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Abstract

Plantation Pinus radiata (D. Don) forests are long-
term crops uniquely exposed to climate change; trees
planted today and harvested after 2050 will experience
multiple cycles of variable rainfall, along with an
anticipated increase of another approximately 100 ppm
in atmospheric CO, (eCO,) and associated warming.
While process-based modelling has suggested
substantial increases in tree growth in higher-rainfall
regions, empirical model outputs indicate the rate of
increases in productivity has slowed. We analysed three
decades (1992-2022) of growth data across permanent
P. radiata plots in New Zealand to quantify recent
trends in plantation productivity and to assess the
implications of any decline for the sector, farm forestry
and the wider economy. P. radiata growth increased
by 25% from the 1990s to the 2000s but plateaued to
a <5% gain in the 2010s, despite predicted benefits
from rising eCO,, and continued adoption of improved
germplasm, silvicultural practices and the practice of
planting on landscapes with a pastoral history. The
age-class distribution became increasingly skewed
towards recently established and younger plantations
in later decades, which may partially mask underlying
changes in productivity. These findings indicate that
gains in forest productivity have slowed, highlighting
the need for more targeted management interventions to
maximise the benefits of eCO, through efficient water
and nutrient supply and utilisation.
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Introduction

Plantation forestry, dominated by Pinus radiata (D.
Don), is economically pivotal to New Zealand (New
Zealand Forest Owners Association 2023). Owing to
its adaptability across a wide range of environmental
conditions, P. radiata has become the species of choice,
producing a diverse array of forest products (Mead
2013) and delivering multiple values beyond timber
production, including carbon sequestration (Paul and
Wakelin 2024; Salekin et al. 2024), soil and water
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protection (Yao et al. 2021) and recreation (Bayne et
al. 2022).

In recent decades, forests globally have exhibited
climate-induced increases in mortality (Lu et al.
2026) and disturbances (Griinig et al. 2026), alongside
declines in growth rates (Bose et al. 2025; Hacket-Pain
et al. 2025) and fecundity (Clark et al. 2026). These
trends are largely attributed to the increasing frequency
and severity of climate extremes, including droughts,
heatwaves and floods (Cook et al. 2014; Spinoni et
al. 2018). Developing a robust understanding of these
processes is hindered by the reliance of many large-
scale studies on model-based analyses that integrate
detailed process representations (Dalmonech et al.
2026). Moreover, such studies often lack sufficient
temporal resolution (Evans et al. 2021) and/or are
depend on indirect proxies of growth, such as remotely
sensed metrics of greenness (Arend et al. 2023).
Although observational studies based on multi-species
tree-ring data at annual resolution are valuable, they
remain relatively scarce (Klesse et al. 2018; Martinez
del Castillo et al. 2024). These limitations highlight
the need for analyses based on directly observed,
spatiotemporal datasets, such as permanent sample
plots or, ideally, national forest inventories.

Climate change impacts in New Zealand broadly
reflect global patterns (Salinger and Griffiths 2001;
Withers et al. 2007; Hopkins et al. 2015). However, due
to their geographic location and topography, plantation
forests in New Zealand are uniquely exposed to spatially
contrasting climatic conditions, for example, drought
in some regions and excess moisture in others. This
is further complicated by the highly localised nature
of such events in both space and time. As elsewhere,
assessments of plantation forest growth under recent
and future climate scenarios in New Zealand have
predominantly relied on either process-based models
(Watt et al. 2018) or empirical growth models (Mackay
et al. 2023; Salekin et al. 2026). Notably, these
approaches have produced contrasting results; process-
based studies generally project increased productivity
under elevated atmospheric carbon dioxide (eCO,) and
warming, whereas empirical analyses indicate declining
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productivity. Resolving this discrepancy is critical for
operational forestry and carbon accounting, as overly
optimistic projection may encourage investment in
low-productivity sites, while diminished confidence in
empirical models may constrain sectoral development.

These contrasting findings, combined with the
urgency of the issue, raise a key question: what do
observe data reveal about on-the-ground trends in P,
radiata productivity? This study addresses this question
using data spanning the past three decades. Specifically,
we utilised three decades (1992-2022) of nationwide
measurements, the longest continuous ground-truth
dataset available for P. radiata to i) analyse temporal
growth trends and ii) quantify the magnitude of these
changes using statistical approaches. In doing so, we
aim to provide a robust, observation-based assessment
of growth dynamics in New Zealand’s P. radiata
planation forests.

Materials and Methods

Data

This study used data from New Zealand permanent
sample plots (PSPs) (Pilaar and Dunlop 1990). All P,
radiata PSPs measured between 1992 to 2022 and aged
up to 25 years were included, resulting in a total of 9652
plots across the country (Figure 1). The dataset was
partitioned into three decades: 1) 1992-2001, ii) 2002—
2011 and iii) 2012-2022. The dataset encompassed a
wide range of stand ages (Figure 2), stand size classes,
basal area (m*ha) and stockings (Table 1). From the
dataset, mean annual basal area increment (m?/ha/year)
was calculated by dividing total stand-level basal area
(m?/ha) by measurement age in years. This was used as
the response variable because of its capability to better
capture stand-level growth, and it is often used as the
central component in many growth and yield simulators
(Monserud and Sterba 1996).

Table 1 Descriptive statistics of the datasets (n=9652).
Attribute Minimum  Maximum Mean
Age (years) 0.05 25 13.25
Stocking (trees/ha) 7 2713.3 659
Basal area (m?/ha) 14.46 257.47 29.85

Analyses

All analyses were conducted in the R statistical
environment (version 4.4.1;R core team 2022). To
examine the general temporal trend in cumulative
mean annual basal area increment, a non-parametric
local regression using locally weighted least squares
regression (LOESS) was applied with default span of
0.65 (i.e., 65% of the data) (Jacoby 2000; Gijbels and
Prosdocimi 2010). LOESS combines the simplicity of

classical regression with the flexibility of non-linear
regression (Gijbels and Prosdocimi 2010).

As the PSPs measurements were collected
periodically, a repeated-measure analysis of variance
(ANOVA) using Satterthwaite’s approximation for
degrees of freedom was used to test site-specific
changes in basal area increment (m?/ha/year). Given the
site characteristics, including age effects, were likely to
vary, the final model included ‘Decade’ as fixed effect
and ‘Site’ and ‘Age’ as random effects. Tukey’s post-
hoc comparisons were conducted using the Kenward-
Roger approximation for all statistically significant
situations.

Results

Stand-level growth, expressed as cumulative mean
annual basal area (m?/ha/year), increased from the first
decade (1992-2001) to the most recent decade (2012—
2022) (Figure 3A). However, the rate of increase has
clearly slowed over time. Figure 3B shows that basal
area increment increased significantly between 1992—
2001 and 2002-2011, amounting to approximately 25%.
This upward trend continued into 2012-2022 but has
slowed to less than 5% and was no longer statistically
significant from 2002—2011. In addition, a pronounced
decline in productivity gain was observed around age
10 years, likely reflecting changes in the timing and/or
intensity of silvicultural practices, a pattern not evident
in the 1992-2001 period.

Discussion

Theresults of this empirical, ground-based observational
study are consistent with other long-term analyses
from Central Europe (Pretzsch et al. 2014) and global
temperate forest (McMahon et al. 2010). Although,
growth increased over time, it plateaued towards the
end of the rotation, and the rate of increase slowed
from the mid to recent decades. This deceleration is
likely driven by multiple interacting factors, and their
cumulative effects.

Pinus radiata has undergone several decades of
intensive genetic improvement (Jayawickrama and
Carson 2000), and its silvicultural regimes have
been progressively optimised to maximise growth
potential and enhance tolerance across a wide range
of sites and climatic conditions (Mason 2023). For
example, Kimberley et al. (2015) demonstrated a
~25% difference in standing volume between highly
improved and unimproved genetic material. Despite
the advances in genetic merit, productivity gains have
slowed in the most recent decade, suggesting that the
adoption of improved germplasm and management
practices may be masking underlying declines in
site productivity. The increases in the frequency and
intensity of climatic anomalies, which affect regional
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Figure 1  Distribution of permanent sample plots at different decades.
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Figure 3 Growth trends and differences, A) Cumulative basal area increment up to 30 years, shaded area showed the 95%
confidence interval and B) differences in decadal basal area increment for 25 years.
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growth conditions differently, cannot be ruled out as
another key factor contributing to the changes being
seen (Withers et al. 2007; Caloiero 2014; Hopkins et
al. 2015). For example, the National Institute of Water
and Atmospheric Research (2024) recently recorded the
warmest year on record, alongside increasing rainfall
extremes (Sigid et al. 2026). Such climatic variability
may also exacerbate pest and disease pressures (Wakelin
et al. 2018), contributing cumulatively to reduced
growth in P radiata. In addition, recent changes in
land use, including the continued expansion of exotic
plantations onto land previously under pastoral use
(e.g., Land Use Capability Class 6 and above) in more
recent years, may also influence observed productivity
trends, particularly as many of these stands occur in
the final decade of the current study (Paul and Wakelin
2024).

Tree growth is fundamentally an ecophysiological
process governed by interactions among climatic,
edaphic and physiological factors (Johnson et al.
2011; Hu et al. 2023), as well as stand- and tree-
level demographic processes (Pretzsch et al. 2022).
Understanding these responses under global climate
change is critical for informing mitigation strategies.
However, studies focusing on individual drivers, such
as warming or elevated CO, (eCO,), although well
explored (McMahon et al. 2010; Pretzsch et al. 2014;
Watt et al. 2018), do not capture the full complexity of
forest responses. For instance, the effect of eCO, are
strongly mediated by nutrient availability, particularly
nitrogen deposition and supply (Fang et al. 2014; Terrer
et al. 2019), as well as by extreme climatic events
(Reichstein et al. 2013), soil conditions (Korner 2006;
Beets et al. 2019), stand structure and scaling to the
landscape level (Bugmann and Bigler 2011). Integrating
these interacting factors remains a major challenge and
a key knowledge gap in this and related research.

Conclusion

This study provides an empirical analysis of P. radiata
plantations growth dynamics over past three decades
in New Zealand. Overall, growth exhibited an upward
trajectory until 2011, after which it slowed and plateaued
during the most recent decade. Moreover, the rate of
increase in basal area increment has clearly declined,
indicating a stagnation in productivity gains despite the
continued adoption of improved management practices
by the sector.

From a management perspective, these findings
underscore the importance of adaptive strategies
to sustain future productivity under changing
environmental conditions. Optimising water and
nutrient use efficiency, refining silvicultural practices,
and enhancing resilience to climatic extremes will be
essential to maintain and improve growth performance.

Continued long-term monitoring through PSPs
networks remains critical for detecting emerging
trends, reducing uncertainty, and supporting evidence-
based decision-making for the forestry sector and the
wider bioeconomy in New Zealand.
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