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Abstract Many tree-ring-based climate reconstructions

are based on the assumption that the climate reaction of

trees is independent of their size. Here, we test this

assumption for New Zealand kauri (Agathis australis), one

of the longest tree ring-based proxies for the El Niño-

Southern Oscillation (ENSO). The most recent kauri

chronology contains a large amount of archaeological

material, e.g. timber for which the original tree size is often

unknown. We analyzed the climate–growth relationship of

different-sized kauri in a pristine forest using different

temporal scales, i.e. annually, monthly and daily data on

tree growth and climate conditions. Trees of different life

stages exhibited approximately the same seasonal growth

peaks during austral spring (October and November). The

dormancy period overlaps with the period where weekly air

temperature maxima are below ca. 17–18 �C, and where

the corresponding daily minima are below ca. 8 �C.

However, both correlation functions between annual

growth and seasonal climate as well as Kalman filter

regressions between daily growth and climate conditions

suggest an influence of tree size on the climate–growth

relationship for kauri. Smaller trees (DBH \ 40 cm) con-

tain weaker climate signals than larger trees. Therefore, the

precautionary stripping of near-pith material (first 20 cm)

from kauri chronologies may result in more uniform

responses to climate forcing and thus enhance the reli-

ability of long-term climate reconstructions.

Keywords Seasonal growth characteristics �
Climate–growth relationship � Dendroclimatology �
Dendrochronology � Dendrometer bands � Kalman filter

regression � Correlation functions

Introduction

The relationship between climate factors and tree growth is

the key to any dendrochronological analysis. However,

detailed knowledge about this climate–growth relationship

and its variation with tree age/size is often missing. Rela-

tively few studies address the scaling effects of tree age

(Carrer and Urbinati 2004; Esper et al. 2008; Viera et al.

2009; Dorado Liñán et al. 2011) and fewer still focus on

tree size effects (De Luis et al. 2009). In the absence of

scaling information, dendroclimatologists are obliged to

assume that different-sized trees show similar sensitivity to
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climate forcing. Hence, most tree-ring-based climate

reconstructions are based on a pure statistical correlation

between tree rings (of different-sized trees) and climate

data during the period of instrumental records (Vaganov

et al. 2011). In particular, climate reconstructions based on

a large amount of archaeological material (Büntgen et al.

2011) rely on this assumption since the original size of the

timber yielding trees is often unknown.

One of the most important tree-ring-based climate

proxies of the Southern Hemisphere is Agathis australis

(kauri), an endemic conifer from northern New Zealand

(Cook et al. 2006). Kauri is being used for multi-century

reconstructions of the activity of the El Niño-Southern

Oscillation (ENSO) with wider (smaller) rings usually

formed during El Niño (La Niña) events (Fowler et al.

2008, 2012). Interestingly, wide kauri rings are often laid

down in years with cool and dry springs (Buckley et al.

2000). The mechanism behind this counter-intuitive sta-

tistical relationship remains largely unclear although it has

been hypothesized that cloud coverage anomalies during

ENSO events (Warren et al. 2007) may alter the incoming

solar radiation and subsequently tree growth (Fowler et al.

2000). This (unknown) climate–growth relationship may

be age and/or size dependent because kauri changes its tree

architecture during different life stages, i.e. between juve-

nile monopodial growth of young trees to sympodial

growth of old, large, canopy emergent trees (Ecroyd 1982).

In addition, leaf morphology changes with life stage,

whereby the more planar foliage of young trees is most

efficient for light interception (Niinemets et al. 2005).

Therefore, the usage of archaeological material (from kauri

of unknown size) for chronology building and subsequent

climate reconstructions warrants a careful analysis of the

climate–growth relationship and potential scaling effects

with tree size. Any significant size-dependent climate–

growth relationship may weaken the climate signal of a

composite chronology, particularly when (1) the climate

response is strongly size dependent and (2) the proportion

of small versus large-tree material changes considerably

over time.

Few studies have addressed the climate–growth rela-

tionship of kauri in New Zealand. Bieleski (1959) used

monthly temperature data and phenological observations

from kauri forests of the Waitakere Ranges (Mirams 1951)

to suggest a threshold of 17.5 �C of weekly maximum

temperatures to break the dormancy of kauri in that region.

Palmer and Ogden (1983) undertook monthly to bi-

monthly dendrometer measurements during the 1980/81

growing season, reporting a peak in seasonal growth during

the austral summer (January to February) and a possible

drought-induced growth cessation at two mid-altitude sites.

In contrast, Fowler et al. (2005) found an earlier peak in

kauri growth in austral spring and observed no differences

between different-sized kauri. Their findings are based on

monthly dendrometer measurements in the Waitakere

Range over four consecutive years (1996/1997–1999/

2000). However, both dendrometer studies are limited by

the coarse temporal resolution (monthly to bi-monthly

growth data) and the absence of conjointly recorded

(micro-) climate conditions.

In this paper, we are expanding the monthly climate–

growth analyses of different-sized kauri by an annual and

daily perspective. Both levels complement our understanding

of the climate–growth relationship of kauri in different ways:

the coarser annual resolution (tree rings) allows for a long-

term analysis across the entire twentieth century at the level of

correlation functions (non-process level); the finer daily

resolution is potentially critical to our ecophysiological

understanding of the xylogenesis (process level).

Specifically, we will (1) use annual tree-ring-data to

analyze the climate signal of small-tree versus large-tree

chronologies; (2) revisit and expand previous analyses

using monthly resolution; and (3) use daily resolved growth

and climate data during one growing season (xylogenesis)

to address the following questions:

• What are the seasonal growth characteristics of differ-

ent-sized kauri?

• How similar are different-sized kauri (with different

architecture) in their response to climate conditions?

• What are the implications for the stored climate signals

and eventually for climate reconstructions?

Materials and methods

Study site

The study site for all analyses was Huapai Scientific

Reserve (HSR), ca. 90 m a.s.l., in the northern Waitakere

Range, ca. 30 km NW of Auckland (Fig. 1a). The reserve

comprises ca. 15 ha of well-preserved kauri broadleaf-

forest (Thomas and Ogden 1983) and is located near the

centre of kauri’s natural growth range in northern New

Zealand (Ecroyd 1982). Soils are Parau clays on andesitic

tuffs (Thomas and Ogden 1983). The site is characterized

by a warm temperate climate with humid summers and

mild winters; maximum monthly temperatures and mini-

mum precipitation coincide in January and February,

minimum monthly temperature and maximum monthly

precipitation in July (Supporting Information Fig. S2.1).

The kauri forest analyzed here is characterized by a

species-rich forest layer of shrubs, small trees, tree ferns

and palms. For the larger trees (diameter at breast height,

DBH [ 20 cm), kauri is the dominating canopy species.

This dominance of kauri is also evident from its large basal
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area (74.8 of a total of 94.4 m2/ha, Wunder et al. 2010).

Kauri is currently present in all size classes and with ca.

770 individuals/ha is also the most abundant tree species.

Further details of HSR and of the study plot can be found in

Fowler and Boswijk (2001) and Wunder et al. (2010).

Kauri growth and climate measurements

We used data at three different temporal scales—annual,

monthly and daily resolved data on tree growth and climate

conditions. Annual data covers the period from 1900 to

1992, monthly data the growing seasons from 1997 to 2000

and 2008/09 and daily data the growing season 2008/09.

Annual resolution (1900–1992)

Growth data The tree-ring chronology of HSR (Fowler and

Boswijk 2001) was split into a small-tree and a large-tree

chronology using a threshold of 20 cm for the estimated

distance to the pith. Thus, the small-tree chronology repre-

sents trees up to ca. 40 cm DBH, the large-tree chronology

the remaining larger trees (Supporting Information S1).

Climate data Seasonal temperature and precipitation data

from 1900 to 1992 were derived from the Mangere Climate

Station, Auckland (National Institute of Water and Atmo-

sphere Research NIWA, New Zealand), ca. 32 km SE of

HSR; data on the Southern Oscillation Index (SOI) were

obtained from the Australian Bureau of Meteorology (BOM).

Monthly resolution (1997–2000, 2008/09)

Growth data We transformed our growth measurements

during 2008/09 (see below) into monthly resolution and

expanded them using seasonal growth data collected at

HSR for the very same trees from 1997 to 2000 (Fowler

et al. 2005). Thus, for every tree measured in 2008/09, we

also have a (small) part of its seasonal growth history, i.e.

monthly resolved growth data covering the seasons

1997–2000.

In addition, we estimated the period of xylem formation

during 2008/09 for a subset of the analyzed trees and their

competitors (20 trees total) using wood anatomical mea-

surements of newly formed tracheids: every month up to six

micro-cores were extracted from 11 small trees

(DBH \ 42 cm) using a micro corer (WSL Birmensdorf,

Switzerland, diameter 2.5 mm, length 10 mm, for details see

Forster et al. 2000). For 9 larger trees with thicker bark

(DBH [ 42 cm), the micro corer had to be replaced by a

standard corer (diameter 4.3 mm, length ca. 100 mm, two

cores per tree) that was used on a bi-monthly time scale (to

compensate for the larger impact). This allowed us to

approximately distinguish calendar months with xylem

growth from the dormancy period where any minor circum-

ference changes were related to non-growth processes, such

as rehydration or bark swelling (Schweingruber 1996). The

relatively modest sampling scheme is a consequence of the

high protection status of kauri and ethical concerns.

Climate data Monthly temperature and precipitation data

from 1962 to 2011 were derived from the Auckland Airport

station (National Institute of Water and Atmospheric

Research NIWA, New Zealand), ca. 34 km SE of HSR.

Daily resolution (2008/09)

Growth data We installed automatic band dendrometers

(Agricultural Electronics Corp., Tucson, USA, Fig. 1b) on

b a 

HSR 

Fig. 1 a Location of Huapai Scientific Reserve (HSR) in New Zealand and the kauri growth range north of the ca. 38�S (dashed line), b Mature

kauri (DBH = 1.04 m) with automatic band dendrometer (white ‘‘box’’—Agricultural Electronics Corp., Tucson, USA)
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14 different-sized kauri (18.9–174.2 cm DBH) in a

50 9 40 m research plot of HSR (Wunder et al. 2010). On

each of these trees, one dendrometer band was installed at

breast height to record changes in tree circumference every

30 min during the austral growing season 2008/2009. Thirteen

of the installed bands recorded reliable data. Trees were

grouped into four size classes: very small (\25 cm DBH,

n = 2); small (25–40 cm DBH, n = 3); intermediate

(40–70 cm DBH, n = 4) and large ([70 cm DBH, n = 5).

The site was visited weekly to check the proper alignment of

the bands and potential disturbances, such as resin exudations

and bark flaking close to the bands. From October 3 to April 21,

we obtained an almost continuous record (missing values: ca.

1.27 % of the data), with just a few single missing data points

related to instrument failures and some rare data loss during

night time, likely caused by insufficient energy supply from the

batteries. Missing values were estimated using linear interpo-

lation (for one missing value) or spline fitting (for several

missing values).

Climate data We recorded daily air temperature, soil

moisture and solar radiation under canopy and in open sky

using two climate stations with the following high-resolution

sensors (30 min resolution, Supporting Information Fig. S3.2):

Air temperature (Onset Hobo, USA, 2 m above ground) and

soil moisture (TDR, Campbell Scientific Inc., Logan, USA,

0–30 cm below ground) were recorded at a station established

in 2008 under canopy at the plot centre in HSR. Photosynthetic

active solar radiation (Quantum Sensor, Campbell Scientific

Inc., Logan, USA, 2 m above ground) was recorded at an open

sky station, established in 2006 ca. 5 km N of HSR.

Statistical analysis

Annual resolution (1900–1992)

Correlation functions were calculated between the annual

growth of kauri and seasonal climate anomalies (Fowler

et al. 2000); the level of significance was estimated using

bootstrapped t statistics (Biondi and Waikul 2004).

Monthly resolution (1997–2000, 2008/09)

Monthly growth data from four seasons (this study and Fowler

et al. 2005) were used to elucidate the inter-annual variability

of monthly kauri growth and its relation to anomalous monthly

precipitation. ‘‘Anomalous’’ was defined as the 10 % (n = 5)

wettest resp. driest months from the 50-year instrumental

record from Auckland Airport station (1962–2011).

Daily resolution (2008/09)

Seasonal growth of individual trees was recorded as

absolute growth (D circumference) and transformed into

stem radial increment (SRI) according to Downes et al.

(1999) and Deslauriers et al. (2003), i.e. the difference

between the maximal morning expansion (from 0000 to

1200 AM) of two consecutive days, defined as previous

and current calendar day. By definition, SRI was assigned

to the current calendar day. Furthermore, all negative SRI

values were set to zero (Deslauriers et al. 2003). Thermal

expansion of the bands (hastalloy 276, thermal coefficient

of expansion: 11.2 lm m-1 K-1) was corrected using the

conjoint air temperature measurements at the same tem-

poral resolution. No further attempt was made to correct

for swelling and shrinkage of stem and bark nor for the

bark growth, i.e. it was assumed that the derived SRI time

series do mainly reflect xylem growth.

For the analysis of the climate–growth relationship, we

initially used multiple ordinary least square (OLS)

regression. However, during the model selection stage, we

often encountered critical collinearity and residual auto-

correlation (Supporting Information S3). Therefore, we

applied the Kalman filter (Kalman 1960) that has been

used to detect time-varying climate responses in inter-

annual tree ring series (e.g. Visser 1986; Visser and

Molenaar 1988; Cook and Johnson 1989; Visser et al.

2010). Here, we apply this approach at an intra-annual

level to elucidate the relationship between environmental

conditions and seasonal tree growth. The Kalman filter

approach goes beyond the traditional multiple ordinary

least square regression (with explanatory variables that are

forced to be constant over time) since it allows for both

time-dependent and time-independent climatic responses

(see Supporting Information S3 for a method comparison).

This flexibility makes systematic departures from the fit-

ted values less likely, resulting in reduced residual auto-

correlation. The Kalman filter regression coefficients can

be interpreted in the same way as for the ordinary least

square regression, i.e. a significant effect (p B 0.05)

occurs when the mean estimate ±1.96 SE deviates from

zero (p B 0.1, 1.645 SE). In case of time-dependent cli-

mate responses, the coefficients may differ for each time

step, in our case day by day. For details on the Kalman

filter and the corresponding maximum likelihood estima-

tion, see Harvey (1984, 1989).

For the Kalman filter regression, the response variable is

SRI. Since larger trees typically show larger SRI, we

standardized all values to relative daily SRI (percentage of

annual growth on any given day). These time series were

then averaged for the groups ‘very small’, ‘small’, ‘med-

ium’, ‘large’ and ‘all trees’ and subsequently normalized to

improve model convergence. Explanatory variables are the

daily means of air temperature, soil moisture and photo-

synthetic active solar radiation, calculated separately for

the current and previous day. All explanatory variables

were standardized to relative values, e.g. soil moisture
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values ranged from 0 (seasonally driest condition) to 1

(field capacity), and subsequently normalized.

We calculated a set of candidate models for the complete

data set (comprising all trees) with all possible combinations

of the three climate variables (air temperature, soil moisture

and photosynthetic active solar radiation) for the current and

previous day. Thus, the least complex models contain only

one variable, and the most complex six (three climate vari-

ables for both the current and previous day). For model

selection, we used the Akaike Information Criterion cor-

rected for small sample sizes (AICc, Hurvich and Tsay 1989;

Van Deusen 1990). The model structure with the highest

performance was fitted to the size cohorts ‘very small’,

‘small’, ‘medium’ and ‘large’ trees. Model performance was

further assessed by calculating Pearson product moment

correlation coefficients between the fitted and observed val-

ues of the Kalman filter regression.

Statistical analyses were performed using R, a language

and environment for statistical computing (R version

2.12.2, R Development Core Team 2011), the Kalman filter

regression was done using the KalregX software (Cook ER,

unpublished).

Results

Kauri growth characteristics

Annual resolution (1900–1992)

For all analyzed climate variables, the large-tree chronology

contains a stronger climate signal than the small-tree chro-

nology that is characterized by a low correlation between

annual growth and climate conditions (Fig. 2). For autumn

temperature, even the direction of the correlation differs with

large (small) trees showing a significant positive (negative)

correlation between growth and temperature (Fig. 2).

Monthly resolution (1997–2000, 2008/09)

The growth timing of the 13 analyzed trees does not differ

much with tree size—all trees grow mostly in October and

November (Fig. 3). During the four observation years,

small and large trees show similar monthly growth patterns

that seem largely to persist during precipitation anomalies

(Fig. 3). For example, dry anomalies seem not to cause a

unilateral disadvantage of smaller trees that are character-

ized by a lesser-developed root system.

Daily resolution (2008/09)

Absolute circumference changes during the months of

xylem growth (October 2008–April 2009) showed a high

inter-tree variability and ranged from 1.58 mm for one of

the smallest trees to 8.40 mm for the largest tree (Fig. 4).

In contrast, relative growth increments were fairly similar:

most of the trees were reaching 50 % of the annual growth

in October and November alone (Fig. 4). However, the

larger trees (DBH [ 70 cm) were characterized by a high

inter-tree variability with some trees reaching 50 % growth

by the end of October, but others as late as the end of

December. Most trees show considerably reduced growth

in early and mid summer (‘‘plateau phase’’) and also some

shrinkage followed by a minor growth peak at the end of

the summer, i.e. in March (Fig. 4).

Period of xylem formation

Monthly resolution (1997–2000, 2008/09)

The period of xylem growth corresponds approximately to

the calendar months October 2008–April 2009, i.e. the

analyzed micro-cores and increment cores (Fig. 5) con-

sistently showed no xylem formation in early spring

(September) and a growth cessation in late autumn (Sup-

porting Information Table S2.1). Thus, circumference

increments in September may be (mostly) related to rehy-

dration processes, and changes in circumference from May

on are possibly related to bark swelling due to the starting

winter precipitation.

Xylem growth coincides with weekly maximum air

temperatures exceeding ca. 17.5 �C (Fig. 6): a threshold

temperature that is consistent with the findings of Bieleski

(1959) for mature trees and seedlings. This period is also

characterized by daily minimum air temperatures above ca.

8 �C (Fig. 6).

Climate–growth modelling

Daily resolution (2008/09)

The best performing models comprise only two variables:

the air temperature and soil moisture of the previous day

(Fig. 7). The climate response of different-sized kauri is

very similar with these two environmental factors having a

highly time-dependent influence on the seasonal tree

growth: the higher the air temperature and soil moisture of

the previous day, the higher the SRI of the current day

(Fig. 7). The most significant correlations were found for

the austral spring (October and November) and to a lesser

extent roughly at the end of summer (February). During

December and January, trees of most size classes were not

showing any significant reaction to air temperature and soil

moisture. Deviations from this general pattern are the

consistent, almost time-independent positive correlations
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between growth and soil moisture for the smaller trees

(Fig. 7). For the complete data set (all size classes), the

correlation between observed and fitted values was

r = 0.593, the highest performance was achieved for trees

of intermediate size (r = 0.662), the lowest for smaller

trees (r = 0.452). The residuals of the best performing

models for every single size class and the complete data set

were not autocorrelated (p \ 0.05, ranked version of von

Neumann’s ratio test for randomness, Bartels 1982, Sup-

porting Information Table S3.1).

a

b

c

Fig. 2 Kauri growth characteristics—annual time scale. Correlation

function between annual growth of small (black) versus large (grey)

trees and a temperature, b precipitation and c SOI. Significant

correlations are indicated for both chronologies with a grey or black

positive/negative sign, significant differences between the chronolo-

gies with a red asterisk. Significance levels: Two signs (??/--/**)

for p \ 0.001, one sign (?/-/*) for 0.001 \p \ 0.05. SON: austral

spring (September, October, November); DJF: austral summer

(December, January, February); MAM: austral autumn (March, April,

May); JJA: austral winter (June, July, August) of current year (t) and

previous year (t-1). See also Supporting Information Table S1

Fig. 3 Kauri growth characteristics—monthly time scale. Relative

monthly growth (fraction of annual growth) during 1997–2000 and

2008/09 for the 13 analyzed trees, split in two size classes (using the

40 cm DBH threshold). Box colours refer to anomalous monthly

precipitation whereby ‘‘anomalous’’ was defined as the 10 % driest

(n = 5) resp. 10 % wettest (n = 5) months of the precipitation record

from Auckland Airport 1962 to 2011 (n = 50 years). See Fig. S2.2

for a long-term distribution of the anomalies
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Fig. 4 Absolute and relative growth of the analyzed trees. Absolute growth: daily growth (in colours) and 30-min growth records (in grey).

Relative growth: 0 = 1st day of the growing season; 1 = last day of the growing season

CurrentCurrent

a

100 µm

b
Previous Previous

500 µm

Fig. 5 Wood anatomical examinations. a Early stage of cambial

growth (exemplified by one (out of six) micro-cores taken in October

2008 from tree 1027, DBH 24.9 cm). b Completed stage of cambial

growth (exemplified by one (out of six) micro-cores taken in June

2009 from tree 1019, DBH 21.4 cm). White bars indicate current and

previous year xylem growth (Photos: McCloskey SPJ, Olympus

BXFM reflected light stereo microscope)

Trees (2013) 27:937–948 943

123



Discussion

Kauri growth characteristics

The generally weaker climate signal of the small-tree

chronology is consistent with the previous findings that

inter-tree correlations exhibit strong dependence on tree

size (Fig. 5 in Fowler et al. 2004). The stronger correla-

tions associated with larger trees is expected given the

previously noted marked changes in tree morphology

between juvenile and mature kauri and the characteristic

density-dependent thinning of kauri juveniles. Both factors

would be expected to modify and weaken the influence of

climate forcing.

Relative growth increments during the growing season

do not differ much with tree size: most of the analyzed

trees formed 50 % of their annual rings in October and

November, i.e. during a period when the New Zealand

climate experiences the strongest influence of ENSO

events (Gordon 1986; Mullan 1995). This finding is in line

with the results of a previous study at HSR, where Fowler

et al. (2005) found a similar growth pattern based on

monthly circumference measurements. Thus, this work

confirms that kauri grows at the ‘‘right’’ time window to

directly capture the ENSO signal unlike other tree species

like Australia Red Cedar (Toona ciliata) that have proved

unsuitable as an ENSO proxy because they are dormant

during the austral spring (Heinrich et al. 2009).

The mid-summer period of reduced kauri growth

(‘‘plateau phase’’, Fig. 4) is characterized by reduced soil

moisture conditions (Supporting Information, Fig. S3.2)

that may hinder or even pause cambial activity. The

observed negative circumference change for some trees

during this relatively dry period is caused by bark/bole

shrinkage and masks the ‘‘underlying’’ xylem growth pat-

tern. To some extent, this artefact was accounted for using

only (non-negative) SRI time series (SRI in the sense of

Downes et al. 1999 and Deslauriers et al. 2003) for the

analysis of the climate–growth relationship.

Xylem formation and temperature thresholds

Kauri growth coincides with the period when weekly

maximum air temperature exceeds 17–18 �C (Fig. 6).

Bieleski (1959) found the same threshold in controlled

experiments using kauri seedlings and also reports this

phenomenon for mature trees:

‘‘It was found that in the Waitakere Ranges, kauri was

dormant during the winter and formed resting buds, the

spell lasting from late April until late August or September.

Temperature data for kauri forest in this area (Mirams

1951) show that the period of dormancy corresponds

exactly with the period during which the weekly maximum

temperature lies below 17.5 �C’’ (Bieleski 1959).

Fig. 6 Temperature thresholds

and dormancy of kauri. Black

solid lines maxima and minima

of weekly air temperature (2 m,

under canopy). Grey solid line

half-hourly air temperature

records (2 m, under canopy).

Vertical dashed lines beginning

and end of xylem growth

(estimated from micro-cores).

Red dashed line 17.5 �C

threshold of weekly air

temperature maxima for

breaking the dormancy of kauri

(Bieleski 1959). Cross-hatched

areas indicate uncertainties

associated with the estimation

of the xylem growth period (see

text)

Fig. 7 Kalman filter regression for the top-ranked model with the

explanatory variables previous day-air temperature and previous day-

soil moisture. Time-dependent influences are shown with time-

varying mean estimates. Grey bands confidence interval of the

regression weights (mean estimate ±1.96 SE. A significant positive

effect occurs at each time period in which the band is ‘‘above’’ the

zero line. Red band mean estimate ±1.96 SE is larger than zero

(equals a significant positive effect with p B 0.05), orange band:

mean estimate ±1.645 SE is larger than zero (equals a significant

positive effect with p B 0.1)

c
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Thus, a wide range of tree life stages from seedling to

forest giant seem to react similarly to this temperature

threshold—at least within the centre of the kauri growth

range. Beside this ‘‘upper’’ temperature threshold of

17.5 �C, the growth period can also be characterized by a

daily minimum temperature of ca. 8 �C, that is more likely

to act as an ecophysiological threshold for tree growth

(Körner and Paulsen 2004). In any case, it is rather sur-

prising that kauri growing in a mild subtropical climate

have a temperature-controlled dormancy period that is

known for many boreal and temperate climates and along

treeline ecotones (e.g. Rossi et al. 2008; Gruber et al. 2009;

Hughes et al. 2011 for a review).

Climate responses of different-sized trees

Smaller trees (DBH \ 40 cm) showed different climate

responses than large trees (Fig. 7). Particularly soil mois-

ture appears to be more important for smaller kauri, which

may be related to differences in the root architecture

between small and large trees (Ecroyd 1982). However, for

the smaller trees, the unexplained residual variance is rel-

atively high, indicating that a fairly large amount of non-

climatic factors not recognized here may effect tree

growth, e.g. internal carbon allocation (Genet et al. 2009)

or competition processes (Schweingruber 1996). This

points towards a weaker climate response of smaller trees

and is in line with our correlation function analysis (annual

resolution).

Trees of all size classes show time-dependent climate

responses (Fig. 7): the warmer the air and the wetter the

soil of the previous day, the higher the daily growth rate.

Both temperature and soil moisture are known as important

drivers of xylem growth (Kozlowski and Pallardy 1997).

The lag effect of 1 day suggests a somewhat delayed

response of the cambium and contrasts previous findings

demonstrating a quick cambial response to environmental

variability (Deslauriers and Morin 2005). We found no

direct effect of solar radiation on tree growth, contrary to

the hypothesis by Fowler et al. (2000).

The simple approximation for xylem growth (SRI) used

here is likely to contain non-growth-related circumference

changes—and xylem growth may also occur during phases

of stem shrinkage as noted by Downes et al. (1999).

However, since long-lasting dry spells never occurred at

our site (max. 21 consecutive days of \1 mm daily pre-

cipitation), this ‘‘shrinkage’’ error almost certainly plays

a much smaller role than in areas that experience pro-

longed drought periods (Buell et al. 1961; Bormann and

Kozlowski 1962).

The here found positive effect of daily temperature and

soil moisture on tree growth is not reflected by the corre-

lation functions (annual resolution). Seasonal precipitation

(entire season) and temperature (autumn only) are even

negatively correlated with current year annual growth.

Such counter-intuitive negative correlations were already

noted by Buckley et al. (2000) and may be at least partly

explained by a lag-effect of 1 year with warm-wet condi-

tions of the previous spring leading to above-average

growth in the current year (Fig. 2). However, since the

correlation analysis relates annual growth increments to

monthly mean climate over the last century, it may be

possible that above-average annual growth coincides with

below-average monthly temperature and precipitation

while within one particular season both temperature and

soil moisture can have a positive effect on daily tree

growth.

Interestingly, the observed different climate responses of

small versus large trees are clearly visible at the annual

time scale (correlation analysis), and to a lesser extent at

the daily time scale (Kalman filter regression), but largely

hidden when looking at dendrometer data in monthly res-

olution (this study and Fowler et al. 2005).

Perspectives and limitations

This study focuses on the size dependency of the climate–

growth relationship of kauri at different temporal scales.

The observed differences between small and large trees at

annual and daily time scales can be used to enhance the

climate signals in kauri-based climate reconstructions by

stripping any ‘‘small-tree material’’ from the chronology.

To this end, the distance to the pith of any given ring can be

roughly estimated using its curvature (Duncan 1989) and

the entire ring excluded when this distance falls below the

20-cm threshold corresponding to 40 cm DBH.

It should be noted that the data presented here on daily

growth and climate conditions across one season are used

to explore potentially different reactions of small versus

large kauri; however, it should not be confused with, and

cannot be used for, the translation of long-term tree-ring-

data into climate information: First, daily growth is mod-

elled in response to two climate factors (air temperature

and soil moisture), hence, it is not possible to reconstruct

both climate factors from records of past daily growth.

Second, long-term records of past daily growth are not

available. Third, both the observation period (one particu-

lar season) and sample size (13 trees) are far too short to

infer climate history from growth patterns.

The dendrometer bands used here seem to be better

suited than point dendrometers to capture the variable

growth patterns of kauri that are known from stem cross

sections of logging relics (Boswijk et al. 2006). In addition,

dendrometer bands also average non-growth processes like

hydration that may vary strongly at different parts of the

stem (Kozlowski and Winget 1964; Fritts 1976). However,
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a disadvantage is the larger vulnerability of the bands—

especially for larger trees where the likelihood increases that

the relatively long bands may be disturbed by resin exuda-

tions or bark flaking. Therefore, a large maintenance effort is

required to ensure a high data quality, in our case field visits

on a weekly basis. Both, dendrometer bands and point

dendrometers are limited in their ability to capture the ‘‘pure’’

xylem growth—and the here used approximation by Downes

et al. (1999) is certainly an oversimplification of the com-

bined processes comprising positive changes in xylem

growth and positive and negative changes due to water stress.

The analysis presented here may be extended by a

spatial component that may elucidate how tree competition

influences tree growth and thus the climate signals stored

within the annual rings. Therefore, future research may

focus on larger sample sizes of trees, a wider range of trees

including smaller trees, and also additional sites at more

extreme locations of the kauri growth range, e.g. the

highest elevation kauri forests at Mt. Moheau, Coromandel

peninsula. In addition, more detailed physiological and

environmental sensors, e.g. sap flow measurements or a

soil moisture sensor network may allow for a more

mechanistic understanding of the climate–growth rela-

tionship (Zweifel et al. 2006).

Conclusions

Five main conclusions can be drawn from our field study:

1. The seasonal climate–growth relationship of kauri is

size dependent. Small trees with less than 40 cm DBH

show different climate responses and contain a weaker

climate signal.

2. For kauri of all sizes, most of the xylem formation occurs

during the austral spring months October and November,

i.e. the time where the ENSO signal on New Zealand

climate is usually strongest (Gordon 1986).

3. Kauri dormancy coincides with a period characterized

by maximum weekly air temperatures below ca.

17–18 �C and daily temperature minima below ca.

8 �C.

4. Daily kauri growth rate (measured as stem radial

increment [SRI], Downes et al. 1999) is mainly

influenced by air temperature and soil moisture of

the previous day with the strength of this relationship

being highly time-varying.

5. The flexible Kalman filter regression is a powerful tool

to reveal time-dependent influences on seasonal tree

growth.

Albeit these findings have to be confirmed for additional

sites of the kauri growth range, the currently available data

from different temporal scales suggest that small kauri

contain weaker climate signals than large trees. Therefore,

‘‘small-tree material’’ of whatever source (archaeological or

modern trees) should be identified, for example using dis-

tance-to-pith estimations based on ring curvature (Duncan

1989). An omission of this ‘‘small-tree material’’ from long-

term tree-ring chronologies may enhance the reliability of the

resulting kauri-based climate reconstructions.
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