


Climate sensitivity of Libocedrus 

bidwillii along an altitudinal 

gradient in Westland, New 

Zealand: Is the native conifer 

treeline limited by climate? 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Benjamin Leutner 
 

 

A report submitted in partial fulfilment of the  

Post-graduate Diploma in Wildlife Management 

 
 

 

 

University of Otago 
 

 

2010 
 

 

 

University of Otago 

Department of Zoology 

P.O. Box 56, Dunedin 

New Zealand 

 

WLM Report Number:  246 



 

 

Climate sensit ivity of Libocedrus bidwilli i  along an alt itudinal 

gradient in West land, New Zealand: Is the native conifer  treeline 

limited by climate? 

 

 

 

 

 

Benjamin Leutner* 

Dunedin, Apr i l 2010. 

 

 

Research repor t for  WILM403, University of Otago, Dunedin, New Zealand. 

 

Inter nship at Landcare Research Ltd. Manaaki Whenua, Lincoln, New Zealand. 

P.O. Box 40, Lincoln 7640 

 

08.01.2010 – 19.03.2010 

Supervisor : Ellen Cieraad, Landcare Research. 

 

*Contact: b.leutner @gmx.de 



 |  Abstract 

 

 

 2 

 

 

Abstract 

New Zealand’s treelines are unusually low in global context and globally valid temperature 

thresholds don’t seem to apply here. Understanding the limiting factors is crucial in order  to 

pr edict possible shi fts of the treeline in response to global climate change. In this 

dendroclimatological study we examined incr ement cor es of Libocedrus bidw illii  tr ees on three 

sites along an alt itudinal gradient towar ds the treeline in Westland, New Zealand. In order  to 

establish the impor tance of var ious climatic factor s, annual r ing w idth chronologies were 

related to a local 90 year  climate data set by means of cor relation function analysis and 

generalized least square linear  model fit t ing (GLS). No increase in climate sensi tivity was found 

towards the treeline. We found several significant yet weak explanatory factors for  the lower  

two sites, however  only very few for  the highest, the treeline site. Fur thermore we examined 

the specific leaf area (SLA) of juveniles and adults and found a significant decrease for  juveniles 

but  not  for  adults,  which  indicates  juvenile  r ecruitment  as  a  possibly  limiting  factor .  We  

conclude that slow-gr owing and stress tolerant Libocedrus bidwill ii  tr ees, which define the local 

treeline, are unable to profi t from war mer temperatures unless juvenile recruitment is the 

limiting factor  and is enhanced. Adult tr ees appear  not to be limited by climate var iables 

included in this study, and therefor e we can not predict a shift  of the native treeline due to 

climate change. 

Keywords: Libocedrus bidwilli i, New Zealand, treeline, dendroclimatology, climate sensit ivity, 

climate change, altitudinal gradient, specific leaf ar ea. 
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Introduction 

New Zealand’s alpine treelines are unusually low compared to others around the wor ld 

(Körner  & Paulsen, 2004). They also coincide with warmer  growing season temperatures than 

expected from globally der ived rule-sets (Körner  & Paulsen, 2004, Wardle, 2008). Most of the 

New Zealand treelines are formed by broadleaved Nothofagus species. However , in some 

places, most notably on the West Coast, Nothofagus is substituted by slow-growing conifer  

species, which reach equal alt itudes and form the local treeline (Reif & Allen, 1988). 

Consider ing that introduced conifer  species, such as Pinus contorta can establish well beyond 

the native treeline, the question at hand is: what is limit ing the native conifer s? While the 

Nothofagus treeline has received some attention (Nor ton, 1984, Nor ton & Schönenberger , 

1984, Nor ton, 1985, Cullen et  al., 2001), only lit tle is known on New Zealand’s native treeline 

conifers.  

Globally, treeline elevation is thought to be limited mainly by climatic condit ions, par ticular ly 

by  temperature  (Körner  &  Paulsen,  2004).  Dendr ochronology  is  one  way  to  assess  the  

impor tance of climatic influences on tree performance (Fr itts, 1976). It assumes that 

environmental condit ions are reflected in the annual incr ement growth of tr ee stems. Thus, by 

measur ing tree ring width throughout the past and relat ing it  to climate records, the sensitivity 

of trees to climate can be revealed. In order  to know whether  the treeline is actually 

determined by climate we can look at the change of climate sensit ivity with alt itude. If tr ees ar e 

mor e sensit ive to climate towar ds the treeline, which has been observed in numer ous places 

ar ound the wor ld (Kullman, 1993, Cullen et al., 2001, Savva et al., 2006), it  can be concluded 

that their  upper  r ange is limited by climatic factor s. 

Consequently, if the treeline is determined by climate, trees should be able to take advantage of 

mor e favourable growth condit ions as expected by climate change and shift  or  extend their  

range (Grace et  al., 2002). New Zealand has over  600 alpine species, many of which are 

endemic. It is estimated that a 3 C r ise in temperature could result in treelines shifting to 

higher  alt itudes, leading to a reduction in the extent of areas above treeline, and an estimated 

200 - 300 species becoming extinct in the next 100 years (Halloy & Mark, 2003). This is 

considered to be one of the most significant climate change impacts to the New Zealand biota.  

In order  to make reliable predictions of tr eeline responses to climate change, it  is vital to 

understand the factors and mechanisms that determine treeline altitude in regions such as 
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New Zealand. Since globally der ived climatic rule-sets fail to descr ibe the anomalously low New 

Zealand treelines i t  is unsure whether  they are actually  limited by  climate. This study aims to 

clar ify this for  the New Zealand conifer  treeline in order  to improve predictions in r egard to 

climate change. 

 

Methods 

Study site and species 

The study was conducted at and below the treeline at Mt Fox, Westland, New Zealand (Figure 

1). The forest can be classified as conifer -broadleaved hardwood dominated forest  w ith typical 

tree species being Libocedrus bidwillii (New Zealand cedar , Cupressaceae) and Podocarpus 

halli i (Hall’s Totara, Podocar paceae) and Metrosideros umbellata (Southern Rata, Myr taceae) 

(Reif & Allen, 1988). Nothofagus is fully absent in these forests. The treeline is never  abrupt, 

and a wide var iety of shrub species sometimes form an ecotone of several hundred meter s 

wide (Wardle, 2008). Emer gent Libocedrus bidwilli i are generally the trees that attain the 

highest  alti tude. At  its upper  alti tudinal  limi t  at  tr eeline around 1000-1050m a.s.l. L. bidwilli i is 

sti ll an erect, 8-12 m tall tree (Haase, 1990). With increasing altitude, L. bidwilli i dominated 

forests are replaced by var ious species of genetically fixed shrubs (Nor ton, 1983), including 

Phyllocladus alpinus, Podocarpus nivalis, Dracophyllum spp., Hebe spp., Olearia spp. (Nor ton & 

Schönenberger , 1984).  

 

 

 

 

 

 

 

 

Figur e 1. Study area with sample sites: Mt. Fox, Westland, New Zealand. 
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Field sampling 

We established a transect through tr eeline at Mt Fox (Figure 1), in January 2010. The transect 

had three “sites” or  altitudinal bands at 850-875 m (FxA), 925-950m (FxB) and 1000-

1025m (FxC) . Sampling was restr icted to si tes near  the tree line (approximately 1050m), 

rather  than over  a larger  elevational range, because Libocedrus bidwillii, the studied species,  has 

a small altitudinal range, and r apid changes in climate sensitivity can occur  over  relatively 

small  elevations (Nor ton, 1985). At  each site, 8-10 of  the largest, and presumably  oldest, tr ees 

were selected for  increment  core sampling. To reduce the confounding effect  of topography on 

microclimate, we sampled on slopes of a consistent SW-W facing aspect. Fr om each tree, 1–2 

cores were extracted at about breast height (1.3m). Diameter  at breast height (DBH), tree 

height, and the height of the first branch w ere measur ed for  each tree. Fur ther mor e aspect and 

slope wer e recorded. In total, 61 cores were collected from 28 living Libocedrus bidwillii trees. 

Additionally leaf samples of juveni les and adults were collected on all  sites, scanned, dr ied and 

weighed in order  to estimate the specific leaf area, i.e. leaf area per  unit weight. 

Chronology development 

Cores wer e mounted, sanded, polished, and dated follow ing the standar d methods described by 

Stokes and Smiley (1968). Rings were measured to the nearest 0.01 mm using a binocular  

microscope, Henson measur ing bench, and the MEASUREJ2X program (VoorTech Consult ing, 

1999). The program COFECHA v.6.0.6 (Holmes, 2007) was used to cr oss-date individual tree 

r ing ser ies and identify possible dating or  measurement problems. The CrossdateR (Bigler , 

1996) package in R v.2.10.1 (R Development Core Team, 2009) was then used to visually 

examine the quality of the crossdated tree-r ing ser ies, and per iods flagged in COFECHA as poor  

cross-dating areas were examined and adjusted as necessary. 

Ser ies were standardised by fitt ing a negative exponential curve through the mean r ing-width 

value using the R package dplR v.1.2.9 (Bunn, 2008). This conservative fi tt ing procedur e 

assumes that most of the individual growth tr end is age related growth (biological gr owth 

trend) (Biondi & Qeadan, 2008b), and was used to retain as much long-term var iation result ing 

from climate as possible. The standardised r ing-width records for  each site were then used in 

the calculation of the mean chr onology using the biweight robust mean, also in dplR. A residual 

chronology was also produced by removing first order  autocorrelation (correlation between 

the growth of one year  and that of the pr evious year ) using autoregressive modelling.  
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All fur ther  calculations in this repor t ar e based on the r esidual chr onology, unless other wise 

stated. For  each of the thr ee sites one chronology was developed from the 7 trees with the 

highest inter -cor relation. This allowed us to disregard cor es which did not correlate well or  

were assumed to contain error , e.g. due to rotten sections. The chronologies were compared for  

the per iod 1850 to 2009. However , ow ing to inter mittent temperature data until c. 1900 and a 

per iod of uncer tainty on the cross-dating of sever al ser ies all fur ther analyses were conducted 

for  the t ime from 1918 to 2009.  

The statist ical quality of each master  ser ies was assessed by calculating the expressed 

population signal (EPS), i.e. “the degree to which it represents the hypothetical per fect noise-

free chronology” (Storch & Navarra, 1999). This was done using the ‘rw i.stats’ function in the 

dplR package. Fur thermor e the mean sensit ivity of the chronologies was calculated using the 

‘rw l.stats’ function of the same package. Mean sensit ivity is a measure of year  to year  var iability 

which indicates the strength of the climate signal present in the chronologies (Douglas 1928, 

cited by Biondi & Qeadan, 2008a).  

Relationships of site proper t ies, such as height of the trees and alt itude w ere examined using 

correlation matr ices and linear  model fit ting. In the special case of mean r ing width linear  

mixed  effect  models wer e used  (‘lme’  in  the R package ‘nlmer ’  (Pinheiro et al., 2009)), which  

allowed for  non-independent  samples in a nested design (included as random effects), i .e. two 

cores per  tr ee as well as unequal var iances due to temporal autocorrelation structure (lag 1). 

Due to non-uni form distr ibution of the residuals and str ongly skewed frequency distr ibution 

(Figure 4), the r ing widths were log-transfor med in advance.  

Climate relationships 

Climate data was obtained from NIWA Cliflo database (NIWA, 2010). The nearest climate 

stat ion with long-term available data is Hokitika (1866-2009); 156km nor th of Mt. Fox at 39m 

a.s.l. Monthly climate data included total precipitation and mean temperature, minimum 

temperature, average cloud cover  and number  of frost days. Based on this data fur ther  indices 

were der ived such as the sum of growing degr ee days, i.e. the sum of all daily temperatures that 

were above 5°C and mean temper ature in the three warmest months. The 30 year  standard 

climograph for  Hokitika is plotted in Figure 2. Precipi tation is high throughout  the year , owing 

to the topographic situation of the site along the Southern Alps as an orographic cloud bar r ier . 

Temper ature remains moderate, due to the typical dampening effect of a mar itime climate. 
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We assume that the climate character ist ics do not differ  from low-land Hokitika station to our  

sites at higher  elevation, apar t from the absolute value of cour se. We compared 2009 1.5m air  

temperature from a data logger  at a nearby tr eeline with the lowland climate station data. For  

monthly mean temperatur e we observed near  per fect cor relation of r=0.985, therefor e we can 

be confident that the Hokit ika weather  station temperature data ar e relevant for  use in this 

study. However , whether  this holds true for  precipitation data remains unknown and there 

might well be a differ ence, especially if rain is falling from low altitude clouds.  

The tree-r ing chronologies were then related to monthly precipitat ion and monthly mean 

temperature  using  the  R  package  bootRes  (Zang,  2009).  Fir st,  corr elation  function  and  

response function analyses were conducted to examine the r elat ive impor tance of all included 

factor s (Blasing et  al., 1984). In both cases, explanatory factors were added as t ime-ordered 

ser ies of monthly values and then related to the tree-r ing ser ies. 18 months, fr om previous 

January to current June, were included in the analyses, since climate in the previous growing 

season may also have an effect on the current year ’s growth. Correlat ion function results in 

estimates of Pear son’s product-moment cor relation coefficients, while r esponse functions are 

multivar iate estimates fr om a pr incipal  component  regression model (Biondi  & Waikul, 2004). 

In order  to increase statist ical robustness both functions were bootstrapped using 1000 

bootstrap samples. Generally, cor relation function analysis is considered more conservative 

regarding significant results (Blasing et al.,  1984, Biondi  &  Waikul, 2004). Although  this  was 

not the case in our study, we repor t the results of the cor relation functions, as they are 

generally considered less error -prone (Blasing et  al., 1984). 

 

Figur e 2. Climograph of Hokitika. 30 year  averages der ived from NIWA Cliflo (2010) data . 
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In addit ion, we examined annual-scale relationships with all climate var iables by generalized 

least square linear  model fi tt ing (‘gls’ in the R package nlme (Pinheiro et  al., 2009)). In contrast  

to generalized linear  models, GLS allow for  unequal var iance, sample size & non-independent 

samples. The model was run using the maximum likelihood algor i thm and specifying lag -1 

autocor relation structure. Stepwise backward model selection was then applied to identi fy the 

best significant model, where at each step the var iable with the highest non-significant 

=0.05) p-value was dropped. 

All mean values throughout the study are repor ted including their respective standard er ror . 
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Results  

Site and tree characteristics 

The sampled trees of which the corer  had hit the centr e revealed an average age of 343 ± 22 

years with the oldest tree dating back as far  as 1388 AD. Both mean height of the tree (using 

linear models, R²adjusted =0.82,  slope=-0.05,  p<0.001)  and  mean  height  of  the  fir st  branch  

(R²adjusted =0.65, slope=-0.05, p<0.001) decr eased with incr easing alt itude. As expected the 

diameter  at breast height (DBH) was linear ly propor tional to age (R²adjusted =0.53, slope=0.1, 

p<0.001) and height (R²adjusted =0.47,  slope=4.1,  p<0.001)  of  the  tree.  Fur ther  summary  

statist ics can be found in Table 1.  

As can be seen in  Figure 3, the specific leaf  area (leaf  ar ea per  unit  weight)  of  juvenile plants 

decreased significantly with altitude (R²adjusted =0.45, slope = -0.11, p<0.01). For  foliage fr om 

adult tr ees, however , this did not hold true. Here, there was no significant change in SLA with 

alt itude (R²adjusted =0.05, slope =0.01, p>0.1).  
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Figure 3. Specific leaf  area index of  juvenile and adult  foliage along an altitudinal  gradient  with  

corresponding linear trend line. 
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Table 1.  Summary statistics of sampled trees per site. Arithmetic mean ± standard error, where 

applicable. 

 FxA FxB FxC FxD 

# Trees* 8 (7) 10 (7) 8 (7) 1 (0)  

# Cores* 19 (14) 18 (13) 21 (13) 2 (0)  

Alt itude [m a.s.l.]  866.5 ± 1.5 940.8 ± 2.1 1012.0 ± 2.2 1068 

Mean Height [m] 13.6 ± 0.3 9.9 ± 0.4 7.2 ± 0.1 4.5 

Height First Branch [m] 5.8 ± 0.2 4.1 ± 0.3 2.9 ± 0.2 0.5 

Mean DBH [m] 65.3 ± 2.6 35.8 ± 2.7 47.2 ± 2.0 27 

Mean Slope [°]  12.3 ± 1.6 31.1 ± 3.4 21.8 ± 2.7 52 

Mean Aspect [°]  230.5 ± 4.1 314.2 ± 10.1 279.5 ± 9.9 350 

Mean Age [yr]  427 ± 33 318 ± 24 403 ± 32 144 

*Total number of samples w ith numbers of samples used for chronology in brackets 

 

Tree ring chronologies 

The standar dized t ime ser ies of all cross-dated cores over  the per iod from 1850 to 2008 were 

visualized in Figure 7. Especially the diverse spectrum of r esponsiveness was apparent; e.g. 

core Fx26 vs. Fx22 in Figure 7c). Ser ies inter -cor relation, i .e. cor relation wi th a master  ser ies 

assembled of the remaining cores, was moderate (0.52 ± 0.06, 0.39 ± 0.05 and 0.44 ± 0.03 for  

FxA, FxB and FxC respectively (Table 2). 

The expressed population signal (EPS), a measure of sample correlation with its population, 

was used as a cr iter ion for  the quality of the chronology. The commonly applied cr iter ion, 

brought for war d by Wigley et al. (1984), where EPS > 0.85, was fulfi l led for  all three sites 

(0.912, 0.850 and 0.851 for  FxA, FxB, and FxC respectively). 

 

Table 2. Ring width statistics of the three sites FxA, FxB and FxC. MeanRW: mean ring width, SD: 
standard deviation of r ing width; MS: mean sensitivity; SI: ser ies inter-correlation; AR: average 1st 

order autocorrelation, EPS: expressed population signal. 

Tree MeanRW [mm] SD [mm] MS SI AR EPS 

FxA 0.59 0.30 0.24 0.52 0.80 0.91 

FxB 0.48 0.24 0.23 0.39 0.79 0.85 

FxC 0.49 0.25 0.26 0.44 0.78 0.85 
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We observed strong 1st order  autocorrelation typically around 0.8, which was subsequently 

removed. That is to say grow th in the previous year  explained 80% of growth in the following 

year  (Table 2). The effect  of removal of 1st or der autocor relation is shown in Figur e 8, w here 

Figure 8a) shows the final master  chronology of each site, standar dized by removal of a 

possible negative exponential trend or  the mean respectively and Figure 8b) shows the 

residual  chronology on which fur ther  analysis was based. Optical  examination  showed a good 

concordance of the three master  chronologies both in the standar dized and in the residual 

chronologies. 

The frequency distr ibution of the r ing widths at all three sites was consider ably skewed 

towards smaller  r ing w idths. A  histogram  pooling FxA, FxB and  FxC is plotted  in  Figure 4. It  

clear ly shows that  very small  r ing w idths were most  common, while there were only very few  

years showing a major  incr ease in gr owth. 

Although there was a decreasing tr end in average mean r ing widths with altitude, 

heterogeneity within sites increased (Fig 5) and thus the difference between sites became non-

significant, as reflected in the results of the linear  mixed-effects models (Table 3). Mean 

sensitivity of the trees was low (Fr itts, 1976) with an average of 0.26 ± 0.01 across sites. Also, it  

didn’t change significantly with increasing altitude (R²adjusted =-0.03, slope=8.6E-05, p>0.1, 

Figure 6).  
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Figure 4. Frequency distr ibution of annual r ing 

widths of pooled data for all used cores across 

sites. 

  

Table 3. Results of the LME models. ~Site: model including site as factor , ~1: null model. 

Model Df logLik AIC AIC Rank p 

~ 1 6163 -2142.603 4295.206  1  

~ Site 6163 -2141.741 4297.482 2.276 2 0.422 
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Figure  5.  Summary  statistics  for  mean  ring  

width of all three sites with FxA being the 

lowest  and  FxB  the  highest  site.   Horizontal  

bar:  median,  box:  1st and  3rd quar tiles, 
whiskers: maximum and minimum 

respectively, dots: outliers. 

Figure 6. Mean sensitivity per site. Horizontal 

bar: median, box: 1st and 3rd quar tiles, whiskers: 

maximum and minimum respectively. 
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Figure  7.  Cross-dated  r ing series of  the  individual  cores which  were  then  used  to  derive  one  
master series per site. Ring width is standardized on the mean ring width per core. a)  FxA b) FxB, 

c) FxC. 
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Figure 8. a) Standardized master series of all three sites, obtained by removal of negative exponential trend b) Residual master series

of all three sites obtained from a) but removed 1st order auto correlation 
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Growth - climate relationships 

The correlation functions showed several significant yet low correlation coefficients between 

the residual tree r ing widths and climate data (Figure 9). For  the lowest site FxA rainfall dur ing 

current growing year  had consistently negative correlation coefficients, however , only winter  

rainfall in August was significant. Moreover , cor relation coefficients of mean temperature at 

the end of the previous growing period indicated a negative r elationship wi th growth, but were 

significant only for  mean temperature in the previous March. In addition, mean temperature 

was posit ively cor related w ith growth throughout the growing year . Correlat ions for  mean 

temperature in previous winter ’s May and July as well as in March and May of the current 

growing season were signi ficant. 

On the mid alt itude si te FxB tree growth was signi ficantly negatively cor related both w ith 

rainfall in February of the previous growing season and with mean temperature in previous 

March. Temper ature had mostly positive coefficients, which became significant in September , 

March and April of the current growing season.  

In contr ast to the lower  sites, the highest alt itude site FxC showed posit ive correlation with 

rainfall  in preceding May. Mean temperature in August  was posi tively cor related, while mean 

temperature in October  showed a significant negative correlation with tree growth.  

The generalized least  square models, which were used to test  for  the influence of a wide range 

of var iables on an annual scale, consistently eliminated many climate var iables, including 

number  of frost days, growing degree days and average cloud cover . After  removal of first-

or der  autocorr elat ion for  site FxA, only annual rainfall and mean temperature remained as 

significant factors (Table 4). Going higher  up in alt itude for  site FxB only mean temperature 

remained signi ficant, whereas for  the highest  si te FxC no significant  explanatory factor  was left  

(Table 4). Incorporating significant factor s from correlation function analysis into the initial 

factor ial  design  of  the  GLSs  did  not  alter  the  outcome,  since  the  respective  factor s  were  

removed dur ing model selection procedure as non-significant. 
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Table  4.  Results  of  the  GLS  models  on  residual  chronologies  (RWres)  and  climatic  factors:  

significant factors.  Rain: total annual precipitation, MeanT: mean annual temperature. 

Site Model df Factor   SE t 

FxA RWres ~  Rain + MeanT 92 Rain -8.9E-5 4.7E-5 -2.40* 

   MeanT 0.085 0.032   2.74** 

FxB RWres ~   MeanT 92 MeanT 0.091 0.030   3.03** 

FxC - 92 - - - - 

*p < 0.05  **p < 0.001 

 

Discussion 

Along an alt itudinal gradient on the West Coast of New Zealand, the physiognomic appearance 

of Libocedrus bidwilli i trees resembled the commonly found trend in for ests towards tr eeline: 

decreasing total tree height and height of branching with increasing alt itude (e.g. Jarvis et  al., 

1989, Paulsen et  al., 2000, Massaccesi et  al., 2008).  

However , this study suggests that this decrease in statur e doesn’t take place at the cost of 

annual growth (measur ed by mean annual r ing width), which remained constantly low 

throughout the alti tudinal gradient (Figure 5, Table 2). This reinforces the findings of Paulsen 

et al. (2000) who found no decrease in r ing width for  the conifers Pinus cembra and Picea abies 

along an alt itudinal gradient towar ds treeline in the European Alps. 

Generally, speci fic leaf area (SLA) decreases with alt itude as environmental  stress increases 

and leaves are becoming more robust, i.e. thicker  and denser  (Körner  et  al., 1986, Jian et  al., 

2009). However , in this study, only the SLA of juvenile plants decreased with altitude, while 

that of adult trees remained constant (Figure 3). Our  results suggest that juvenile trees might 

actually be more sensit ive to climate than adults. Hence, juvenile recruitment can not be 

excluded as limit ing factor  towar ds the upper  end of the range. However , once trees are 

established, they per form equally well on all si tes with slow and highly iner t growth rates. This 

result calls for  examining juvenile chronologies across the same alt itudinal range in a future 

study to shed light on whether  juvenile growth towards the tree-line becomes more sensitive 

to climate. Should this be the case, range shifts or  extensions with increasing temperatures 

could take place through increased juvenile recrui tment. 
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The finding that mean sensit ivity does not increase with altitude (Figure 6) contrasts w ith the 

expected pattern, where trees are most sensitive to environmental condit ions along their  r ange 

limits (Fr itts, 1976, Kullman, 1993, Cullen  et  al., 2001), however , i t  is not  unique (Wang et  al., 

2005, Peng et  al., 2008).  

This lack of sensit ivi ty towards the upper  end of the range is also revealed by the growth-

climate relationships, which showed some cor relation at  lower  alt i tude yet  almost  none at  the 

highest site (Table 4, Figure 9). Correlat ion function analysis revealed a few significant months 

for  rainfall and temperature (Figure 9). Even though significant, correlation coefficients wer e 

low at all t imes. Posit ive temperature anomalies in late w inter  and spr ing seem to favour  

growth in the following growing per iod at all three sites. Additionally, warmer  temperatures in 

February and March for  site FxA and FxB are positively cor related w ith growth. Summar izing, 

this could be interpr eted as an overall posit ive response of growth to a prolonged growing 

season. However , including the number  of growing degree days in the models, as an indicator  

of growing season length, does not yield significant results. GLS models are consider ed less 

robust than the bootstrapped correlation function, but the lack of bootstrapping would likely 

result in more significance in the GLS models and a remaining non-significant effect of growing 

season length on annual width increment. 

The models showed that total annual pr ecipitation is negatively propor tional to growth at the 

lowest site but not higher  up (Table 4). This could possibly be due to water  logging in the soi l, 

which is unlikely on steeper  slopes at higher  elevation, or  due to reduced irr adiation caused by 

increased cloud cover  dur ing rain events. Alternatively, there may be incr eased precipitation at 

lower  altitudes only, if cloud base is just above the lowest site. Percentage cloud cover  data was 

avai lable from Hokit ika (and was non-significant in our  analyses), but owing to lacking cloud 

height registrat ion this cannot be tested. 

Mean annual temperatur e seems to have the same positive growth effect at sites FxA and FxB, 

however  not at FxC at the upper  range limit (Table 4). Again, this suggests that climate 

sensitivity towar ds the upper  end of the range is even decreasing. Thus, given the presented 

data, it is unlikely that adult Libocedrus bidwilli i tr ees will be able to profit fr om warmer 

temperatures or  changing rainfall regimes at the tree line, yet juveniles may show a differ ent 

patter n. However , this does not exclude an incr ease in growth or r ange shifts and extensions 

owing to other  environmental changes. Increased par t ial pressure of atmospher ic CO2 for  

example has been repor ted to stimulate conifer  growth in the Swiss Alps (Handa et al., 2006). 
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There are also fur ther  environmental factors which were not considered but could play an 

impor tant role near  treeline, such as disturbance regime, especially wind and snow or  soil 

fer t i li ty (Daniels & Veblen, 2003).  

Given  the  curr ent  study,  i t  has  to  be  concluded  that  either  climatic  conditions  are  not  the  

limi ting factor for Libocedrus bidwilli i or  that  the species is simply growing so slow ly to endure 

this harsh environment that it  is unable to respond to improved conditions such as increasing 

temperature. The latter  has been conceptualized by Gr ime (1974) as a “stress-tolerant 

strategy”: stress tolerator s live in extr eme environments and scarcely avai lable resources, 

where  productivi ty  and  reproduction  are  very  low,  but  individuals  cope  with  i t  by  growing  

slowly and being long-lived. This could apply to other  slow-growing New Zealand tr ee-line 

conifer  species like Podocarpus halli i , Halocarpus biformis or  Phyllocladus alpinus as  well.  

Fur ther  studies will  examine this in detail. Consider ing the evidence presented, a range shift  or  

extension of Libocedrus bidwillii  due to climate change is unlikely, unless it  enhances juvenile 

recrui tment. However  fast  and high growing invasive species like Pinus contor ta stand  by  to  

make for  a shift  of the New Zealand tree-line, leaving the native tr ee-line behind. 
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