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Abstract: Floristic boundaries, where the range limits of multiple species coincide, are frequently recognised 
ecological phenomena for which underlying mechanisms are often unclear. Plant species range limits are often 
determined by their tolerance to climatic conditions. Therefore, the positions of floristic boundaries are also likely 
related to climatic conditions. Seedlings are a vulnerable life stage and are often highly susceptible to adverse 
climatic events such as frosts, and frost susceptibility varies among plant species. Few studies have focussed on 
the relationship between measured frost tolerances of different plant species and their distributions relative to a 
floristic boundary. Our study looked at interspecific variation in frost tolerance in a suite of native tree species 
relative to the kauri line, a floristic boundary recognised at approximately 38°S in Aotearoa New Zealand. We 
exposed seedlings of four species with range limits near the kauri line and three species with more widespread 
distributions to one-off simulated frost events and monitored their health for eight weeks after the event. We also 
excised, froze, and conducted electrolyte leakage tests on leaf samples from each species. The frost tolerances 
of the kauri line species were similar to each other and were generally lower than those of the widespread 
species. The outcomes of the electrolyte leakage tests were broadly consistent with the whole seedling frost 
tests, although the frost tolerance of Pseudopanax lessonii, a kauri line species, was under-estimated. Our study 
highlights that frosts could play a role in the ranges of kauri line species, especially species whose seedlings 
are common in early successional habitats, such as Agathis australis. The convergence of the frost tolerance 
of A. australis with those of other kauri line species is not consistent with the Pleistocene ratchet hypothesis, 
which suggests a decoupling of plant species current and potential ranges due to rapid climatic changes. Climate 
change is likely to reduce the incidence of frosts in New Zealand and may facilitate the southward shift of kauri 
line species, changing the nature of this boundary.
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Introduction

Floristic boundaries are biogeographic constructs that describe 
the coincidence of multiple plant range limits leading to 
disjunctions in plant distributions (Liu et al. 2023). The 
factors contributing to the formation and maintenance of 
these boundaries are complex and often interact (Sexton et al. 
2009). Boundary-creating factors likely include historical, 
environmental, and/or disturbance-related factors (Slik et al. 
2011; Ettinger & HilleRisLambers 2013; Esler et al. 2015; 
Antonelli 2017; Ogden & Perry 2023). Several floristic 
boundaries have been recognised in Aotearoa New Zealand 
(Cockayne 1917; Wardle 1963; McGlone 1985). For example, 
Wardle (1963) identified six boundaries, including the Taupō 
line at 39°S and a line in the northern South Island at c. 
42°S. The kauri line at 38°S is another such boundary and 
was recognised by Bartlett (1976) and McGlone (1985). 
This boundary corresponds with the southern natural limit of 
Agathis australis (D. Don) Lindl. Ex Loudon (kauri), a large 
pioneering conifer (Ogden et al. 1992). Canopy tree richness 

starts to decline with increasing latitude beyond the kauri line, 
and many species with subtropical lineages have southern 
limits approximating it (Allan 1961; McGlone et al. 2010). 
This boundary also roughly coincides with the estimated limit 
of continuous forest cover during the last glacial maxima 
(Newnham et al. 2013).

Various hypotheses have been proposed to explain the 
position of the kauri line, variously invoking historical and/
or environmental factors. For example, the Pleistocene ratchet 
hypothesis suggests that current distributions reflect the slow 
dispersal rates of kauri relative to glacial-interglacial climatic 
changes (Ogden et al. 1992; McGlone et al. 2017; Lorrey et al. 
2018). Alternatively, Clayton-Greene (1978) suggested that 
the southward movement of kauri is prevented by adverse 
soils and terrain. Climatic factors, such as low growing season 
temperatures or more intense frosts south of the kauri line, 
have also been suggested as potential explanations for its 
location (Ecroyd 1982; Barton 1985; Ogden & Ahmed 1989).

The impact of climatic stressors on seedling survival often 
determines a species’ range, and changes in these stressors due 
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to climate change will likely result in range shifts in many 
plant populations (Giménez-Benavides et al. 2007; Castanha 
et al. 2013; Landero-Lozada et al. 2019). Frost often impacts 
seedling survival and species ranges (Sakai & Wardle 1978; 
Cavanaugh et al. 2014; Pardos et al. 2014). Frosts can reduce 
soil water availability (Mayr et al. 2006; Zhang et al. 2019) 
and induce air bubble formation in xylem vessels, which 
expand on thawing, causing emboli to form (Charrier et al. 
2014; Fernández-Pérez et al. 2018). Frosts can also induce 
cell damage by freezing intracellular solutes in plant tissues 
or forming ice crystals in cell membranes (Uemura et al. 2006; 
Wesley-Smith et al. 2015). These events can cause mortality 
in exposed seedings, especially in open areas, and therefore 
represent a major filter on the persistence of plant populations 
in many ecosystems. These frost events, in conjunction with 
fires, can create feedback loops that perpetuate boundaries in 
many ecosystems, such as in Brazil (Hoffmann et al. 2019) 
and South Africa (Duker et al. 2015). Such feedback loops 
occur especially between open and closed habitats, as frost 
events are more severe in open areas due to a lower protective 
effect from canopies (Lusk & Laughlin 2017).

In this study, we evaluated the frost tolerance of tree species 
associated with the kauri line and compared these tolerances 
with those of species with more widespread distributions, 
focussing on patterns between frost tolerance and the ranges 
of the representative species. Little work has considered the 
role of frost in potentially setting the southern limits for these 
species, especially those that can colonise open areas. We used 
one-off whole-plant freezing tests and electrolyte leakage 
experiments to evaluate frost tolerance differences between 
these species and related these to leaf and vascular-based traits 
(Hofmann et al. 2014; Kreyling et al. 2015).

Methods

The frost tolerances of intact seedlings
We purchased 32 juvenile plants (height excluding pot  
< 1.3 m) of seven species from two commercial nurseries near 
the kauri line. Agathis australis (Araucariaceae), Beilschmiedia 
tarairi (Lauraceae), Pseudopanax lessonii (Araliaceae), and 
Vitex lucens (Lamiaceae) were the kauri line species, and 
Podocarpus totara (Podocarpaceae), Beilschmiedia tawa 
(Lauraceae), and Lophozonia menziesii (Nothofagaceae) were 
the widespread species. These species represented various plant 
families in each group, while including one taxonomically 
similar species pair (B. tarairi/B. tawa). We purchased the 
plants on the 19th of May and the 4th of July 2019. We kept 
them outdoors in Auckland in ambient light and watered to 
saturation when necessary during acclimation. We moved 
them into greenhouses at the University of Auckland city 
campus on the 21st of August 2019 (austral winter), where 
we conducted our experiments. Plants were watered using the 
irrigation system in the glasshouses and those that were not 
at saturation were topped up by hand. The plants were lit by 
natural light and by 36W/840 (cool white) fluorescent light 
tubes, which were on from 6 a.m. until 6 p.m. daily.

Using a random stratified process, we divided the seedlings 
into groups for each treatment (heavy frost, light frost, control), 
selecting plants so that each treatment group had similar ranges 
of plant heights. Before the frost treatments, we removed plants 
with a health rating of fair and below from the experiment 
(see Appendix S1 in supplementary material). This exclusion 
removed three Beilschmiedia tarairi, three Vitex lucens, 

seven Podocarpus totara, six Beilschmiedia tawa, and five 
Lophozonia menziesii from the experiment (Appendix S2). 
We measured plant heights from the highest living meristem 
to base with a tape measure, placed each group in a cooling 
room (13.5 hours at c. 4°C), and started the freezing treatments 
immediately after removing the plants from the cooling room.

We conducted the freezing treatments by placing the plants 
in a defrosted chest freezer containing a 13 cm diameter fan 
to homogenise temperatures. We placed a reference Type T 
thermocouple, made from TT-T-40-500 insulated wire (Omega 
Engineering, Stamford, CT, USA) inside the freezer, 15 cm 
from the freezer base and 5 cm from the freezer wall, with no 
contact with other surfaces (Lusk et al 2018). Temperatures 
recorded by the thermocouple were logged at one-second 
intervals using a C1000x data-logger and this readout was used 
to maintain consistent temperatures during the experimental 
periods. We froze the plants in groups of about 14 (randomly 
selected) due to limitations in freezer space. We conducted 
the frost tolerance tests from the 10th to the 18th of October 
and the 5th to the 7th of November 2019.

We placed the plants in the freezer at an initial temperature 
of 10°C. We then reduced the temperature in the freezer to 
the target temperatures (−2°C for the light frost treatment and 
−4°C for the heavy frost treatment) at a rate of approximately 
17.5°C per hour; this rapid freezing rate was used for logistical 
reasons. We held the temperatures within the treatment-specific 
temperature ranges for five hours and thirty minutes (−2°C to 
−3°C for the light frost treatment and −4°C to −5°C for the 
heavy frost treatment. The definitions of light and heavy frosts 
differ geographically (Hoffmann et al. 2019) and therefore we 
established these durations and temperatures so that they were 
consistent with those used for related experiments by Barton 
(1985) and Fernández-Pérez et al. (2018) and reflected typical 
frost durations in the field that Barton (1985) recorded within 
the range of kauri.

After the treatments, we removed the plants from the 
freezers and returned them to room temperature. For eight 
weeks following the frost treatments we conducted weekly 
surveys on the visual health of the plants, scoring each plant’s 
health using a nine-tier categorical scale (Appendix S1). We 
used an eight week period as it was slightly longer than the 
40 days that Barton (1985) used, noting that Barton (1985) 
observed a range of post-frost damage, mortality, and recovery 
processes in his samples. Post-freezing effects had stabilised 
after this time. Additionally, we remeasured the plants’ height 
and the presence and location (e.g. apical, from branches, from 
the base) of any new growth eight weeks after the treatments 
for all three treatment groups. We calculated the growth rates 
of the plants in mm day−1 by taking the difference between the 
heights pre–treatment and those after eight weeks and dividing 
these by the elapsed time.

We collated each plant’s weekly health index scores, 
height growth rates, and the presence and locations of new 
growth across all treatment groups. We then used R version 
4.3.1 to conduct our analysis (R Core Team 2023). We used 
non-parametric tests as the sample sizes were small (n < 12), 
and many samples were right-skewed, with few plants showing 
any height growth. Next, we allocated each seedling to one 
of four groups based on their height growth or the state of the 
apical meristem/plant eight weeks after the freezing treatment 
(1 = plant dead, with no visible living tissue present, 2 = no 
growth anywhere on the plant, 3 = new growth present on the 
plant, with no increase in height, 4 = new apical growth and 
an increase in plant height).
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Electrolyte leakage from leaf samples
We conducted the electrolyte leakage tests between the 9th and 
13th of March 2020. We extracted 60 leaf segments from each 
species and allocated five segments to each of 12 test tubes. 
This method gave us six test tubes as control samples and six 
that would be frozen per species. We used a cork borer to cut 
discs of 5 mm diameter from leaves of B. tarairi, B. tawa, P. 
lessonii, and V. lucens. We used different approaches for the 
smaller leaves of the other species, cutting 5 mm long sections 
from the narrow laminas of A. australis and P. totara, and 
cutting leaves of L. menziesii in half.

We then randomly placed the six test tubes to be frozen 
per species into the middle of the freezer with an internal fan 
in a corner to homogenise temperatures at 1°C and left them 
for 40 minutes. We then reduced the freezer temperature 
over 20 minutes to −4°C and maintained the temperature 
between −4°C and −5.5°C for 180 minutes. We then raised 
the temperature to 1°C over one hour by modifying the power 
supplied to the freezer. We kept the control samples in a fridge 
at 4°C for the same period. After removal from the fridge/
freezer, we transferred the samples to glass tubes containing 
25 mL of deionised water. We briefly shook all samples and 
left them for 15.5 hours before measuring the conductivities 
of each sample using an Eutech COND 6+ Conductivity meter 
(Eutech Instruments, Vernon Hills, Ill, USA), stirring the 
samples before measuring. We then autoclaved the samples 
to rupture cells and remeasured the conductivities to indicate 
total electrolyte concentration.

We calculated the relative electrolyte conductivities 
(proportion of electrolytes leaked) by dividing the 
conductivities 15.5 hours after freezing by the conductivities 
following autoclaving (Equation 1).

Rc = C15.5 / CA

Where Rc is the relative electrolyte conductivity, C15.5 is 
conductivity after 15.5 hours, and CA is conductivity following 
autoclave.

We calculated the index of injury values for each non-
control sample using Equation 2 (Flint et al. 1967; Repo et al. 
1996) from their associated Rc values obtained from Equation 
1, allocating a random control conductivity in the same species/
treatment group to each of the treated conductivities.

I = 100(Rct − Rcc) / (1 − Rcc)

Where I is the index of injury value, Rcc is the untreated average 
relative conductivity, and Rct is the relative conductivity of 
the treatment/frosted sample.

We used a Kruskal Wallis test to assess whether the 
index of injury values differed among species and a Dunn 
test to compare these values between species, with the Holm 
method to correct the P values and reduce Type 1 error rates 
(Holm 1979). We used a linear model to compare the index of 
injury values to the average health of the plants eight weeks 
after the freezing treatment and calculated the associated R2 
and P values.

Relationships with vessel/tracheid cell widths and specific 
leaf areas
We collated data from the literature on the vessel (angiosperm) 
or tracheid (conifer) width, the specific leaf areas (SLAs) of 
each species, and mean leaf area values of the species sampled 

(1)

(2)

in the trials (Appendix S3). No vessel data were available for 
Pseudopanax lessonii, so we did not consider this species in 
the following tests. We visually compared these values to the 
index of injury values and the health scores of the plants after 
eight weeks. We also visually compared the health scores of 
the plants after eight weeks to their index of injury values 
from the electrolyte leakage tests.

Results

The frost tolerance of intact seedlings
Almost all the seedlings (93.65%) assigned to the heavy frost 
group died within 48 hours of this treatment. Only two B. 
tawa and two P. totara individuals survived the treatment and 
maintained living foliage eight weeks after. In the light frost 
treatment, the kauri line species suffered more frost damage than 
the widespread species (Fig. 1). Agathis australis, B. tarairi 
and V. lucens responded strongly to the light frost treatment, 
with mortality rates of 40%, 60%, and 22%, respectively at 
eight weeks after the freezing treatment (Fig. 1). We observed 
severe and rapid post-treatment leaf loss in B. tarairi and V. 
lucens, whereas we primarily observed browning of mature 
leaves and loss of new growth in treated A. australis plants. 
Recovery occurred in the treated A. australis and V. lucens 
seedlings but was largely absent in B. tarairi. Pseudopanax 
lessonii generally suffered less severe damage than the other 
three kauri line species, with high levels of post-treatment 
recovery in the plants. Some P. lessonii seedlings that lost 
all their living leaves post-frost treatment formed new leaves 
after four weeks. Post-freezing damage on P. lessonii was 
primarily damage to leaf nodes and meristems and blackening 
of affected leaves (Appendix S4).

The widespread species consistently showed less frost 
damage than the kauri line species, with similar health ratings 
within the group eight weeks after the light frost treatment. 
The only individual of a widespread species that suffered lethal 
damage under light frost was a small L. menziesii individual 
that died three weeks following the treatment. We observed 
moderate damage to P. totara individuals immediately 
following the treatment. However, rapid regrowth was observed 
from intact meristems, increasing the health ratings of many 
P. totara approximately three weeks after the treatment.

Damage patterns on the plants varied interspecifically. 
Damage to L. menziesii and P. totara was concentrated on 
newly emerged leaves, while leaf damage for B. tawa was 
minimal. However, progressive leaf dieback was observed on 
single stems of two B. tawa plants, with wilting occurring on 
the plant’s apex and progressing downward over approximately 
2–3 weeks to various points near the base of the stem. The 
health status of the control plants of all species did not vary 
throughout the post-treatment period (Appendix S5).

Patterns of growth following the light frost treatment 
slightly differed between the two plant groups, with little 
apical growth occurring in the A. australis, B. tarairi, and V. 
lucens seedlings in the treatment group compared with the 
control plants (Fig. 2a). Most of the plants lost their apical 
meristems in response to the frost treatment. The proportion 
of individuals showing continued apical growth, however, 
was higher in P. lessonii than in the widespread species  
(Fig. 2a). Most of the surviving treated seedlings showed some 
new growth following the frost treatment, with new growth 
observed at the bases of surviving B. tarairi, V. lucens, and P. 
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Figure 1. Proportions of health index scores of kauri line (KL) or widespread (WS) plant species in response to an artificial frost treatment 
with minimum temperatures ranging from −2°C to −3°C over 5.5 hours, where the plants were monitored for eight weeks following the 
frost treatment. ‘Pre’ indicates the health distribution of the plants before the frost treatment. We visually scored the plants using a 1–5 
health scale, where 5 indicated no visible damage and 1 indicated plants with no visible living foliage. Descriptions of these plant health 
scores can be found in Appendix S1 with photos in Appendix S4. n represents the number of plants in each group.

lessonii individuals. New growth in A. australis was observed 
on branches, frequently originating from nodes between 
the branches and leaf bases. Most new growth on treated L. 
menziesii and P. totara individuals occurred on branches. 
New growth was present below the dead portions of B. tawa 
stems that underwent wilting due to the frost treatment or on 
the apexes of surviving stems. The height growth rates of the 
four kauri line species were significantly lower in the frosted 
plants than the control plants (Fig. 2b), whereas the growth 
rates of widespread species did not significantly differ between 
the frosted and control plants.

Electrolyte leakage from leaf samples and plant trait 
comparisons
Pseudopanax lessonii, B. tarairi, and V. lucens had the highest 
index of injury values (Fig. 3), with P. lessonii having the highest 
value and B. tawa and L. menziesii having the lowest values. 
The health scores of the plants after eight weeks were lower 
in plants that had higher index of injury values in their leaves 
(Fig. 4a). The health scores were negatively associated with 
the SLA of most species, regardless of whether they belonged 
to the kauri line or widespread group (Fig. 4b). Similarly, 
sindex of injury values tended to be positively associated 
with the leaf areas of the plants. Beilschmiedia tarairi and 

V. lucens had much larger leaf areas than the other species 
and also had high index of injury values from the treated leaf 
samples (Fig. 4c). The vessel/tracheid diameters appeared to 
have no relationship to the average health scores of the plants 
after eight weeks (Fig. 4d). However, widespread species with 
larger vessels/tracheids had higher health scores in the intact 
seedling tests than those with narrower vessels/tracheids, 
while we observed the opposite relationship within the kauri 
line species (Fig. 4e).

Discussion

Relationship between frost tolerance and southern limits
Our goal in this study was to quantify the frost tolerances 
of seven New Zealand plant species and relate these to their 
positions relative to the kauri line, a floristic boundary at 38°S. 
The relative frost tolerances of the species from both models 
are highlighted in Table 1.

Both methods showed kauri line species to be less frost 
tolerant than the widespread species. The loose relationship 
between the study species’ ranges and frost tolerances aligned 
with the results reported by Bannister (2007) and Sakai and 
Wardle (1978), where both studies considered the ranges and 
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Figure 2. Growth patterns of study species eight weeks after we applied an artificial freezing treatment (frost) or not (control) (A), 
and the growth rates of the seedlings over eight weeks after the frost treatment (B). Temperatures ranged from −2°C to −3°C, lasting 
5.5 hours. ‘Dead’ indicates individuals that showed no living biomass at the measurement time, and ‘no growth’ indicates individuals 
that did not grow over the study period. ‘Other growth’ indicates plants that showed new growth anywhere on the plant, with no height 
growth. ‘Apical growth’ indicates plants that grew in height. We measured the heights from the base to the apical meristem of the plants, 
excluding the pots. The P and Z values are from a Wilcoxon–Rank sum test, in which we compared the growth rates between the control 
and treated plants of each species. Species names are as follows: AGAaus = Agathis australis, BEItar = Beilschmiedia tarairi, PSEles 
= Pseudopanax lessonii, VITluc = Vitex lucens, PODtot = Podocarpus totara, BEItaw = Beilschmiedia tawa, LOPmen = Lophozonia 
menziesii. The kauri line species are labelled as KL, and the widespread species are labelled as WS.
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Figure 3. Index of injury values for samples of different plant 
species following a freezing treatment, where temperatures ranged 
from between −4°C and −5.5°C for 180 minutes. We took these 
measurements 15.5 hours after the freezing treatment. We based 
the index of injury values on the rates of electrolyte leakage of 
plant samples exposed to the freezing temperature compared to 
control samples. For species names, see Fig. 2. Kauri line species 
are those with southern limits approximating 38°S, and widespread 
species have southern limits further south. P(Kruskall-Wallis)  
= 4.7 x 10−6. The letters show the groupings formed by a Dunn 
test, where we used the Holm method to correct the P values. 
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Figure 4. Relationships between various plant traits and their response to freezing treatments. (a) shows the relationship between the 
average health statuses of whole plants eight weeks after a freezing event (based on a 1–5 scale) and the index of injury values from 
frozen leaf samples. (b) compares these index of injury values to the specific leaf areas of these species, where we collected data from 
Mason et al. (2010) and Jager et al. (2015). (c) shows the relationship between the mean leaf areas of the plants and the index of injury 
values, where we collected data from Richardson et al. (2013), Falster et al. (2015), and Wright et al. (2017), using the TRY plant database 
(Kattge et al. 2011). No leaf area data were present for Pseudopanax lessonii (PSEles), so we did not include it in this graph. (d) shows 
the relationship between the average vessel diameters of the plants and their health scores after eight weeks. (e) Compares each species’ 
vessel/tracheid diameters and the leaf sample index of injury values. The points are coloured by the species distributions relative to the 
kauri line at 38°S. Species names are in Fig. 2. The electrolyte leakage method on leaf tissue segments was used to determine the index of 
injury values. Leaf area is the product of leaf width and length in mm, where the data were taken from the flora of New Zealand database 
(Allan, 1961). Sources of vessel diameter data are located in the supplementary information (Appendix S3).

Table 1. The relative frost tolerances of the plants, as measured by intact plant tests and through the electrolyte leakage 
method. The plants are listed in order from lowest to highest frost tolerance.
__________________________________________________________________________________________________________________________________________________________________

Relative Frost tolerance Intact plant tests Electrolyte leakage tests
__________________________________________________________________________________________________________________________________________________________________

Low Beilschmiedia tarairi Pseudopanax lessonii
 Agathis australis Beilschmiedia tarairi, Vitex lucens
 Vitex lucens 
 Pseudopanax lessonii Agathis australis
 Podocarpus totara Podocarpus totara
 Lophozonia menziesii Lophozonia menziesii

High Beilschmiedia tawa Beilschmiedia tawa
__________________________________________________________________________________________________________________________________________________________________
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frost tolerances of multiple kauri line species. Our observations 
suggest that frost events may influence seedling establishment 
and survival at the kauri line species’ southern limits. Despite 
the low mortality of the widespread species in response to 
the light frost treatment, the heavy frost treatment killed all 
but four of the widespread individuals, highlighting that the 
widespread species are still susceptible to intense frosts.

Although we observed a difference between the frost 
tolerances of the kauri line and widespread species generally, 
the tolerances of the kauri line species differed and were 
inconsistent with their southern limits. The southern limits 
of both V. lucens (39.15°S) and B. tarairi (38°S) are more 
southerly than their comparative frost tolerances would predict 
when compared with A. australis (Allan 1961). Furthermore, 
Sakai and Wardle (1978) reported that B. tarairi had a much 
lower frost tolerance than A. australis in a cutting-based study 
despite sharing a southern limit with A. australis. This frost 
tolerance mismatch may be due to differences in seed dispersal 
ability; A. australis seeds are wind-dispersed and seeds of the 
other tested kauri line species are bird-dispersed. McGlone 
et al. (2010) suggest that dispersal ability is the fundamental 
driver of New Zealand tree species’ range sizes and that species 
with bird-dispersed seeds can occupy wider ranges than those 
with wind-dispersed seeds. Dispersal may have contributed 
to P. totara’s extensive range relative to A. australis, despite 
it being the least frost tolerant of the widespread species in 
our tests. This mismatch may have been promoted by legacy 
effects of glacial-interglacial cycles, whereby kauri and other 
wind-dispersed species may not have achieved their former 
ranges due to their dispersal rates being too slow to keep 
pace with interglacial-glacial cycles (the Pleistocene rachet) 
(McGlone et al. 2016). Alternatively, climatic conditions 
observed during postglacial climatic warming, such as cloudy 
summers, may have delayed the southward movement of 
kauri (Ogden et al. 1992). The widespread species were 
generally more frost tolerant than the kauri line species, but 
the tolerance-southern limit relationship within this group 
was less clear than in the kauri line species. For example, the 
southern limit of the frost tolerant B. tawa is c. 42°S, but is 
diffuse, with potential refugia further south (e.g. Kaikoura at 
42.4°S) (Vanderhoorn 2020), and is nonetheless further north 
than the limits of the other widespread species, which occur 
throughout New Zealand (Allan 1961). This difference could 
have arisen from different frost hardening potential between 
the three species (Sun & Sweet 1996), regional differences in 
frost tolerance (Hawkins et al. 1991), legacy effects of the last 
glacial maxima (Ogden et al. 1992; Steward et al. 2003), the 
high vessel diameters and leaf areas of B. tawa, or interspecific 
differences in competitive ability.

Electrolyte leakage versus whole plant tests
Unlike the widespread species, kauri line species’ resistance 
to frost-induced electrolyte leakage in leaf tissue did not 
necessarily translate into whole-plant frost tolerance. For 
example, P. lessonii, which was relatively frost tolerant in the 
whole plant tests, had the highest index of injury value after 15.5 
hours. Likewise, A. australis had a lower-than-expected value, 
which did not differ markedly from that of P. totara. This pattern 
is consistent with the results of Sakai and Wardle (1978), who 
found that both species had frost tolerances at −7°C. Conversely, 
Hawkins et al. (1991) reported far lower rates of frost damage 
on P. totara seedlings than Barton (1985) found in A. australis 
seedlings at the same temperature (−5°C), which is consistent 
with our results from the whole plant tests. Factors such as 

xylem embolism formation susceptibility could contribute to 
this disconnect in comparative frost tolerance between the 
two species. Agathis australis stems have wider tracheids than 
those of P. totara and other New Zealand conifer species that 
grow further south than A. australis, such as Phyllocladus 
trichomioides (Patel 1967). Pittermann et al. (2006), through 
a study focussing on the hydraulic conductivities of various 
gymnosperms, reported that low pressures were needed to 
induce a 50% loss in A. australis stem and root conductivity 
relative to the other tested species. These results suggest 
that freezing events may induce embolism formation in A. 
australis seedlings, causing further damage and inhibiting 
their recovery potential (Patel 1967, 1968; Tyree et al. 1998; 
Mayr et al. 2003; Laughlin et al. 2020).

The higher frost tolerance of B. tawa relative to V. lucens, 
despite their similar vessel diameters (Patel 1974, 1988), may 
reflect differences in leaf frost tolerance rather than vessel 
embolism sensitivity. The higher index of injury values we 
reported for V. lucens compared with B. tawa support this 
difference, where B. tawa leaf traits (e.g. small, narrow leaves) 
may protect their leaves from freezing damage (Lusk et al. 
2018). These changes in perceived frost tolerances with the 
chosen testing method suggest that frost tolerance extends 
beyond leaf damage in plants, and that both leaf and vessel 
frost tolerances must be considered when assessing seedling 
frost tolerances. Therefore, studies focusing on whole plants are 
preferable to those using cuttings, which should only be used 
as a screening tool. Cutting-based methods do not consider the 
ability of different species to recover from frost events, their 
sensitivity to xylem embolisms, or the role of other structures 
such as stems that may provide support or protection from frosts 
(Fernández-Pérez et al. 2018; Ambroise et al. 2020). While our 
results demonstrate a relationship between frost tolerance and 
the southern limits of the plant species, the species, based on 
their traits, are being affected by different mechanisms. These 
traits (e.g. wide vessels) present ‘weaknesses’ against frosts 
that the artificial intact seedling freezing tests in this study 
exploited, resulting in the observed differences.

Lab-based versus field-based interpretations of frost 
tolerance
Although we found an association between the southern 
limits of the tested species and their frost tolerances, we 
cannot determine the role that frosts play in setting the 
southern limits of these species without in situ tests. Local 
microenvironments are often highly modified by canopy 
effects (Wagner et al. 2011), where canopies can increase 
ground-level temperatures and prevent frosts (Hoffmann 
et al. 2019), especially in New Zealand, where most trees are 
evergreen (Lusk & Laughlin 2017). Therefore, sheltered sites 
immediately south of the kauri line are unlikely to experience 
severe frosts that match the temperatures used in this study. 
However, species with frost-intolerant and shade-intolerant 
seedlings, such as A. australis, are unlikely to benefit from 
these canopy effects as they typically occupy more open areas 
(Bieleski 1959; Ogden 1985).

We observed rapid recovery in many P. lessonii, V. lucens 
and P. totara, suggesting that these are relatively tolerant of 
our light frost treatments. Species differ in their ability to 
recover from frosts due to differences in carbohydrate storage 
capacity and other physiological adaptations (Landhäusser 
& Lieffers 1997; Hekneby et al. 2006; Ladwig et al. 2019). 
These opportunities to recover may not be present in the 
field, as individuals experience stresses such as shading and 
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herbivory that were absent in our study. Furthermore, these 
species are now likely at a major competitive disadvantage 
compared to frost-tolerant species, especially if they suffer 
hidden forms of sub-lethal damage such as reduced hydraulic 
conductivity (Stoddard et al. 2006). Field-based studies of 
post-frost recovery are vital to improve our interpretation of 
interspecific variation in frost tolerances.

In temperate regions, traits that increase plant frost 
tolerance, such as smaller leaves or narrow xylem conduits, may 
reduce their productivity and competitive ability in frost-free 
habitats and limit the northward expansion of frost-tolerant 
species (Schreiber et al. 2013; Lusk et al. 2019; Gast et al. 
2020). For example, species that have large leaf surface areas 
(e.g. B. tarairi) can efficiently capture light and out-compete 
neighbours with smaller leaves, especially in heavily shaded 
areas (Clark & Sturman 2009; Lusk et al. 2012). However, 
these large leaves cool faster than smaller leaves, making 
them more susceptible to frost damage. This confines many 
large-leaved evergreen species in New Zealand to areas where 
frosts are rare (Lusk et al. 2018). However, many coniferous 
and small-leaved species, such as Coprosma arborea, P. 
totara, and Dacrycarpus dacrydioides, are relatively common 
components of northern forests (Allan 1961). More field-based 
analysis on the population dynamics of these species and 
their competitive potentials in various northern microclimates 
would be beneficial in examining how these species manage 
to occupy these habitats successfully and minimise the effects 
of competition.

Across much of New Zealand, frosts are likely to reduce 
in intensity and frequency under climate change (Clark & 
Sturman 2009), which may alter the distributions of the species 
we studied. For example, P. lessonii, with an intermediate 
frost tolerance, is already invasive outside its current range. 
Hopkins (2010) observed individuals growing at 41.2°S. Its 
invasive potential may increase with climate change induced 
increases in mild frosts that do not impair P. lessonii seedling 
survival or competitive ability. Furthermore, P. lessonii has a 
shorter pre-reproductive period than the other three species, 
which are long–lived trees, and will likely be able to shift its 
range in response to rapid human-mediated climate change 
more successfully than the other three species. These shifts 
may allow kauri line species, especially those like P. lessonii, 
to outcompete more frost tolerant species. These species may, 
therefore, lose vital refugia in which they have an advantage. 
Our study suggests that frost has a role in setting the position 
of the kauri line. More field-based studies that are focused 
directly on the intensity of frosts in forested areas near the 
kauri line and their effects on exposed seedlings will be a 
logical next step to examine their influence on the position 
of the kauri line.
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