crown competitive status. A detrending method
was applied to further remove disturbances caused by non-climatic factors (noise).
At stand level
Meteorological data: moisture deficit (MD); accumulated temperature (AT) which is the sum of daily
degrees day above 5 degree Celsius over the growing season (March to October), explained by
the fact that 5oC is considered to be the threshold for photosynthetic activity (Grace et al, 2002);
rainfall; and potential evapotranspiration (PET) were collected from the closest station, alongside
tree diameter measured at breast height (dbh) for all trees in the plots, and the stand management
(thinning history). The soil profile was described using the Ecological Site Classification
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methodology (ESC; Ray 2001). Two cores each were collected from five randomly selected
dominant trees per plot.
In the lab
Cores were cross-dated, scanned and analysed with WinDendro Density™, to extract information
on radial growth (cores_raw), tree ring maximum density (maxdens_raw) and blue reflectance
(blue_raw).
A double detrending (a negative exponential followed by a cubic spline with 50% cutoff) was then
applied on the data, using the Program ARSTAN XP (Cook and Holmes 1984).
Cores were shaved in 20μm slices with a sledge microtome, to collect earlywood and latewood
portions of growth increment during A period of five years for each of the drought events selected
(one year before, the drought year and the three following years). Cellulose was then extracted
from the material collected, using an improved version of the procedure described by Brendel
(2000), for carbon and oxygen isotope analysis by Kosi Lab in Gottingen, Germany. A pure
cellulose sample was purchased from Sigma Aldrich to control the wood cellulose extraction
process and spot any contamination from reagents in the lab.
The dataset used to prepare this paper does not include the complete results from the isotope
determinations, as the analyses are still ongoing. However, isotope values from a limited number
of cellulose samples (20) from a single tree were processed to adjust the cellulose extraction
procedure and record the first trend of the tree’s response to drought.
Results
Site
The soil was a brown earth, with a thin litter layer (0.5 cm). The A horizon was dark brown to mid
brown (20 cm deep); with a silky-clay loam texture and a stoniness of about 5%. The rooting dept
was about 70 cm and the humus type was Modder moll to Modder (Fig 1).
The above ground vegetation was essentially made up of broad buckler fern, fox glove, brackens,
brambles, holly, bentgrass, chick weed, wood sorrel and hard ferns.

Figure 1: Soil profile at Avoca.
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Data
14 variables were assessed to gather 22,893 data values to form the dataset which represents a
chronology series extending from 1944 to 2008. Table 1 contains the mean, minimum and
maximum values obtained for radial growth, blue intensity and maximum density raw and
detrended data, together with temperature, moisture deficit and evaporation data for the site.
Table1: Summary statistics of the dataset and highlights the distribution of the measurements.

Variable

Mean

N

Min

Max

Cores_raw

3.656

1774

0.181

18.420

Cores_ind1

1.006

1737

0.037

3.451

Cores_ind2

0.987

1737

0.100

1.741

Blue_raw

357.300

1748

100.000

964.000

Blue_ind1

1.000

1748

0.241

3.578

Blue_ind2

0.998

1748

0.450

2.685

Maxdens_raw

189.700

1743

68.510

253.500

Maxdens_ind1 1.003

1744

0.412

1.544

Maxdens_ind2 0.997

1744

0.100

1.674

AT_grow

1997.000

1470

1654.000

2309.000

Ann_MD

137.700

1380

36.330

299.200

MD_grow

131.500

1410

36.330

299.200

Rainfall

3.740

1500

0.000

32.300

PET

0.460

1410

0.000

1.752

Abbreviations: Cores_: radial growth; Blue_: blue light reflectance; Maxdens_: maximum density; AT_:
accumulated temperature; Ann_: annual; MD_: moisture deficit; PET: potential evapotranspiration; _raw: raw
data; _ind1: first detrending; _ind2: second detrending; _grow: growing season;

Dendrochronology
Express population signal for this pilot study was 0.99. The master chronology (Fig. 2) from raw
radial increment showed a general declining trend which could be explained by tree and stand
ageing. However, the sudden drop in tree growth in 1975 and 1996 could well be due to a stress
that affected the trees.

Figure 2: Master Chronology Avoca, all plots.
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Climate
Meteorological data at Glenealy (closest local met station) for the growing season (March –
October) showed an increase of AT of about 250 degrees Celsius over the last 30 years (Fig. 3).
Moisture deficit which was calculated as the excess evaporation over rainfall showed no significant
increase over the same period, R2=0.01 (Fig. 4). However, the severity of the stress in 1970 and
1992 led us to refine our method of selection of drought years for the study: instead of using the
European drought years (1976 and 2003), local meteorological data will be used to identify periods
of local drought, to better correlate moisture deficit with tree response. Whilst figures 3 and 4 show
temperature and moisture deficit for the whole time series, our study will focus more on tree
response to extreme climatic events, especially drought.

Figure 3: Accumulated temperature at Glenealy between 1964 and 2008.

Figure 4: Moisture Deficit at Glenealy (1965-2008).

Blue reflectance
Minimum blue intensity occurring in the latewood is thought to be well correlated with maximum
density of the same wood portion and therefore, to be a good surrogate for past climate (Campbell
2007). The correlation matrix (Tab. 2) shows a significant relation between blue reflectance and
maximum density, and blue reflectance and radial growth increment. The low correlations (0.084
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and 0.112 respectively) indicate the need for further investigation and the use of advanced
statistics to confirm this early result.
Earlywood period moisture deficit is negatively correlated to radial growth, blue reflectance and
maximum density (Tab. 2), and the second detrending (data not shown) appeared to consistently
reduce the strength of the correlation. This raises the question of the necessity for the second step
of standardisation that we applied to the data. Further analyses are currently being done to resolve
this question.
Isotope values
Results from cellulose extraction (data not shown) confirmed that the samples were reasonably
contamination-free from chemical reagents
Analysis of carbon (C) and oxygen (O) isotope signals of extracted cellulose show discrimination of
δ13Cc was 2 to 3‰ higher in late compared to early wood. Similar, but smaller differences (1 to
2‰) between early and late wood were also observed for δ18Oc signals. Differences in
discrimination could be associated with a) a higher frequency of moisture deficits from July (Fig. 5),
when late wood is being synthesized, and a corresponding increase in discrimination in response
to the climatic signal; b) fractionation reactions downstream of C fixation or water recharge (see
Helle & Schleser 2004, Barbour et al. 2002); or c) an increased fractionation of 18Oc and
equilibration with ground source water following high rainfall events (Barbour et al. 2002; Tab. 3).

Figure 5: The accumulated moisture deficit in years selected for isotope discrimination analysis. Note the
high frequency of moisture deficits after June/July.
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Table 2: Correlation matrix of raw and detrended data.
Cores
_ind1

Blue
_raw

Blue
_ind1

0.0583

0.0747

-0.0996

0.00207

Cores_Raw

0.459

P Value

2.40E-91 0.0163

Maxdens
_raw

Maxdens
_ind1

MD
_grow

MD
_EW

MD
_LW

-0.319

-0.0832

-0.158

0.0252

0.0000325 1.79E-16

1.25E-32

0.00249

7.9E-09

0.361
-0.0308

0.196

AT
_grow

Cores_ind1

0.0556

0.115

0.0739

0.151

0.00415

-0.126

-0.162

P Value

0.022

0.00000221

0.00205

2.37E-10

0.88

4.69E-06

3.45E-09 0.263

Blue_raw

0.708

0.307

0.303

0.152

0.0165

-0.0285

0.0486

P Value

7.00E-266

1.33E-38

1.88E-37

3.17E-08

0.549

0.302

0.0776

Blue_ind1

0.19

0.386

0.184

0.0158

-0.0377

0.0559

P Value

2.67E-15

1.80E-61

1.77E-11

0.566

0.171

0.0425

(For abbreviations see Table 1).

Preliminary analysis suggests that late wood 18Oc showed the largest variation in isotopic
fractionation (37.4 to 40.5 ‰), and that specific events, such as moisture deficits (MD) and high
rainfall can be recorded in the 18Oc pattern, particularly for late wood samples (Tab. 3).
Based on autocorrelation between rainfall, PET and moisture deficit data, it is evident that the
apparent significant discrimination of 18Oc under higher moisture deficits is a function of
fractionation following rainfall events rather than PET. This could suggest that fractionation and
equilibrium with the ground water δ18O signal may influence the overall δ18Oc signal. No apparent
influence of leaf conductance (i.e. stomatal limitation) on the isotopic signal is consistent with lack
of any correlation between 13Cc or 18Oc with PET or MD. However, the moisture deficit and vapour
pressure deficit ranges in the selected sample years may be too low to elicit a stomatal limitation
response and hence a corresponding 13C and 18O climatic signal. Current ecological site
classification models suggest that Sitka spruce growth is only limited at moisture deficits above 200
mm (Ray et al. 2008), which is higher than the values observed in selected sample years.
Additional isotope analysis on cellulose extract from years where there is a larger moisture deficit
range (e.g. 1990 to 1996) is currently underway.
Table 3: Pearson correlation coefficients with p-values (in parenthesis) showing the relationship between
isotopic signals and climatic variables (n = 10). PET potential evaporation, MD moisture deficit, and mean To
represents the temperature in corresponding periods for late wood (LW) and early wood (EW) synthesis.

Isotope pattern
13

Cc EW
Cc LW
18
Oc EW
18
Oc LW
13

Climatic variables for corresponding period
Rainfall
PET
MD
-0.15 (0.67)
0.39 (0.27)
0.01 (0.97)
-0.41 (0.22)
0.19 (0.76)
0.42 (0.22)
0.24 (0.49)
0.07 (0.84)
-0.19 (0.54)
-0.59 (0.04)
0.17 (0.69)
0.58 (0.05)

Mean T°
0.31 (0.12)
-0.07 (0.83)
0.51 (0.11)
0.05 (0.84)

Conclusions
A clear pattern of increase in accumulated temperature over the last three decades was observed;
however, detailed analysis of data showed that local climatic stress explains tree response better
than global stress occurrences in Europe. At this early stage of the study, dendrochronology and
isotope analysis has shown a detectable response from trees; investigations are still ongoing to
find out if this is linked to climatic stress. Blue intensity did elicit a significant correlation with
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maximum density. These findings are still preliminary and more advance statistical analyses are
being carried out to confirm the observed trends in the data.
The outcome of this pilot study will contribute to develop the methodology that will be implemented
for all three species (Sitka spruce, Scots pine and Douglas fir) across the study transect.
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