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Abstract
& KeyMessage Pinus radiataD. Don growing in the central North Island of New Zealand did not show full winter cambial
dormancy. While there was a brief cessation of cambial cell division during June (winter), cell wall thickening, secondary
wall deposition, and lignification of tracheids continued throughout the year.
& Context The xylogenesis of Pinus radiata showing only partial winter dormancy has not previously been reported.
& Aims To verify the absence of winter dormancy of P. radiata growing in the mild cool climate of the central North Island. To
characterise the intra-annual dynamics of xylem cell formation (cell division and enlargement as well as cell wall thickening and
lignification) and growth rates and identify the main drivers of growth.
& Methods Xylogenesis was monitored by microcore sampling while radial growth was monitored by dendrometers, which was
then related to rainfall and temperature.
& Results Xylem cell formation started by mid-July and continued until late May of the following year and peaked in spring and
early autumn with minimum activity in Southern Hemisphere winter solstice (June 21, DOY 172). A higher correlation was
found between the radial stem growth and temperature than with rainfall.
& Conclusion There was a winter period of about 30 days where there was no cambial cell division and the differentiation of
latewood cells was stalled. This slow-downwas supported by dendrometer measurements. This is likely due to the relatively mild
winter temperatures and absence of drought conditions that are characteristic of the central North Island climate.
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1 Introduction

Pinus radiata D. Don is the dominant commercial tree spe-
cies in New Zealand: 90% of New Zealand’s 1.7 million ha

(6.4% of land area) commercial forestry estate is comprised
of P. radiata (FOA 2016). Forestry plays an important role
for the country’s economy with it being the third largest
export earner from the primary sector (MPI 2019).
However, comparatively little is known about the details
of the xylogenesis process of this species and how the pro-
cess is influenced by the environment. Xylem ring width
and structure depends on xylem cell differentiation dynam-
ics, particularly on the duration and rate of cambial cell
production, which in turn are driven by environmental fac-
tors (Larson 1969; Savidge 2000). To achieve the New
Zealand forestry sector’s vision of doubling export earnings
from P. radiata forests by 2022 (GCFF 2014), the produc-
tivity of existing forests needs to increase. A more detailed
knowledge of the xylogenesis process of New Zealand
grown P. radiata will help the forestry industry to develop
key management inteventions that will not only increase
productivity, but will mitigate impact on desirable wood
properties.
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Cambial activity ensures the perennial life of trees through
regular renewal of functional xylem and phloem (Larson
1994). The annual course of cambial activity is generally re-
lated to alternating contrasting seasons (cold and warm or dry
and wet) (Denne and Dodd 1981). In temperate regions, the
cambium is typically dormant during winter and active during
spring and summer. In tropical regions, it may be dormant
during the dry season and be active during the wet season
(Fromm 2013). In temperate and cold environments, temper-
ature is the main climatic factor affecting xylogenesis, mainly
in spring and autumn (Vaganov et al. 2005; Rossi et al. 2007;
Deslauriers et al. 2008; Rossi et al. 2008; Seo et al. 2008;
Begum et al., 2013).

The largest plantation forest (2900 km2) in New Zealand is
located in the central North Island, which has a warm temper-
ate climate. The cambial cells of P. radiata growing in this
region do not show the ultrastructural characteristics (Barnett
1971; Barnett 1973) usually used to define dormancy (Prislan
et al., 2013). Dendrometer measurements of P. radiata grow-
ing in the central North Island support these observations
since they showed a slow but continued increase in stem di-
ameter during winter (Tennent 1986). Jackson studied growth
of 5-year-old P. radiata in Kaingaroa Forest, and showed
maximum rates of stem increment in January, February and
March, following the October to December peak in height
growth (Jackson et al. 1976). The year-round growth based
on height and diameter measurements ofP. radiata growing in
Victoria, Australia (Skene 1969) and continuous height
growth in Hawaii (Lanner 1966) has also been reported.
This year-round growth is closely related to the polycyclic
activity of the apical bud of P. radiata (Bollmann and Sweet
1976).

These observations are in contrast to what occurs in other
Pinus species growing in temperate climates, which showed a
clear winter-dormancy (Murmanis 1971; Samuels et al.,
2006). There were clear differences between the winter and
summer cambial cells, at the ultrastructural level. Cambial
cells of dormant trees contained numerous small vacuoles,
whereas the cambial cells of active trees only had one large
central vacuole (Murmanis 1971; Prislan et al. 2013). At a
cellular level, a dormant cambium can be defined as radially
narrow and compactly arranged cells, located between the
secondary phloem cells and the thick-walled secondary xylem
cells (Begum et al. 2013). An increasing number of cambial
cells and the appearance of first enlarging cells immediately
adjacent to cambium are signs of cambium reactivation
(Gričar et al. 2006; Rathgeber et al., 2011)

A method of microcore embedding and confocal image
processing was developed to study the wood formation pro-
cess of fast-growing P. radiata with wider xylem differentia-
tion zones (Dickson et al., 2017). This study applies the meth-
od over a full year to develop an understanding of xylogenesis
of New Zealand grown P. radiata at two locations. The first

location is the same as the 2017 study while the second loca-
tion is a 13-year old commercial forestry stand. We tested the
hypotheses that (1) under mild climatic conditions, cambial
cell division and xylem differentiation can continue all year
round and (2) the rate of cambial cell division and xylem
differentiation are similar despite differences in age, climate,
stand structure, and management.

2 Material and methods

2.1 Study sites

The first site was at the Scion Nursery, Rotorua (latitude
38.156406° S and longitude 176.269614° E, 300 m a.s.l.), in
the central North Island of New Zealand. Trees were randomly
selected from a group of 6-year-old trees planted at a spacing
of approximately 2.5 × 2.5 m (Table 1) at an approximate tree
density of 1,600 stems per hectare (SPH). Point dendrometers
(BestTech Australia Pty. Ltd) were used to monitor the stem
radial growth. Xylogenesis was monitored (microcore sam-
pling) from April 2014 to May 2015 in the same trees moni-
tored by dendrometers. The stem diameters at breast height
(DBH, 1.4 m) and heights are given in Table 1.

The second site, Kaingaroa, was approximately 53 km
south-east of the Rotorua site. Kaingaroa Forest (latitude
38.59075° S, longitude 176.494533° E, 514 m a.s.l.), is also
in the central North Island. The stand was 13-year old and
were planted in 2003 at 747 SPH and thinned to 374 SPH in
2015. At 374 SPH, spacing between the trees was approxi-
mately 5 × 5 m. Xylogenesis was monitored (microcore sam-
pling) from July 2016 to June 2017 for two randomly selected
trees from each of the four 20 m × 20 m square plots (total of
eight trees) (Table 1).

2.2 Climate

New Zealand’s central North Island region has a warm, tem-
perate climate. Thewarmest months are January, February and
March, where the daily mean maximum temperatures can
reach 27 °C, while the coolest months are June to August,
with the mean daily minimum temperature averaging 5 °C.
The central North Island has an average annual rainfall of
1650 mmwith a range of 1300 to 2200 mm. Rainfall is spread
throughout the year, with the winter months receiving slightly
more (Chappell 2013).

The climatic data (daily averages of temperature, rainfall,
humidity, solar radiation and wind speed) at the two sites
(Table 2) were obtained from nearby meteorological stations
(500 m from Rotorua and 5 km from Kaingaroa). Daily aver-
age temperature and the rainfall trends were similar in both
sites (Fig. 1) and showed typical patterns for the central North
Island (Chappell 2013).
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2.3 Radial growth data using point dendrometers

Point dendrometers were installed at breast height (1.4 m)
on all of trees in Rotorua, 2 weeks before the experiment
to allow for a period of adjustment. Dendrometers were
mounted using 4-mm stainless steel threaded rods inserted
into the wood. To ensure a smooth contact between the
sensor rod and trunk, the outer bark was lightly brushed
off. Each dendrometer was individually calibrated and a
1.25-mm change in radius corresponded to a sensor output
of approximately 1 V. Raw data were recorded every
15 min using a data logger (Model C8850, Campbell
Scientific Inc., USA).

We followed the daily maximum approach to remove daily
fluctuations caused by stem shrinkage and swelling (Bouriaud
et al., 2005). The daily growth rate (μm/day) was considered
to be the maximum from 24-h radial measurements obtained
from 00:00 to 24:00 h on a daily basis.

2.4 Collection of microcores

Microcores (2 mm in diameter and 15 mm long) were
collected approximately every 2 weeks. They were col-
lected at breast height using a Trephor tool (Vitzani,
Peraroli di Cadore (BL), Italy) as described in (Rossi
et al. 2006a), following an ascending spiral pattern
and spacing each sampling about 2 cm apart to avoid
wound reaction (Makinen et al. 2008). The microcores
were stored in FAA (Formaldehyde:Glacial acetic
acid:Ethanol, 5:5:90) at 5 °C. They were transferred to
96% ethanol prior to embedding in LR white resin
(London Resin Company, Reading, England), as de-
scribed in (Dickson et al. 2017)

2.5 Determining xylem formation zones
from microcore images

Microcores were prepared for confocal microscopy, and the
images of transverse surface of microcores were captured di-
rectly from the block face as described in Dickson et al.
(2017). Four to five microcores were set in each of the resin
blocks. The entire resin block was fixed to a glass slide with
double-sided tape; a drop of 80% glycerol was placed on the
exposed surface to be imaged and mounted with a #1.5 cover

glass. Imaging was performed using an upright Leica TCS
SP5 confocal laser scanning microscope. Excitation was at
355 and 488 nm, and emission bands were 380–480 nm
(blue), 493–538 nm (green) and 625–800 nm (red). A
number of overlapping images were gathered for each
microcore so the full region of xylem formation zones
was covered ranging from the phloem to mature wood.
Images were stitched together to form a montage image
(Image Composite Editor, Microsoft Corporation). Mean
cell dimensions (radial width, cell wall thickness) and lig-
nin autofluorescence were recorded at 30-μm intervals
along the length of the image, which varied between
2500 and 4000 μm. Image processing was performed
using ImageJ (1.51p) (Abramoff 2004).

Our approach combines the cambium (cell division
zone) with the cell enlargement zone. We refer to this as
the CE zone (Fig. 2). Changes in radial cell width and wall
thickness were used for locating the cambium and cell en-
larging zones on the image (Fig. 2) (Dickson et al., 2017).
The cambium was defined by cells with narrow radial
widths and thin walls and enlarging zone with cells radial
width at least twice that of cambial cells (Rossi et al. 2009).
The beginning of the CE zone was defined by the mini-
mum radial width that extended through the enlarging zone
to the point where cell-wall thickening begins to increase
from the minimum value. Cells in the phase of wall thick-
ening and lignification were identified as LT zone. The LT
zone starts at the point where lignin auto-fluorescence in-
creases from the minimum value and ends when the signal
plateaus (Fig. 2). The end of the LT zone is also verified by
the absence of cellular content (Dickson et al., 2017). The
width of the zone of mature tracheids was not measured.
This is because the growth rings of radiata pine are wide
and in very fast-growing trees are often wider than the 15-
mm length of the Trephor tool used for sampling.

2.6 Statistical analysis

To determine the correlation between the daily maximum
radial growth (dendrometers) and temperature, rainfall and
solar radiation, a correlation technique known as repeated
measures correlation technique (rmcorr) was used (Bakdash
and Marusich 2017). Repeated measures correlations (rrm)
were performed using the rmcorr R package (Anonymous

Table 1 Mean DBH (diameter breast height) and height at the beginning of the monitoring (±standard deviation, range in brackets, eight trees per site),
annual DBH and height increments at the two sites

Mean DBH (cm) Mean height (m) DBH increment (cm) Height increment (m)

Rotorua 17.9 ± 3.58
(12.8–23.1)

11.0 ± 0.87
(9.5–12.5)

2.68 1.50

Kaingaroa 26.2 ± 4.5
(16.7–36.3)

23 ± 1.7
(16.6–25.6)

1.95 1.22
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2017) as described in (Bakdash and Marusich 2017).
Widely used correlation techniques (e.g. Pearson) to deter-
mine the correlation between individual variables, assume
independence of error between observations. However, this
assumption is violated when each individual provides more
than one canonical data point. Rmcorr accounts for non-
independence using analysis of covariance (ANCOVA) to
statistically adjust for inter-individual variability.

Our microcore data measure the width of a zone at a
given date and do not record the onset of the various
phases. Therefore, comparison with the dendrometer data
is done on a growth rate basis rather than accumulated
growth. To investigate if there was a relationship between
dendrometer data and cambial zone widths, the daily max-
imum radial growth was averaged over time periods
consisting of the number of previous days (previous 2
days, 3 days, etc….90 days). The resultant mean daily
maximum growth rates (μm/day) were correlated with the
CE zone width (figure not shown) and LT zone width (Fig
5a), to find the time period with the highest r-squared with
zone width.

3 Results

3.1 Seasonal cambial dynamics

The wood formation was monitored from mid winter, and at
both sites, the cambium was active for approximately 335 out
of 365 days. The cambium had the minimum width and num-
ber of cells (12–14) during the whole of June (Fig. 3a), show-
ing minimal activity. Adjacent to the cambial and enlarging
cells were incompletely lignified latewood tracheids (from the
previous year), with cell contents still present suggesting
xylogenesis continued throughout the winter (Fig. 3a, b). By
late August, lignification of previous years latewood tracheids
had reached completion, with the loss of cell contents (Fig
3d).

When sampling began in early-July (DOY 186), 2 weeks
after the winter solstice (DOY 172), new-season xylogenesis
(earlywood formation) had begun and 2–3 enlarging cells
were present per radial file (Fig. 3b). Two weeks after the first
enlarging cells were observed, wall thickening and lignifica-
tion of the newly formed cells began (Fig 3c). By late
September, fully lignified earlywood tracheids had been
formed (Fig. 3e). From initial cell division and enlargement,
it took about 2 months for the tracheids to reach full maturity.
Xylem production continued until the end of the following
May, with its activity peaking at the spring equinox and again
at early autumn.

3.2 Site comparisons—zone widths and radial growth

Both sites showed similar seasonal cambium dynamics (Fig.
4a, c), even though sampling periods at each site occurred in
different years. For both sites, the CE and LT zones were at a
minimum near the winter solstice. There was also a corre-
sponding minimum for the dendrometer data for Rotorua
(Fig 4b). The average LT zone widths in June were approxi-
mately 520 ± 188 and 400 ± 107 μm for Rotorua and
Kaingaroa, respectively. LT zone width showed two periods
of increase (Fig 4a, c). The first, prior to the spring equinox, is
in line with increasing temperature and solar irradiance after
the winter solstice. The second began approximately mid-way
between the spring equinox and summer solstice and peaked
in early autumn. These two periods were also shown by
dendrometer data from Rotorua, averaged over the previous
2 weeks (the approximate length of time between cell enlarge-
ment and cell wall thickening, see above).

Fig. 1 Daily average temperatures and rainfall for a Rotorua and b
Kaingaroa, two locations in central North Island. WS winter solstice,
SE summer equinox, SS summer solstice, AE autumnal equinox and
WS winter solstice

Table 2 Climatic factors of study sites

Yearly ave temp (°C) Max daily average temp (°C) Min daily average temp (°C) Annual rainfall (mm)

Rotorua 12.9 20.9 3.9 1358

Kaingaora 10.2 21.4 0.4 1412
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The CE zone widths also peaked around the time of the
spring equinox (Fig. 4a, c). At an equivalent date, the widths
of the LT zones of the Rotorua trees were greater than those of
the Kaingaroa trees. At the spring peak (September 24, DOY
267), the width of the LT zone for Rotorua was 1865 μm,
while for the trees growing in Kaingaroa, it was 1077 μm.
At the early autumn peak, the LT zone widths were 1986
and 1867 for Rotorua and Kaingaroa, respectively.

3.3 Stem radius variations (Dendrometer data)

Figure 4b shows weekly averages of daily maximum radial
growth recorded at Rotorua from April 2014 to April 2015.
Radial growth showed a clear increase after the winter solstice
(DOY 172) with a pronounced first period of maximal incre-
ment in spring around mid-September, followed by a second,
less-marked increment maximum in summer. As seen from
the climate data (Fig 1), there were no clear drought periods
nor rainfall extremes during the study likely to influence the
dendrometer data. Instead, the pattern observed in radial in-
crement was closely related with the LT zone width data for
Rotorua, with the exception of the peak at DOY 349.

3.4 Relating stem radial growth rate to LT zone width

There was a good correlation between the rate of xylem cell
formation (LT zone width) and the radial stem growth rate
(μm/day) when averaged over the previous 57 days (R2 =
0.66) (Fig. 5a). Figure 5b shows that the correlation between
the LT width and the radial growth rate initially increases as
the number previous days (over which it is averaged) in-
creases. Averaging over greater than the previous 57 days

resulted in a decrease in the correlation (Fig. 5b). The width
of the CE zone was poorly correlated (R2 = 0.18) with the
radial growth rate. The peak correlation was at 20 previous
days (Fig. 5b).

3.5 Radial growth and climate relationships

The daily maximum radial growth increments extracted from
the radial stem growth (dendrometer data, April 2014 to April
2015) were correlated to daily temperature and rainfall. When
all trees were considered, radial growth was better correlated
to temperature than with rainfall or solar radiation; however,
all correlations were significant at p = 0.05 (Table 3; Fig. 6a, b,
c, d). The rainfall data was highly positively skewed due to the
number of days with no rainfall, which may have impacted the
correlation with radial growth (Fig. 6c).

4 Discussion

4.1 Seasonal cambial dynamics

We hypothesised that P. radiata cambial cell division and
xylem differentiation would continue all year round with the
mild climatic conditions of New Zealand. However, results
showed that the cambium was only active for 335 days of
the year, with a brief cessation of cambial cell division from
late May (autumn) until the end of June (winter). Cambial
dormancy is usually identified by ultrastructure changes in
winter and summer cambial cells (Barnett 1973). However,
this study showed P. radiata cambium inactivity was
characterised by a minimum number of cambial cells or a

Fig. 2 Active cambial zone from a microcore sampled in 01.10.2014
showing the cambium and cell enlargement zone (CE) and the wall thick-
ening and lignification zone (LT). The line labelled ‘lignin’ represents the

normalized relative lignin autofluorescence. The yellow line labelled
‘width’, the normalized relative cell radial width; and the white line la-
belled ‘thickness’, the normalized relative wall thickness
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minimumCE zonewidth and by the absence of enlarging cells
next to cambium (Fig 3(a)). Barnett (1971) has reported 16-20
cells in the cambium of 5-year old P. radiata sampled in
June 24th (winter solstice), which is comparable with this
study’s observation of 14–16 minimum number of cambial
cells in a radial file during the May to June relative inactivity.
A previous study in Australia also found P. radiata cambial
activity for at least 335 days of the year, with minimum activ-
ity during the month of June (Skene 1969). The study was
located at Mount Macedon in the State of Victoria, which
has a similar mild climate to the central North Island (Cfb
according to the Köppen-Geiger climate classification).
Skene’s study found cell division and radial growth had vir-
tually ceased by late May, although development of the sec-
ondary wall of the tracheid continued until mid-July, and cell
division appeared to restart by about late July. Thus, there was
only a very short period where no tracheid development
occurred.

The study found that the previous year’s tracheids continue
to undergo xylem differentiation (Fig 3(a–c)), adjacent to the
cambium zone during the months of June–August. This indi-
cated that xylem differentiation (cell wall thickening, second-
ary wall deposition and lignification) possibly continues
throughout the winter, albeit, at a greatly reduced rate. These
results are consistent with Barnett’s (1971) results, “the most
surprising feature of the 24 June sample is the absence of the
characteristic secondary thickening from those cells (formed
in the previous year) that were expected by this time to be fully
differentiated latewood tracheids.” Thus, xylem differentia-
tion appeared to continue during the winter period, which
was in agreement with dendrometer radial growth. We

hypothesize that was likely due to the relatively mild winter
minimum daily average temperatures (~ 5 °C) at both sites and
the absence of significant drought periods throughout the year.
The mild winter temperatures of this study are similar to a
reported threshold temperature of 6 to 8 °C for the xylogenesis
of conifers (Rossi et al., 2007). Tracheid differentiation con-
tinued through the winter in Aleppo pines growing in the
Mediterranean region when the average winter temperatures
were around 10 °C (De Luis et al., 2007). Year-round growth
and activity has been found in P. radiata growing in Australia,
in terms of general physiological activity, including bud elon-
gation and internode extension (Cremer 1973). It is unclear if
winter xylem differentiation is common for New Zealand
grown P. radiata throughout the country, or if it is specific
to the mild climatic conditions of the central North Island. To
further investigate this phenomenon, more research would be
required over a range of climates. Our results on the presence
of previous-season latewood tracheids with cell contents,
which show incomplete cell lignification during quiescence,
have also been previously reported. The last-formed tracheids
had not completed development of their secondary wall by
winter and did not lay down the S3 layer until after the resur-
gence of cambial activity in spring (Skene 1969; Donaldson
1991; Donaldson 1992).

In temperate and cold-winter environments, there is evi-
dence that temperature is a key factor for the onset of cambium
activity, mainly in spring in field experiments (Vaganov et al.
2005; Begum et al. 2008; Deslauriers et al. 2008; Rossi et al.
2008), or with temperature manipulation experiments (Begum
et al. 2018). In contrast, the results of this study appear to
indicate that P. radiata cambial reactivation was not triggered

Fig. 3 (a–f). Seasonal changes in cambial zones. The dotted white line
represents the approximate position of the growth ring boundary
(previous season’s latewood) in the images it overlaps. “C” refers to the
cambium, “E” refers to cell expansion, “T” refers to cell wall thickening,

“LT” refers to cell wall thickening and lignification, “M” refers to mature
xylem. These refer specifically to the higher-magnification insets. The
scale bars in the insets are 100 μm
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by the temperature alone. The average daily temperature
at both sites remained at a yearly minimum 5 °C in
June through to mid-July, while new season xylogenesis
had begun by early July. Previous studies on height and
diameter increment (Jackson et al. 1976; Tennent 1986)
have also observed an acceleration from minimum win-
ter rates before there was a general rise in mean tem-
peratures. This suggests factors other than temperature
can also trigger the break of winter dormancy in trees
such as photoperiod (Jenkins et al. 1977; Rossi et al.
2006a, b; Lupi et al., 2012), and endogenous factors
such as hormonal signals (Larson 1962; Jenkins and

Shepherd 1975). More detailed research is required to
identify the triggers of P. radiata cambial reactivation.

Xylem cell formation peaked in spring equinox and early
autumn as shown by the maximum LT zone widths. The first
peak of xylem cell formation, which occurred at the spring
equinox, was most likely governed by the increasing temper-
atures and solar irradiance after the winter solstice. Pinus
pinaster growing in aMediterranean climate showed a bimod-
al pattern of stem radial increment, in spring and in autumn;
however, the second peak was due to the stem hydration after
the summer drought (Vieira et al. 2014). In our case, the sec-
ond peak in xylem activity was not related to stem hydration,

Fig. 4 Cambial activity. a CE and LT zone widths from April 2014 to
May 2015 for Rotorua. b Associated dendrometer data (2-week moving
average—only 1 point shown per week for clarity). c CE and LT zone
widths from July 2016 to June 2017 for Kaingaroa site. Solid arrows

indicate apparent phases of increased growth. Error bars represent 95%
confidence intervals. WS winter solstice, SE summer equinox, SS sum-
mer solstice, AE autumnal equinox and WS winter solstice
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as there were no severe droughts during the study period. The
second peak of xylem differentiation around autumn is an
important period, where the large number of thick-walled cells
is formed. After the summer solstice when stem extension
stops and buds are set, photosynthates are directed to devel-
oping tracheids (Jenkins 1976). Cell walls tend to be thickest
in autumn, as a greater proportion of available photosynthate
is translocated to the cambial region. A causal link between
formation of earlywood/latewood and sugar availability in the
xylem has been postulated by Carteni et al., 2018. During this
period, exogenous factors such as drought or fertilisation
would be expected to have a marked influence on the produc-
tivity of the cambium and the thickening of tracheids. If the
cambium can be manipulated to increase the proportion of
thick-walled latewood in the ring, this will lead to overall
ring-density gains (Locosselli 2018).

4.2 Zone width and radial growth

New Zealand-grown P. radiata cambial activity cannot be
represented as a cumulative number of cells over the entire
growth ring as the annual growth rings wider than can be

sampled by microcoring. Consequently, we used an alterna-
tive method that uses the widths of xylem formation zones
(CE and LT), as described in Dickson et al. (2017).

Trees at the Rotorua site were 7 years younger than the
Kaingaroa site, and had a greater stem increment growth rate
(asmeasured at DBH). TheKaingaroa site is at a higher elevation
and has a known soil nitrogen deficiency. These and other site
factors likely impacted the productivity of the Kaingaroa site
when compared to the Rotorua site. Further, age may be a factor
as younger trees have demonstrated to have higher rates of cell
production than older trees (Vieira et al., 2018).

The differences we have shown in CE and LT zone widths,
at a given date, were linked to differences in diameter growth
of trees growing in two study sites (Fig. 4). At equivalent
sampling dates, the widths of the LT zone for Rotorua trees
were greater than the widths of the LT zone for Kaingaroa
trees. Increased diameter growth and ring widths have been
linked to an increased annual cell production (Vaganov et al.,
2005; Rathgeber et al., 2011). Wide tree rings can be a result
of a longer duration of cell production (early onset/late termi-
nation) (Lupi et al., 2010) or a higher rate of cell production by
cambial division (Vieira et al., 2014). In both sites, the onset

Fig. 5 Correlation between zone width and radial growth rates for the Rotorua site. a LT zone with and radial growth rates averaged over the previous 57
days. b R2 of the correlation between zone width and the radial growth rate, averaged over a number of previous days

Table 3 Repeated measures correlation coefficients (rrm) between dendrometer radial growth (μm) and climatic factors. All correlations were
significant at p = 0.05; 95% confidence intervals (Cl) are given in brackets

With air temp (°C) With probe temp (°C) With rainfall (mm) With solar radiation (MJ m−2)

rrm = 0.418
(CI 0.38–0.45)

rrm = 0.402
(CI 0.37–0.43)

rrm = 0.114
(CI 0.07–0.15)

rrm = 0.114
(CI 0.07–0.15)
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and termination of cambial activity occurred at around the
same time; thus, we hypothesise the elevated diameter growth
rate in Rotorua is largely a result of higher rates of cell pro-
duction. Despite the hypothesized site differences, as well as
age and tree density, the timing of intra-annual dynamics of
xylem cell formation was similar. This suggests this is strong-
ly genetically controlled; therefore, the timing of P. radiata
cambial dynamics is likely similar at different ages and poten-
tially different climates. If this is the case, management inter-
ventions for improving wood quality could be applied at the
same time across different aged stands and different forests.

Due to the limitation of the length of the trephor tool used, it
was unable to include P. radiata mature tracheids in the xylem
differentiation zone. However, there was a strong correlation
(R2 = 0.66) between the LT zone widths and radial growth rates
averaged over different time periods (Fig. 5a). The correlation
between CEwidth and growth rate was weak. This may, in part,
be due to the more delicate and easily deformed nature of this
tissue (Dickson et al., 2017); meaning, it was more difficult to
gain an accurate measure of the width of the CE zone. The

highest correlation between LT width and radial growth rate
averaged over 57 days. This suggests that the width of the LT
zone relates to growth rates occurring over the previous 1 to 2
months. A previous study reported that woody biomass produc-
tion lags behind stem girth increase by over 1 month in conifers
growing in the Northern Hemisphere (Cuny et al., 2015).

4.3 Implications of this study

The results of this study have provided knowledge on distinc-
tive seasonal patterns of cambial activity of New Zealand-
grown P. radiata grown under mild climatic conditions. This
knowledge will be valuable for commercial forestry opera-
tions to optimise the timing (e.g. spring vs autumn) of man-
agement interventions (e.g. fertilizer, growth hormones) to
increase latewood growth. Thus, the forest managers will be
able to either not degrade or even improve desirable wood
properties with accelerated growth. This will be essential for
the New Zealand forest industry to meet their goals of increas-
ing productivity and profitability of existing plantations.

Fig. 6 Individual observations of daily maximum radial growth and
climate data (different colour dots for individual trees data points) and
repeated measures intra-class correlations for individual tress (coloured

lines for individual trees) between dendrometer daily radial maximum
and air temperature (a), probe temperature (b), rainfall (c) and solar radi-
ation (d)
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The study’s novel results on xylem cell formation con-
tribute insights on fine-scale variability in growth and
wood properties of P. radiata. Seasonal xylogenesis data
will be useful in developing mechanistic wood formation
models such as eCambium (Drew and Downes 2015), in
parameter estimation, and beyond this, predicting tree- and
forest-level wood quality across many scenarios, which
will be ultimately used by researchers, policy makers and
forest industry owners.

5 Conclusions

Pinus radiata growing in the central North Island of New
Zealand did not show full winter dormancy. An increase in
cambium cell division/enlargement and diameter growth was
observed not long after the winter solstice. Xylem cell forma-
tion peaked in spring and early autumn, and the minimum
activity was in June coinciding with the winter solstice.
Despite a 30-day period of no cambial cell division during
the month of June (winter), lignification and cell wall thick-
ening appears to continue throughout the year.

P. radiata radial stem growth was more highly correlated
with temperature than with rainfall. Xylem differentiation ap-
pears to continue during the winter period in agreement with
dendrometer radial growth, likely due to the relatively mild
winter temperatures (~ 5–10 °C) and absence of drought con-
ditions which are characteristic of the mild climate of the
central North Island.

The cambium dynamics of P. radiata growing in central
North Island differs from the classical cambium dormancy
shown in temperate species, makes it an interesting model
system for gaining better insights to the process of xylogenesis
and early wood/late wood formation.
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