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Abstract: Invasive alien species (IAS) are a recognised threat to biodiversity and ecosystem services. With
increasing tourism and projected 21st century climate changes across the mid- to high-latitudes of the southern
hemisphere, subantarctic islands are potentially highly vulnerable to IAS, but suffer from a dearth of baseline
monitoring. Here we report tree-ring measurements from a lone exotic Sitka spruce (Picea sitchensis (Bong.)
Carr) on subantarctic Campbell Island to determine past growth rates and likely future response to climate
changes. Though the samples were unable to resolve exactly when the tree was planted, the fast growth rate
indicates it is likely to have been later than the reported date of 1901. Since at least 1941, the tree appears to
have responded favourably to the relatively warm summers experienced on Campbell Island, resulting in growth
more rapid than that observed in natural stands (North American Pacific Coast). Although trees of similar age are
normally mature and produce cones, none have so far been observed on Campbell Island — possibly the result of
the fast growth causing an extended ‘juvenile’ or pre-reproductive phase — preventing seeding across the island.
Importantly, relatively dry periods are needed for cones to open and disperse seeds, conditions not recorded in
the instrumental record. Examination of the Coupled Model Intercomparison Project 5 (CMIP5) outputs show
increasing rainfall across the region during the 21st century under a range of emission scenarios, suggesting
that even when mature, the Sitka spruce poses a limited threat to the long-term ecology of Campbell Island.

Keywords: Campbell Island; exotic forestry trees; invasive alien species; Picea sitchensis; Sitka spruce;

subantarctic islands; tree-ring

Introduction

Invasive alien species (IAS) are defined as ‘a species that is
established outside of its natural past or present distribution,
whose introduction and/or spread threaten biological diversity’
(IUCN 2016) and are increasingly recognised as a threat to
global biodiversity, ecosystem services and human health
(Walther et al. 2009; McGeoch et al. 2010; Early et al. 2016).
The threat is likely to increase on subantarctic islands that are
projected to experience substantial climate changes over the
next century (Whittaker & Fernandez-Palacios 2007; Kueffer et
al.2010; Lebouvieretal. 2011) and may actas ‘stepping stones’
across the Southern Ocean to the Antarctic continent (Frenot
et al. 2005; Gregory 2009; Lee & Chown 2009; Nikula et al.
2010; Chown et al. 2012; Hughes & Convey 2012; McGeoch
etal. 2015). While palacoecological studies provide important
insights into the timing and ecological impact(s) of IAS
(Wilmshurstetal. 2015), there are few baseline measurements
of growth response to climate in these remote islands.
Annually formed tree-rings in exotic species used for
commercial forestry and agroforestry provide an opportunity

to investigate long-term growth under climate regimes far
removed from their original (natural) environment (Richardson
1998). The solitary Sitka spruce (Picea sitchensis (Bong.)
Carr) on subantarctic Campbell Island (Fig. 1) provides an
excellent case study in this regard. In 1989, a plaque was
placed by Governor General Sir Paul Reeves next to the tree
stating it was planted in 1901 by Lord Ranfurly, Governor
of New Zealand (hence it is known as the ‘Ranfurly tree’).
A more common reference by tourist operators in the region
is ‘the world’s loneliest tree’, applied after a supposedly
drunken truck driver killed the previous candidate, the Tree
of Ténéré in 1973 (or I’Arbre du Ténéré) in Niger Sahara
(Anonymous 1974). The moniker that the Sitka spruce is
the sole tree on Campbell Island ignores the fact that there
is no universally recognised precise definition of what is a
‘tree’, either botanically or in common usage, and that some
large local native shrubs of Dracophyllum scoparium and
D. longifolium can attain heights over 5 min sheltered situations
and so could also be reasonably regarded as trees (Harsch et
al. 2014; Turney et al. 2017). Meurk and Given (1990) and
Meurk et al. (1994) have used the term ‘dwarf forest’ or elfin
woods to describe such vegetation.
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Figure 1. Location of subantarctic Campbell Island, southwest Pacific (Panel A.) and the Sitka spruce in Camp Cove (Panel B.). Photograph

of the Sitka spruce shown in Panel C.

Sitka spruce is found naturally along the western part of
North America, occurring in a narrow coastal belt running
along the Pacific Coast from Alaska to California (Harlow et
al. 1978). The species tends not to occur very far inland or far
above sea level and is generally regarded as a fast-growing
species ofhigh productivity. This restricted distributional area
reflects a preference for a maritime climate with relatively
mild winters and cool summers. The meteorological station
at Beeman Cove, Perseverance Harbour, shows that Campbell
Island experiences broadly similar maritime temperature
conditions with uniform precipitation across the year (New
Zealand National Climate Database, http://cliflo.niwa.co.nz/).
Annual rainfallis 1376+ 142 mmyr !, with mean winter (June—
August) and summer (December—February) temperatures of
5°Cand9.2°Crespectively (1941-2015). In this paper, we aim
to identify how well the tree has grown since establishment
and the implications for its potential spread under a range of
future climate change scenarios.

Methods

The Campbell Island Sitka spruce is located in Camp Cove
at 52.554° S, 169.133° E (c. 3 m above sea level). The tree
is approximately 10 m tall and has a wide, spreading crown
comprised of multiple branches, several of which start from
near ground level (Fig. 1). The crown shows clear signs of
wind shear from the prevailing westerly winds. The extent of
branching increases the difficulty of coring and being able
to reach the centre of the tree. Increment core samples were
collected on two occasions. Two cores from a large lateral
branch were taken in 2013 during the Australasian Antarctic
Expedition 2013-2014, and a further four cores were taken
during fieldwork in late 2014. Details of the samples are:
* two from a major branch (centre was 1946)
* two from the central leader (centre was 1941) at 2.3 m height
(DBH 55 cm)
* two from opposite sides close to the base (north and south
at ¢. 0.4 m height, neither of which reached the centre of
the tree).

Allthe samples were first dried then glued onto core mounts
and sanded using progressively finer grades of sandpaper to
produce a highly-polished surface. The cores were then studied
under a binocular microscope and the associated ring patterns
cross-dated to ensure the samples captured a reliable record of
growth, with no missing rings or years identified; a prerequisite
forthe development ofa tree-ring chronology (Stokes & Smiley
1968). Every tree-ring was measured to the nearest 0.001 mm
using a Velmex measuring stage (www.velmex.com) linked to
computer facilities and the measurement series of each core
was then standardised to remove biological trends using the
dpIR program library in R (Bunn 2008, 2010; R Core Team
2015). Within the program, various options are available for
the conversion of the annual ring-width measurements into
indices and we adopted the use of a more flexible regression
model, Friedman’s Super Smoother (Friedman 1984), to
remove the growth trends. All six series were then combined
to produce a single tree ‘chronology’ (normally multiple trees
are combined to produce a chronology).

The species hasbeen successfullyused in tree-ring research
(Grissino-Mayer 1993) with 45 tree-ring collection sites listed
onthe International Tree-Ring Data Bank (ITRDB; www.ncdc.
noaa.gov/data-access/paleoclimatology-data/datasets/tree-
ring). For the sake of comparison, we chose three sites from
the ITRDB collection considered to represent the latitudinal
span of the species range for comparison to our ring-width
measurements obtained from the Campbell Island tree (Table
1). In New Zealand, three other Sitka spruce trees have been
registered as notable trees (Www.notabletrees.org.nz) and their
growth information is included in Table 1.

The relationship of the tree-ring chronology to the
Campbell Island temperature record was explored using
bootstrapped correlation function analysis in the bootRes
library package in R (Fig. 2; Zang & Biondi 2013; R Core
Team 2015). The program uses 1000 bootstrapped samples
to compute Pearson’s correlation coefficients between the
tree-ring parameter and each of the climatic predictors (i.e.
monthly temperatures) and then to test their significance at
the 0.1 level (shown as darker bars in Fig. 2).

During the process of cross-matching the ring-width
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Table 1. Summary tree-ring statistics for Sitka spruce. (a) Mean tree-ring growth rate (mm yr'!), three indices of variability
(the standard deviation (SD), the skewness and the Gini coefficient) and a measure of temporal autocorrelation (AR1; the
autoregressive process with a lag of one year) for the solitary Campbell Island tree and three other natural stands in Alaska
(www.ncdc.noaa.gov/data-access/paleoclimatology-data/datasets/tree-ring). (b) Size and mean growth rate (mm yr'!) for
three trees registered as notable trees (www.notabletrees.org.nz) in the Wellington Botanic Gardens and Ormond Road,

Hastings, New Zealand.

a)
Site Latitude ~ Numberof — Mean Median  SD Skew  Gini AR1
trees/cores (mm yr)
Campbell Island 52.55°S 1/6 4.35 4.00 2.10 0.76 0.25 0.71
Prince of Wales 55.29°N 4/4 1.96 1.91 0.56 0.59 0.16 0.80
Island, Alaska
Russel Fjord, 59.36°N 18/18 2.22 2.19 0.95 0.26 0.25 0.86
Alaska
Tok River, 63.14°N 6/6 0.45 0.38 0.24 1.15 0.28 0.84
Alaska
b)
Location Latitude Register Mean Diameter Number Date
number (mm yr'h (cm) of years established
Botanic Gardens, 41.28°S WTR/0152 5.23 136.9 131 c.1885
Wellington
Botanic Gardens, 41.28°S WTR/P0374 4.23 106.6 126 c.1890
Wellington
Hastings Reserve, 39.61°S HBR/P0120 6.20 168.7 136 ¢.1880

Hawkes Bay
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Figure 2. Response function result of
Sitka spruce tree-rings to mean monthly
temperature from Campbell Island.
The 12 monthly correlations start with
winter (i.e. June) in one year and extend
to the end of autumn (i.e. May) of the
following year. The months of the
preceding calendar year are shown in
lower case while those of the following
year are in upper case. The darker bars
indicate a Pearson correlation coefficient

IIIII

patterns and measuring, we observed that many of the cores
showed evidence of traumatic resin ducts (Figs. 3 and 4;
Stoffel et al. 2010). Traumatic resin ducts (TRDs) can vary
anatomically, but in this case, we mainly see tangential rows
of cells with phenolic deposits (Schweingruber 2007). Their
formation can occur from a variety of different disturbance
or stress causes such as temperature extremes (e.g. freezing),
mechanical wounding and bending (Wimmer & Grabner 1997).
When TRDs were identified under a light microscope the
relative position within each affected tree-ring was measured.
The TRD relative positions were then binned into one of four
intra-annual growth periods or quarters (Gurskayaetal. 2016).
» The first quarter starts at the beginning of annual growth,
right at the zone after the latewood of the previous annual
ring. This earlywood section is considered representative
of ‘spring’ growth.

significant at P <0.1; the lines represent
the 90% confidence interval.

* The second quarter then continues and extends to the first
half of the ring and captures the period from late spring to
early summer.

* The third quarter represents the late summer period.

» The fourth quarter contains the latewood section and covers
autumn growth.

The number of TRDs in each of the quarters was counted and
the results presented in Figure 5.

Tohelp explorethe possible invasive threat of the Campbell
Island Sitka spruce tree and reasons for the lack of any
viable cones, the monthly observed precipitation record was
investigated to identify possible ‘dry’ periods that could enable
seed dispersion (Fig. 6). The projected change in rainfall for the
areawas then investigated under two projected future emission
scenarios (i.e. Representative Concentration Pathways 2.6
‘low’ and 8.5 ‘high’ emissions; IPCC 2013) (Fig. 7).
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Figure 3. Examples of TRDs observed in the Sitka spruce cores. Arrows indicate TRDs while normal annual ring boundaries are seen
as dark lines (growth direction is from left to right in A and B). In the bottom panel (C) the centre or pith of the tree is clearly visible.

Results and discussion

The core samples from the Campbell Island Sitka spruce
establish the tree was only 2.3 m tall in 1941 but, using tree-
ring samples from this study, we are unable to confirm the
exact date the tree was planted. Various accounts in botanical
expedition reports and interviews conducted by Norm Judd
(pers. comm.) do not provide an exact date, with estimates
ranging from 1901 until the 1920s. Natural wind-shear and
early accounts of the occasional removal of branches for
Christmas festivities mean height measurements do not provide
a reliable surrogate estimate. The two basal cores that could
have helped provide definite answers failed to reach the centre
due to the basal branching making precise coring alignment
difficult. Using the curvature of the inner tree-rings (Norton
et al. 1987), the missing radius in the cores was estimated,
but suggest an age considerably later than 1901. Basically,
the tree-ring samples show that the tree has grown at the rate
of approximately 1 cm in diameter every year for the last 70
years (note Table 1 shows the mean radial growth, which is
4.35 mm). Therefore, either the growth rate of the tree was
significantly slower for several decades when it was first

established (something not normally observed in open natural
stands where growth rates tend to be relatively fast) or this
tree established later than reported. Only a basal core to the
pith of the tree can help resolve this issue.

Comparisons of the measured growth rate with three
other locations in the natural range of Sitka spruce show the
Campbell Island tree is growing exceptionally well (Table
1). Despite the faster growth rate, other aspects such as the
Gini coefficient (Biondi & Qeadan 2008) and autocorrelation
appear similar. The Gini coefficient of inequality is used as an
all-lag measure of diversity in tree-ring records; lower values
indicate lower diversity and would not normally be preferred
for palacoclimate reconstructions. The fast growth rate does
show the Campbell Island tree is thriving at this location and
supports questions around the reported 1901 establishment date.
Comparisons to three other planted trees located much further
north in the North Island of New Zealand (Table 1b) show
generally faster growth rates that follow the widely-observed
pattern forrapid growth of introduced conifers (Ledgard 2004).

The bootstrapped response function analysis results
(Fig. 2) show a classic high-latitude seasonal temperature
response starting with predominantly inverse correlations with
winter temperatures then gradually changing to significant
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Figure 4. Tree-ring measurements from the Campbell Island Sitka spruce with key climate parameters of extreme minimum temperatures
and gale force winds during the growing season (October—March) recorded at the meteorological station in Perseverance Harbour. Asterisks
denote TRDs in individual tree series; blue columns identify periods of TRDs across the full dataset.

o 187 Figure5.The 35 TRDs observed inthe core samples
S 16 - stratified by their seasonal growth position. The
2 14 - exact position of a TRD relative to the respective
2 total ring-width was calculated so that it could
o 12 then be allotted into one of four growth quarters
® 10 thought to be seasonal representations of spring
§ g - through to autumn.
e 6
(=]
g 4
£ 2
2 oL - : : .
First Quarter ~ Second Quarter ~ Third Quarter  Fourth Quarter
("spring") ("early summer") ("late summer") ("autumn")
Growing season (divided into quarters)

250 — 8 ) Figure 6. Box and whisker plots of recorded
— o ° s & % monthly rainfall since 1941 from Campbell Island.
g 200 o o T L2 The months are clustered into seasons starting with
% - ° ° o T S b austral winter (i.e. June—August) through to autumn
= LT T T oo b ! (March—May). Outliers are indicated as open circles
S 150 Lo oo N ! and defined as a data point that is located outside
= o ‘ the fences (whiskers) of the boxplot (e.g. outside
9 100 E E ‘ ‘ 1.5 times the interquartile range above the upper
© Coo i S b P ! quartile and below the lower quartile) (R Core
o | 1 | | | | [0 |
F o5 L L L 0 i L N L v " Team 2015).

8 o
I I I I I I I I I I I I

Months



36 New Zealand Journal of Ecology, Vol. 42, No. 1, 2018

3.6

3.5

3.4

3.3

3.2

3.1+

3.0

2.9

Annual mean precip. mm/day

T T T T T T T T T T T T { T T T T
2050 2100

X
1850 1900

T T T T

I I
1950 2000
Year CE

Figure 7. Annual (July—June) mean Coupled Model Intercomparison Project 5 (CMIPS5) precipitation values for 50-55°S, 167-172°E
for Representative Concentration Pathways (RCP) of 2.6 (low; dark grey line) and 8.5 (high; black line) emission scenarios. The light

grey zone defines 2o range for RCP 2.6 over the period CE 1861-2015.

positive correlations with summer temperatures (90%
confidence) during December and January. Response function
analysis is normally done using a collection of trees so our
result must be interpreted as provisional or only indicative;
however, the tree does appear to respond positively to warmer
summers.

Even though the Campbell Island Sitka spruce is growing
well, the observed presence of TRDs through the tree-ring
series indicate that there are periods of stress. One possibility
is that they are caused by extreme low temperatures (below
0°C) during the growing season, when the cambium is active
and secondary wall thickening and lignification of immature
xylem cells in the annual ring are not yet complete (LaMarche
& Hirschboeck 1984; Brauning et al. 2016), producing frost
rings. Such frost damage provides a measure of extreme
climatic change (Wimmer 2002) and has been used as a tool
to reconstruct the past occurrences of cold events during the
growing season. However, the fact that the local instrumental
record does notdemonstrate an alignment of frost events during
the growing season with the TRDs in the tree and the extensive
sheltering network of branching from virtually ground level,
means extreme cold is an unlikely cause. A more probable
explanation is from severe wind gusts creating torsion and
bending of both branches and roots. The Campbell Island
instrumental wind record (since 1972) contains some daily
measurements of wind speeds during the growing season
greater than 40 m s”! (>144 km hr'!).

The occurrence of TRDs in the individual cores (Fig. 4)
shows that they did not all respond uniformly to the same
events and that the basal core taken from a northerly aspect
(i.e. XT1.6) had endured the greatest number of such events.
Neither result is particularly surprising as coring heights and
orientations varied. The distribution of events over time appears
relatively uniform with the exception of a gap during the mid-
1980s to early 1990s. Comparisons to local instrumental records
did not reveal any obvious relationships (Fig. 4, lower panels)
to extreme minimum temperatures or peaks in the number of
days of recorded frosts. However, there were obvious periods

during which there were gale force winds, as shown by the
record of the number of days during which winds exceeded
40 m s in the austral growing season of October to April
(Fig. 4, bottom panel; note meteorological observations of
this parameter are only available from 1972).

TRDs along the inner position of a tree ring is associated
withastress event occurring in spring after initiation of cambial
activity (Fritts 1976). TRDs near the outer boundary of the
ring are associated with a stressful event late in the growing
season before the cambium becomes dormant. The 35 TRDs
observed in the core samples were stratified by their seasonal
growth position (Fig. 5). The exact position of each TRD
relative to the total ring-width was calculated so that it could
then be allotted into one of four growth quarters from spring
through to autumn. The result clearly shows the occurrence
of TRDs was predominantly in the late summer and autumn
and not recorded evenly through the growing season. We do
not observe a long-term trend in the occurrence of TRDs or
parallel changes in extreme minimum temperatures (annual or
October—March) or wind gusts recorded at the meteorological
station (Fig. 5). Furtherinvestigation is needed into the direction
and response of the tree to extreme events.

A key concern regarding alien plants on remote nature
reserves is their ability to become invasive through seeding
or vegetative spread and to displace the natural vegetation.
This threat may be increased by enhanced meridional airflow
across the region, as has occurred in the late 20th century
(Turney et al. 2015), and through the Holocene (McGlone
et al. 1997; Turney et al. 2016). During our two sampling
trips to Campbell Island we did not observe any cones on the
Sitka spruce tree nor on the surrounding ground. Similarly,
there are no other reports of coning during previous visits
(Meurk 1977; Meurk et al. 1994). This is unusual as Sitka
spruce is monoecious (having both male and female strobili,
or cones) and self-compatible so trees usually begin bearing
cones between 20—40 years (El-Kassaby & Reynolds 1990).
Clearly the tree is old enough to be reproductively mature
and produce cones. The absence of cone production may be
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a result of the rapid radial-growth rate that is delaying tree
maturity; once the growth rate declines then cone production
may begin. One important prediction of life-history theories is
that trees should show a prolonged juvenile period, particularly
in environments where early allocation to reproduction would
come at high cost to future growth and reproduction (Thomas
2011). Perhaps in this case, the wind shear across the island
has limited height growth which in turn has kept the tree in a
pre-reproductive phase.

Even when male or female strobili begin to occur, viable
seeds may not be produced. For instance, El-Kassaby and
Reynolds (1990) showed poor rates of seed production were
normal due mainly to female strobili receptivity occurring
prior to male strobili dehiscence — especially likely when
there is only one tree and so cross-pollination from trees at
different stages is not possible. Another aspect to consider is
that seeds are relatively small and their dispersal begins in
autumn through to the following spring with the cones opening
during periods of dry weather and reclose during wet weather
(Malcolm 1987). For Campbell Island, the rainfall record
(Fig. 6) shows a persistent and uniform level of rainfall and
humidity throughout the year. Therefore, it appears highly
unlikely that conditions are sufficiently dry for long enough
to enable seed dispersal to occur, consistent with other recent
studies suggesting notall IAS are viable on subantarctic islands
(Williams et al. 2016).

Assuming the Campbell Island Sitka spruce produces viable
cones in the future, we investigated the Intergovernmental Panel
on Climate Change Representative Concentration Pathway
(RCP)2.6(low emission) and 8.5 (high-emission) scenarios for
the end of the 21st century (IPCC 2013). Extracting the annual
mean CMIP5 precipitation values for the region (Taylor et al.
2011), we find a trend towards increasing rainfall across the
region under both scenarios (Fig. 7). This trajectory appears
robust (Knutti & Sedlacek 2013), most probably a consequence
of enhanced westerly airflow delivering moisture-laden air-
masses over Campbell Island (Jones et al. 2016). With a trend
towards increasingly wet conditions under a range of emission
scenarios, it seems unlikely that seed dispersal will be possible.
Therefore, we consider the invasive threat from this individual
tree to be small; however, given the high-growth rate during
the later 20th century, continued monitoring, as has happened
in the past, will be prudent, and appropriate action taken if
there is a change in the threat status. In the meantime, the
tree continues to have important historic and tourist values.
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