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Chapter 1: General Introduction
Coastal Douglas-fir (Pseuduotsuga menziesii [Mirbel] Franco), one of the most commercially
important timber species in the world, has significantly more rapid volume growth at many sites in the
Southern Hemisphere, specifically New Zealand, compared to its native range in the northwestern
United States and western Canada (Spurr, 1963; Ledgard & Belton 1985). The mechanistic processes
underlying these growth differences are poorly understood and previous research, which has identified
summer temperature and vapor pressure deficit as major components, has not isolated potential
confounding factors such as genetic differences between populations (Waring et al., 2008). Improved
exotic productivity has been noted in several other timber species, including loblolly pine (Pinus taeda
L.), radiata pine (Pinus radiata D. Don), and Eucalyptus spp., and efforts have been made to identify
causal factors in many of these cases as well. Studies of these species have proposed a number of
environmental and silvicultural factors to explain the observed growth differences. Studies of loblolly
pine have focused on growing season temperature to explain improved growth in Hawaii and Brazil
compared to the US Southeast (Samuelson et al., 2010, 2013; Albaugh et al. 2018, 2019). Studies within
the exotic range of Eucalyptus and radiata pine have identified rainfall as a major predictor of site
productivity (Stape et al., 2004, 2010; Alvarez et al., 2013; Scolforo et al, 2017). Soil nutrients, pest
escape, and allocation based factors have also received some, more limited attention (Samuelson et al.,
2010; Gundale et al., 2013). These studies taken together form a core literature for examining the
causes of improved exotic productivity in timber species, but they have not been synthesized, and
compared to the related literature examining environmental impacts on productivity within ranges. As
climate change has placed increasing pressure on managers and silviculturists to plan for changing
climatic conditions, an examination of literature which address the interaction of environmental factors
on productivity has become increasingly relevant. Studies which rigorously address the causes of exoticnative range growth differences provide an opportunity to examine coarse-scale environmental
1

differences, while providing some isolation from confounding factors which may be at play within a
single range of a species. These studies additionally allow many principles about forest productivity to
be examined in a setting of wide productivity differences, especially those that deal with maximum
productivity, growth limitations, or carrying capacity. Understanding the mechanistic underpinnings of
these principles would facilitate efforts to further improved planted forest productivity. Further
comparative studies of exotic-native growth differences, in situations with both improved and
diminished exotic range growth, are necessary to elucidate the causes of large productivity differences
between ranges. These studies must control for confounding factors such as genetics and silvicultural
treatments, wherever possible, to provide the most accurate identification of the environmental factors
at work, and their relative contribution.
In order to address the need for additional study of exotic-native range productivity
differences, we identified plantings of Douglas-fir in two ranges which allowed a direct growth
comparison, minimizing confounding factors. Using a group of year 2004 operational plantings in
western Oregon (OR) and the South Island of New Zealand (NZ) originating from the same seedlot, we
investigated the interplay between genetics and environmental conditions within and between two
radically different geographic locations separated by 11,770 km (7,400 miles). Comparison of growth
rates of similar genetic material facilitates separation of growth variation attributable to genetics from
that attributable differences in environmental drivers of forest productivity. Results from this work will
help to develop strategies to minimize risks of plantation damage under various global change scenarios,
further inform the choice of genetic material for future plantings, strengthen the case for gene
conservation in the context of Douglas-fir breeding in New Zealand, and advance our understanding of
genotype-environment interactions. Specific objectives for this study were to: 1) Synthesize the
available literature on the causes native-exotic range productivity differences, and examine the
evidence for the key hypothesized drivers of these differences; 2) identify the key environmental factors
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(edaphic-climatic) that control temporal (annual) and spatial variation in Douglas-fir diameter growth
and earlywood/latewood proportions; 3) test the statistical significance of alternative variables,
including location, in a mixed-effects generalized least squares model that accounts for serial correlation
among successive annual ring widths and early/latewood proportions within a tree; and 4) test for any
marginal genetic effects attributable to families from low versus medium elevation seed sources.
Chapter 2 of this thesis addresses the first stated objective, and Chapter 3 addresses the second through
fourth objective.
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Chapter 2: Examining Key Drivers of Productivity between the Native and Exotic
Ranges of Timber Species
Liam W. Gilson and Douglas A. Maguire

Introduction
The idea that exotic timber species can either outperform native species, or that a species will
show increased performance in an introduced ranged compared to a native one is so common in
forestry that it has been declared by some to be axiomatic (Tigerstedt, 1990). This view is perhaps
biased by the remarkable success of a small number of timber species in certain environments,
disregarding the vast majority of situations, where an exotic fails to outperform native species, or
succumbs entirely to an incompatible climate. This inherent bias towards successes makes it all the
more remarkable that, for something treated as an axiom or natural law, there has been relatively little
literature in the field of forestry investigating the causes of the success or failure of exotic timber
species, a fact noted by many of those who have investigated this topic (Albaugh et al., 2018; Waring et
al., 2008). The authors attribute this paucity of investigation to the perceived lack of applicability of the
results, as silviculturists cannot alter climatic mechanisms controlling productivity of their managed
lands, and in many cases, the ‘best’ species or genotypes are assumed to have already been selected
through species, provenance or progeny trials. However, as climate change throws the future of even
the most heavily examined species into question (Weiskittel et al., 2012), understanding the
environmental drivers behind the productivity gains in exotic plantations becomes increasingly
important to adapting to uncertainty in future environmental conditions. An understanding of the
causes of improved exotic growth could also help better select sites, species or seed sources for fiber or
carbon production, and encourage gene conservation or breeding efforts with existing stock.
Understanding the mechanisms that affect productivity differences across ranges can improve our
understanding of physiological limitations on growth of timber species, potentially informing
5

management decisions throughout the planted ranged of a species. Current literature, including studies
that compare native and exotic range growth, and those that focus on growth across environmental
gradients within a single range, provide evidence for specific environmental factors controlling
productivity in different settings.
An examination of the history of exotic timber plantings partially explains why comparatively
little study has focused on growth comparisons between separate ranges of a species. The initial
introduction of exotic timber species often occurred piecemeal in the mid-19th century, driven by
botanical collectors and private gardens (Matthews, 1983). Species from the west coast of North
America, such as Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco), Sitka spruce (Picea sitchensis
(Bong.) Carr.), radiata pine (Pinus radiata D.Don), and others, were brought to Europe by botanists like
David Douglas and Archibald Menzies as curiosities, and distributed to areas colonized by European
powers (Matthews, 1983; Miller & Knowles, 1994). It was not until the 20th century, however, that
rigorous trials of seed sources and species were established for identification and development of
commercial timber sources. The causes and reasons behind the success of these commercially important
species in exotic environments escaped examination simply because the science required to identify
causal mechanisms presented greater difficulties than establishing large number of field trials. The case
of Douglas-fir in New Zealand is well documented and instructive in this regard. Initial plantings of this
species occurred around 1859, at the same time as radiata pine, in a private garden (Miller & Knowles,
1994). Although the species was apparently planted in horticultural gardens immediately after its
introduction, and was noted to exhibit excellent growth characteristics, the first silvicultural trials to
rigorously examine the growth of exotic species were not established until 1896 (Low, 1994; Miller &
Knowles, 1994). Initially, selections of seed source were not rigorous, and not until 1955 was an attempt
made to establish provenance trials, which initially focused on very broad regions of origin, such as the
entire Oregon coast range, or the Cascade Mountains (Miller & Knowles, 1994). Steven Spurr, in 1963,
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published yield tables and other growth information about Douglas-fir in New Zealand, allowing a
comparison to be made with earlier and revised contemporary normal yield tables for the native range
of the species in western Oregon and Washington (McArdle and Meyer 1930; McArdle et al. 1949,
1969). Such a comparison showed increased yields in New Zealand as high as 50% over those observed
in the most productive native range of coast Douglas-fir (Pseudotsuga menziesii (Mirbel) Franco var.
menziesii; Fig. 1, Fig. 2), but neither Spurr nor other contemporary
authors seem to have made this comparison directly, nor investigated
the cause. Ledgard and Belton (1985), while examining the potential
for exotic timber species in the South Island, made a direct comparison
between growth rates in New Zealand and throughout the world,
including the native range of Douglas-fir in British Columbia. They
reported growth rates as high as 50% greater in the Canterbury region
of New Zealand in comparison to its native range, and noted that the
reasons for this high productivity were likely to be increased or more
even summer rainfall, lack of pathogens, high levels of solar radiation,
and strong diurnal temperature fluctuations. For their comparison,

Figure 1. Native
distribution of
Pseudotsuga menziesii
(Mirbel) Franco 1950
(USGS 1999).

however, they simply examined other studies intended to represent the best productivity for a given
region, failing to control for genetics, silvicultural practices, or any other potential determinants of yield.
The only study that has rigorously attempted to explain the differences in observed productivity to this
date has been that by Waring et al. (2008), who compared four plantations of differing ages, two in
Oregon and two in New Zealand, using a hybrid growth model, 3-PG, to model the effects of different
climatic factors.
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Figure 2. Per area basal area (right) and stem volume (left) of Psuedotsuga menziesii (Mirbel)
Franco, from normal yield tables as reported by Spurr (1963) for the New Zealand South
Island, and for Site I locations in Oregon and Washington (McArdle and Meyer 1930;
McArdle et al. 1949, 1969)

Literature Review

There are two types of growth or productivity studies in the literature that present evidence for

the causes of improved growth of exotic species: those that directly compare growth in the native and
exotic ranges, hereafter referred to as cross-range studies, and those that compare growth within a
single native or exotic range of a species, hereafter referred to as within-range studies. A third category
of literature, hereafter referred to as growth comparisons, present growth data from unrelated studies
across native and exotic ranges in a comparative setting. These latter growth comparisons, although not
as rigorous as more designed studies, were the first published works to examine the causes of exotic
growth, and examination of the hypotheses presented by their authors is an important first step to
understanding the causes of improved growth in exotic ranges.
Burns and Hu (1985), in a review of loblolly pine growth studies in South Africa, Australia, US
Southeast, Hawaii, and Brazil, hypothesized six causes of improved growth when a species was planted
in an exotic setting. These causes included growing season precipitation distribution, high humidity,
8

growing season length, soil quality, absence of pests, and silvicultural practices, and encompass most
factors commonly thought to control tree growth. This review provides an outline of other literature
that has addressed superior growth performance of some species of trees well outside their native
ranges. To examine the current literature on the causes of improved exotic growth, we will examine the
evidence supporting each of these hypotheses using the existing, rigorous cross-range studies where
possible, but also examining evidence from within-range studies and growth comparisons.

Rainfall- Quantity and Distribution
Numerous studies have identified precipitation, particularly during the growing season, as a
principle driver of productivity within the range of a species (Ledgard & Belton, 1985; Xenakis et al.,
2013; Stape et al., 2004, 2010; Scolforo et al. 2017). Available soil water supplied by precipitation is
essential for continuous transpiration and exchange of water vapor, CO2, and O2 during photosynthesis,
with a link so strong that soil water recharge by precipitation is alone often enough to account for a
majority of observed variation in site productivity. Burns and Hu (1985) identify two aspects of
precipitation that they hypothesized to be causes of improved exotic growth: quantity and seasonal
distribution. The quantity of available water must be sufficient to replenish that lost to
evapotranspiration for primary production to occur, but rainfall which exceeds the available soil storage
is essentially lost for plant use, making the timing of rainfall an important factor as well. In western
Oregon and Washington, for example, annual rainfall totals can exceed 2500 mm, some of the highest in
North America, but timber species still experience an annual period of drought and restricted
producitvity in the late growing season, due to the concentration of rainfall primarily in the winter, fall
and spring when the trees are mostly dormant (Waring, et al. 2008).
Comparative studies of native and exotic growth have often included precipitation as a potential
cause of growth differences, due to observed growth changes along known gradients in annual and/or
season precipitation within native ranges. Examining the growth of exotic pines in Hawaii, Lanner (1966)
9

identified rainfall as one of the most important environmental factors affecting productivity of exotic
tree species, and the primary cause of some abnormal growth patterns. The observed correlation
between continuous, year-round growth of radiata pine and a lack of a seasonal drought or dry season
was hypothesized to promote more flushes and branch whorls for an annual cycyle outside the native
range of the species. Samuelson et al. (2013) examined radial growth of loblolly pine at Hawaii sites, in
comparison to sites in the Southeast US, and found that, in Hawaii, annual growth was sensitive to
precipitation, even when other conditions were optimal. In a simulation approach using the 3-PG hybrid
growth model (Landsberg and Waring 1997), Waring (2008) determined the environmental factors most
likely responsible for the improved growth of Douglas-fir in New Zealand compared to sites in Oregon.
The sites used for the study in both locations had similar annual total rainfall, ranging from 1400 to 1800
mm per year, but this rainfall at both New Zealand sites falls nearly continuously year-round. In contrast,
rainfall is highly seasonal in Oregon, where less than 10% of annual total precipitation falls in the
summer months. At New Zealand sites, reducing total rainfall by 50%, and retaining summer rainfall of
100 mm evenly distributed across each month did not reduce simulated productivity, suggesting that
timing of rainfall is much more important than quantity. Conversely, changing the rainfall pattern in
Oregon to match that of New Zealand did not result in simulated changes to Oregon productivity,
suggesting that rainfall patterns alone were insufficient to explain the observed productivity difference.
The authors noted that a more even summer rainfall would reduce the incidence of drought conditions
in Oregon, but this reduced drought apparently did not increase simulated productivity, suggesting that
other environmental conditions such as vapor pressure deficit and/or temperature might be more
influential.
In contrast to these findings, studies of Douglas-fir within its native and exotic ranges have often
identified rainfall as a strong predictor of productivity. A study of five exotic species planted in the South
Island of New Zealand regressed environmental variables on mean annual volume increment, and found
10

that rainfall alone was able to explain 79% of variance in Douglas-fir site-to-site productivity (Ledgard &
Belton, 1985). A study conducted to determine the future suitability and productivity of Douglas-fir in
the Pacific Northwest under various climate change scenarios fitted a spline model to current
productivity and environmental data, and found strong correlations between precipitation-derived
variables, such as summer and annual total rainfall, and Douglas-fir productivity (Weiskittel et al., 2012).
These results suggest that within a species range, precipitation quantity and timing could be strongly
correlated with productivity, but that when comparing native and exotic ranges, other limiting
environmental factors pre-dominate. The association between precipitation and productivity has been
noted in other species as well, in within-range studies, both in native and exotic settings. In planted,
exotic, Eucalyptus spp., water use has been extensively studied, both as a determinant of productivity
across environmental gradients, and as a target of silvicultural practices. A study of Eucalyptus
plantations in north-eastern Brazil found that water supply, driven by rainfall, was the most control of
productivity across a range of sites (Stape et al., 2004). A study to evaluate the performance of three
Eucalyptus clones in eastern Brazil using environmental data found that the rainfall was the primary
driver of growth, resulting in a model in which total annual precipitation and number of rainy days were
the only predictors required for adequately modelling site index (Scolforo et al., 2017). A study
comparing Brazilian Eucalyptus plantations with irrigation and fertilization treatments found increases in
productivity and water use efficiency with irrigation treatment, further emphasizing the important role
of water and precipitation in determining the productivity of this species (Stape et al., 2010). In
plantations of Scots pine (Pinus sylvestris L.) in Scotland, precipitation was found to negatively affect
growth, and alone explained 21% of productivity variation in a principle components analysis (Xenakis et
al., 2012). A study of radiata pine at 48 sites in central Chile found significant positive correlations
between rainfall and annual volume increment (Alvarez et al., 2013). Both annual and growing season
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rainfall were concluded to have an impact on annual increment in a principle components analysis, but
regression analysis identified growing season rainfall as the only significant precipitation variable.
In summary, research to date indicates that, within a range, precipitation quantity and timing are often
strongly correlated with productivity, but that other environmental factors control productivity between
ranges. Different species react differently to precipitation gradients, and negative interactions can exist
where precipitation saturates soil above the optimal level for a species.

Humidity and Vapor Pressure Deficit
The amount of water vapor present in the air can strongly affect plant productivity. For
maintenance of photosynthesis, water must be continually transpired at a level that maintains high
stomatal conductance. The differential in water vapor pressure between the inside and outside of a
plant’s leaf tissue drives transpiration rates, and controls the transport of water from the plant to the
atmosphere and the transport of CO2 from the atmosphere to the plant (Landsberg & Sands, 2011).
This differential, the vapor pressure deficit (VPD) or moisture deficit, is the primary measure of the
degree to which humidity, the partial vapor pressure of water in the air, affects plant growth. The
mechanism through which VPD affects productivity is through stomatal control of transpiration.
Stomata close in response to higher VPD, resulting in curtailed absorption of CO2 and photosynthetic
activity (Landsberg & Sands, 2011).
In their study of Douglas-fir, Waring et al. (2008) identified summer VPD as the major factor
influencing the higher productivity in New Zealand. Higher summer temperatures in Oregon, and
presumably lower humidity levels, lead to higher daily VPD during the growing season. In their
sensitivity analysis, the authors found that lowering the VPD in Oregon was alone able to increase
simulated annual volume increment by 20%, without any changes to precipitation. The methodology
applied this study derived VPD from monthly minimum (assumed equal to dew point) and maximum
temperatures (defining upper capacity for holding water vapor). A study of loblolly pine (Pinus taeda L.)
12

compared three replicated plantings across the native (Virginia and North Carolina, U.S.) and exotic
(Brazil) range of the species, attempting to account for the observed growth differences using light use
efficiency and heat sum in a mixed models framework (Albaugh et al., 2018). The authors did not
directly incorporate VPD into their model, but instead used it as part of the function which generated
the cumulative annual heat sum, excluding degree hours where the VPD was above 1.5 kPa. The Brazil
site, which had the highest productivity in terms of above-ground stem volume, accumulated the least
degree-hours due to more moderate summer temperatures, leading to much higher apparent
productivity per degree hour compared to the two North American sites. When VPD was included in the
calculation of heat sum, this advantage in apparent efficiency was reduced, but still remained, leading to
the conclusion by the authors that the causes of the observed productivity differences were not fully
accounted for by the environmental variables examined.
VPD has been examined in within-range studies as well, often confirming the importance of this
factor to growth. Xenakis et al. (2012) found summer VPD in their study of Scots pine growth to account
for around 8% of the observed variation, slightly less than winter temperature and precipitation. This
result for Scots pine perhaps reflected the particular climate of this norther maritime region in which
summer VPD was not a major limiting factor. In contrast, a study of a wide range of Scots pine
provenances at two climatically different sites in Germany determined VPD to be the only significant
environmental variable for explaining basal area growth, while the effects of both temperature and
precipitation were non-significant (Taeger et al.¸2013). High VPD was shown to have a significant
negative effect on annual volume growth in a study of radiata pine across central Chile, although VPD
was highly correlated with maximum temperature, making these factors difficult to separate (Alvarez et
al., 2013).

Growing Season and Temperature
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Although VPD is largely a function of temperature extremes and water availability, temperature
can affect plant productivity through other mechanisms as well. The rates of biological processes,
including photosynthesis, generally increase with increasing temperatures, although actual plant
response is somewhat more complex (Landsberg & Sands, 2012). Likewise, the rate of cellular
respiration, which reduces net primary productivity, also increases with temperature, leading some
species to have much lower net productivity if temperatures cross a certain threshold (Albaugh, 2018;
Teskey et al. 2015). Low temperatures can slow the rate of biological processes, and at temperatures
below the freezing point of water, photosynthesis is often assumed to completely stop, often with some
lag time before resuming even after the temperature has increased (Landsberg & Waring, 1997).
Growing season, the portion of the year during which environmental conditions are suitable for plant
growth, is highly correlated with temperature for these reasons. The idea of temperature, growing
season, and heat sum (sum of hours or days when temperatures exceeds a specific minimum), have
been assumed correlated with productivity differences in agriculture since at least the early 18th century
(Reaumur, 1735). This correlation has often taken the form of associating warmer temperatures with
higher plant growth rates, but this is not always the case. In studies of forestry productivity,
temperature has been identified as an important correlate to growth in both between- and within-range
studies of timber productivity.
A meta-analysis of an international collection of Populus tremuloides Michx. and Populus
tremula L. growth studies found that temperature was negatively correlated with stockability, a
measure of site carrying capacity, but positively associated with individual tree diameter (Peralta et al.,
1995). The authors noted that because of the strong multi-collinearity among different meteorological
variables, such as precipitation, temperature, and VPD, it was difficult to establish if temperature itself
was responsible for the observed productivity differences. They hypothesized that the negative
correlation between stockability and temperature was caused by higher VPD associated with warmer
14

temperatures, while the positive correlation between diameter and temperature was attributed to the
increased rate of biological growth processes at warmer temperatures. Interestingly, the authors noted
that the increased diameter growth associated with temperature was less than that which would be
expected given the simultaneous drop in stand density, a deficit which they attributed to the correlation
between temperature and VPD. Broadly similar results were presented by Waring et al. (2008), who
found that high summer temperatures were responsible for the decreased productivity of Douglas-fir
stands compared to those which experienced a more moderate growing season climate. The authors
proposed that high summer VPD was the direct cause of these growth differences, but due to their
methodology, in which VPD was directly calculated from monthly temperature extremes, separating the
effects of these factors was impossible. These studies both underscore the difficulty of separating the
effects of correlated environmental variables, especially when one variable is calculated from the other.
Albaugh et al. (2018) hypothesized that growing season length and temperature may account
for improved loblolly pine productivity in an exotic setting, and used a modified heat sum to account for
these factors in their analysis. The modified heat sum attempted to account for the negative effect of
very high temperatures, excluding degree-hours higher than 38 C, and high VPD conditions by excluding
degree-hours with VPD above 1.5 kPa. This modification changed the relationship and ranking of their
three sites in heat sum, demonstrating the lack of independence of these meteorological factors. In this
case, each site exhibited a different specific growth volume per degree-hour, so heat sum was unable to
explain all between-site growth differences. Several studies of loblolly pine in Hawaii have likewise
hypothesized and examined the role of temperature in increasing productivity compared to the
Southeast US. Harms et al. (1994) investigated tree and stand-level attributes of spacing trials between
Maui and South Carolina. They attributed part of the observed differences in per-area productivity and
individual-tree crown characteristics to more favorable temperatures in Hawaii, which presumably
allowed year-round growth, while noting differences in available radiation and site characteristics. Their
15

results were similar to those of Peralta (1995) by exhibiting a negative association between high
summer temperatures and stockability. Samuelson et al. (2010) examined the same stand on Maui, but
conducted an analysis of wood density, leaf dark respiration, and shoot morphology, all of which
supported the hypothesized positive effects of a longer growing season with more moderate
temperatures on productivity. Comparing ring widths from the same Hawaii site to others in North
Carolina and Mississippi, Samuelson et al. (2013) found that only in one setting, North Carolina, was
temperature significantly correlated with growth. Improved growth in the exotic range was attributed to
more moderate overall temperatures, rather than higher means, minimums, or maximums. Growing
season effects examined in a study of five widely distributed sites of Pinus spp. using a process-based
growth model found that growing season length was an important factor in explaining gross productivity
differences between sites at different latitudes, especially when sites at high latitudes with short
growing seasons were included (McMurtrie, 1994).
Within-range studies of timber species have likewise found strong correlations between growing
season or annual temperatures and growth rates. A study of future Douglas-fir productivity in the Pacific
Northwest using a spline regression fit with 30 years of average monthly weather data found that
summer temperatures were the most important predictor of site index, followed by a variable that
combined precipitation and a heat sum (Weiskittel et al., 2012). In a study of a broadly distributed set of
Scots pine growth trials in Europe, heat sum was shown to correlate with productivity, although not as
clearly with survival (Roussi et al. 2018). In addition to summer temperatures or annual heat sums,
winter temperatures have also been investigated. Xenakis et al. (2012) found that winter low
temperatures were the most important component in their analysis of Scots pine productivity in
Scotland, accounting for 45% of the observed variation. Interestingly, in this case, lower temperatures
were associated with higher productivity, which may indicate the confounding influence of site
characteristics not accounted for in the model, such as elevation, precipitation, the influence of wind, or
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site fertility. High summer temperatures were shown to have a negative effect on volume growth of
radiata pine in central Chile, as did high summer VPD (Alvarez, et al., 2013). In a dendrochronological
study of loblolly pine from different seed sources growing at eight locations within its native range,
temperature was found to play a different role across different regions of the range (Cook et al., 1998).
In areas where drought stress was expected because of precipitation patterns, annual radial growth was
negatively correlated with summer temperature, but in areas without severe moisture deficit the
correlation between summer temperature and radial growth was weak, and in areas at the northern
edge of the range radial grwoth was a positively correlated with winter temperature. Even within a
single range, then, temperature can have a complex relationship with measures of productivity, as it
may both directly affect growth, and be correlated with other factors, such as VPD, which might be
more limiting in some areas than in others.

Soil and Site Fertility
Evaluating the contribution of soil fertility to timber growth has proven a challenge which has
yet to be fully addressed in many common models (Weiskittel et al., 2011). In empirical modelling
frameworks, site index provides a “bioassay” or integrated measure of site fertility factors. However, a
major objective of hybrid or process-based models is to represent explicit ecophysiological effects of
edaphic and climatic variables. Soil fertility has been represented under a wide range complexity
regarding the variables included and how they function interactively to influence soil nutrient and water
availability. Many modelling frameworks, such as 3-PG, use fertility as a calibrating factor (Landsberg &
Waring, 1997), without specifically incorporating a submodel of nutrient cycling and its dependence on
soil moisture and the soil biota. The difficulty in measuring and modelling belowground processes has
made their contribution to observed growth differences difficult to assess (Weiskittel et al., 2011).
Samuelson et al. (2010) investigated soil chemical composition and foliage nutrient
concentrations at their study site in Hawaii, comparing them to published values from the native range
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of loblolly pine. They found that soils at their Hawaii site were unusually fertile in comparison to those
within the native range of the species, with high calcium and magnesium concentrations, and that
foliage macronutrient concentrations reflected this high soil fertility. Foliar nutrient concentrations at
their Hawaii study site were similar or higher than those found in fertilized native-range stands,
although they also noted that their site was unusually fertile even for Hawaii. In addition to high foliar
nutrient concentrations, which would be expected to stimulate higher photosynthetic rates, the authors
noted that the high site fertility may have contributed to the unusually low allocation to belowground
biomass, i.e., only 14% of total tree biomass compared to 24-29% belowground allocation in nativerange sites. This shift in allocation of photosynthates or biomass from belowground to aboveground
components has increasingly been observed in fertilized stands and stands growing along gradients of
increasing inherent fertility (e.g., Keyes and Grier, 1981; ), making it difficult to assess the relative
contribution of increased net primary production and shifts in allocation to apparent aboveground
growth response to fertilization and site fertility. The foliar nutrients at this study site were also
analyzed in earlier studies, with similar results showing that most nutrient levels were higher than on
sites in South Carolina, especially those required for high photosynthetic rates, such as Na and Mg
(Harms et al. 1994).
Other across-range studies have paid less attention to soil and site fertility factors, or have
attempted to control for them. The common-garden plantations used by Albaugh et al. (2018, 2019)
were fertilized as needed based on foliar nutrient levels, to ensure that the trees were not nutrient
limited. In a 23 factorial greenhouse experiment to measure the effect of belowground biotic
interactions, Pinus contorta Dougl. ex Loud. seedlings were planted in soil collected from plantations in
Canada and Sweden (Gundale, 2013). Both sterilized and unsterilized soil was used, along with fertilized
and unfertilized treatments. Results indicated that biotic interactions with soil were negative in the
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native setting (positive growth response to sterilization), and positive in the exotic setting (negative
growth response to sterilization), with no significant effect of soil origin alone.
Some models have lacked structures representing site fertility (McMurtrie et al., 1994), or
assume that all sites were equally fertile (Waring et al., 2008). In the case of Waring et al. (2008),
simulations indicated that a 20% change in the soil fertility parameter was sufficient to account for all
measured growth differences across ranges, through presumed mechanistic changes to productivity and
allocation, but the authors also found that foliar nutrient levels supported their assumption that fertility
could be treated as a constant.
Studies of species within a single range have differed in their conclusions regarding the
explanatory power of soil and site fertility factors. In a comparison of plantations in central Chile, soil
fertility variables (e.g., soil organic matter, macronutrient concentrations) were found to be insignificant
in explaining the observed variation of annual volume increment (Alvarez et al., 2013). Soil carbon and
nitrogen levels accounted for a small amount of the observed variation in Scots pine productivity across
sites in Scotland, but far less than meteorological conditions (Xenakis, 2012). In northern Finland,
however, in five Scots pine common garden trials, heat sum accounted for as much of the variation in
survival and height growth as a more complex factor combining soil organic matter, soil depth, and soil
nitrogen and phosphorus content (Rousi, 2018). Similar to the literature on meteorological factors, soil
and site fertility seem to have explanatory power for productivity in areas where they are the limiting
factor, but can be non-significant in situations where another essential resource is limiting.

Absence of Pests

As articulated by Burns and Hu (1983), the idea that an absence or escape from pests or

pathogens in an exotic range can cause an increase in productivity has often been offered as a partial
explanation of the observed increases in growth rate. Compared to other factors, however, there is a
relative paucity of support in the literature for this hypothesis, at least within the field of forestry. An
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underlying assumption of this hypothesis is that certain pests exist within at least one range of a species
which are capable of suppressing productivity significantly. If pests cannot affect productivity
significantly compared to the scale of the observed apparent growth improvement across ranges, this
factor would at best form a minor contribution.
Douglas-fir is one species for which a major damaging pest, the fungal pathogen Swiss needle
cast (Nothophaeocryptopus gaeumannii), exists within the native range. This pathogen, typically most
severe at coastal sites with very high annual rainfall and humidity, can account for growth reduction
similar in scale to that observed when comparing the exotic range to the native (Maguire et al., 2002).
However, this pest is not confined to the native range of the species, and it has been observed in most
exotic settings as well, often being described as more damaging in exotic settings, although often
without direct evidence (Lavender & Hermann, 2013; Miller & Knowles, 1994). In at least one exception,
a climatic niche-based study of Douglas-fir in New Zealand growth under projected climatic scenarios
confirmed the potential importance of Swiss needle cast, however, finding high correlations between
disease severity and productivity, and noting that the commercial range of the species was confined to
areas outside the optimal climatic niche of the fungus (Watt et al., 2011). This result suggests that
exclusion of this major pest leads to within-range variation, but may not affect across-range situations
unless sites in one range are categorically less suited to pest attack or life cycle completion. Waring et al.
(2008) acknowledged the pest exclusion hypothesis as well, but were unable to test it, and thus could
not rule out that the differences observed in their study were caused by pests. In other timber species
with multiple ranges, little attention has been paid to pests as a driver of productivity differences.
Burns and Hu (1983) reported that loblolly pine was seemingly free of fungal and insect pests
outside its native range, but could not comment on the magnitude of the effect of pest exclusion on
growth. Subsequent studies of loblolly pine in Brazil, Hawaii, and the US Southeast did not attempt to
account for or measure pest interaction, although Samuelson et al. (2010) mention that there was no
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evidence of pests in the exotic range. The observed differential effect of soil biota on lodgepole pine
between native and exotic ranges was hypothesized to be the effect of belowground pest interactions,
however, with the exclusion of these pests explaining the switch to a net positive productivity effect in
the exotic setting (Gundale et al., 2013). Outside of the forestry literature, however, this hypothesis has
received considerable attention in the field of invasion ecology. In this literature, one hypothesis
explaining why species become invaders is that they escape from natural enemies which limit their
growth, reproduction, or survival in their native range, and, can thus grow unchecked in an exotic
setting (Lockwood, et al., 2013). This hypothesis should be considered when examining potential drivers
of improved exotic timber productivity, particularly where significant variation in conventional edaphic
and climatic factors lack predictive power.

Intensive Silviculture
When species are of commercial importance in both their native and exotic ranges, such as the
case with Douglas-fir, loblolly pine, and Eucalyptus, among others, intensive silvicultural practices
applied in an exotic plantation setting might improve productivity compared to the native range if less
intensive practices, such as natural regeneration, are common. Even if processes are similar in intensity,
their effect or details of their application might differ between ranges, and yield differing results.
Intensive silviculture most commonly include practices such as mechanical or chemical site preparation,
fertilization, nursery cultural practices, targeted seedling morphology, treatments for pests, and genetic
selection or controlled breeding for seed and seedling production. Different breeding programs might
result in improved stock with different yields independent of post-planting practices, or genetically
related stock might develop different phenotypes under different conditions, the so-called land race
effect. To accurately determine the causes of growth differences between native and exotic ranges,
these factors must all be considered.
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Cross-range studies that attempt to address the question of growth differences rigorously
attempt to eliminate or account for the effect of silvicultural treatments. In settings with designed
experimental plantings, such as those used by Albaugh et al. (2018, 2019), practices and seed sources
are closely replicated. In the case of studies using existing operational plantations or non-identical
experimental plantings, the differences in silvicultural treatment need to be accounted for; otherwise,
they potentially confound treatment effects. Unfortunately, many of the cross-range studies in literature
do not fully account for the effects of different silvicultural practices. Waring et al. (2008) used local
yield tables from Oregon and New Zealand for model calibration, assuming that these did not already
represent the results of genetic improvement or intensive silvicultural practices. This assumption is
complicated by the fact that for species like Douglas-fir, which have a long history of commercial
planting in both native and exotic settings, virtually all planting stock originates from independent
breeding programs (Lavender & Hermann, 2014). The Olinda plot on Maui used by several comparative
studies of loblolly pine growth likewise had an unknown seed source, so any contribution of genetics to
growth differences are unknown (DeBell et al., 1989; Samuelson et al., 2010; Samuelson et al., 2013).
Without installing replicated plantings, where seed sources or genetic origin are known and planting and
post-planting silvicultural practices are uniform, the confounding effects among these factors
complicate tentative inferences about causation. Planting density and pre- and post-planting site
treatments, including pest control, fertilization, or thinning, can also have significant and potentially
confounding effects on growth performance. Albaugh et al. (2019) found that planting density had a
significant effect on crown attributes of loblolly pine across native and exotic settings, and that changing
planting density could ultimately affect crown form enough to eliminate the differences in clones or
provenances specifically selected for widely different crown ideotypes. This result suggests that planting
density can potentially confound other intended treatment effects like those from genetic manipulation,
especially those related to crown form. Borders & Bailey (2001) confirm that by increasing the intensity
22

of silviculture, yields of loblolly pine in a native setting can be increased to correspond to those of exotic
ranges considered more optimal environmentally. Although external factors such as planting, labor, or
land costs can lead to gradients of silvicultural intensity across ranges, the use of more or less intensive
practices is not intrinsically related to exotic or native settings of a timber species. These factors can
have an immense impact on productivity, and must be accounted for or ideally controlled in any
comparison of growth which is seeking to identify environmental effects. In situations where silvicultural
practices are widely different, applying successful practices from another range or increasing the
intensity of current practices may result in a reduction of the productivity gap between native and exotic
settings.

Other Factors
Although the hypotheses presented by Burns and Hu (1985) represent many of the conditions
that differ between native and exotic ranges of timber species, there are other factors which have been
hypothesized or studied as potential drivers of productivity differences. Net primary production in
plants requires light, and differences in available and absorbed light have been hypothesized as
potential factors in driving productivity across ranges. Three mechanisms related to light have been
proposed as influential in affecting higher productivity of trees in exotic settings: the exotic range may
intrinsically have access to more solar radiation than the native range; trees in the exotic range may
capture more light due to physiological, morphological or site-based differences; or trees in exotic
settings might use light more efficiently due to physiological acclimation. Trees in a loblolly pine
plantation in Hawaii had longer and potentially denser crowns than trees in a plantation in North
Carolina, although leaf area was not measured (Harms et al., 1994). The authors hypothesized that
intense solar radiation at a high sun angle was responsible for higher leaf area densities, and that this
was a factor in explaining improved productivity. Albaugh et al. (2018) investigated the hypothesis that
loblolly pine in exotic settings has higher light use efficiency relative to its native range, but did not find
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evidence supporting this hypothesis. Crown form differences, however, may allow trees planted in Brazil
to capture more light on a per-tree basis (Albaugh et al., 2019). Differences in growth efficiency per unit
of leaf area were also noted, suggesting that foliage distribution within the crown may be more optimal
in some exotic settings. In a study of Pinus spp. growing at four sites, in Australia, Wisconsin, New
Zealand, Florida, and Sweden, gross primary production simulated with an ecophysiological growth
model increased nearly linearly with absorbed photosynthetically active radiation (McMurtrie et al.,
1994). Allocation, perhaps the least understood plant mechanism, has been hypothesized to play a part
in controlling productivity across ranges in a manner similar to that discussed above in relation to
fertilization and inherent site fertility. In a review of growth trials in Finland, differing allocation between
native and exotic tree species was hypothesized to account for the greater stemwood productivity of
the latter (Tigerstedt, 1990). Samuelson et al. (2010) found lower biomass allocation to roots in the
exotic range of loblolly pine, which was ascribed to more fertile, volcanic soils that those in its native
range, which would promote lower allocation belowground and greater allocation to aboveground
pools. Models that attempt to describe the functional mechanism of allocation, however, rely on
hypothesized feedback from environmental factors, such as rates of nitrogen uptake, indicating that if
these models are correct, allocation itself cannot be separated from environmental factors as a cause of
productivity differences (Landsberg & Sands, 2011).
In consideration of another seldom recognized mechanism, Samuelson et al. (2013) proposed
that stand-level disturbances, such as hurricanes, could influence productivity, if one range was more
prone to a disturbance than another, as was the case in comparing the US Southeast to Hawaii. In a
more general sense, sites with more intense wind regimes could also be subject simply to greater
seasonal loss of foliage and small twigs.
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Discussion
The large number of potential hypotheses for explaining exotic versus native range growth
differences combined with the small number of comprehensive studies makes identifying defensible
causes difficult. Even in cases with large environmental differences in specific, physiologically feasible
factors, such as the relatively low summer VPD proposed to explain the high productivity of Douglas-fir
in New Zealand (Waring, et al., 2008), numerous correlated and confounding factors make robust
conclusions elusive. The possibility of assigning a universal cause to improved exotic growth, however,
can be conclusively dismissed, as causes are shown to be extremely dependent on the growth
environments compared, even within the same species, such as in the case of Scots pine (Xenakis, et al.¸
2012; Rousi et al., 2018; Taeger et al., 2013) or loblolly pine (Samuelson et al. 2013). The factors which
have the largest body of evidence to support them are those directly tied to availability of key site
resources that drive primary production: water, light, temperature, and to a lesser extent, nutrients.
Water and light are essential components of photosynthesis in plants; without either resource,
photosynthesis is impossible in an otherwise healthy plant. Gradients in these resources hypothetically
should correspond to gradients in productivity if other resources are not limiting, and it appears that in
situations where this is the case, such as plantation Eucalyptus in Brazil, this principle holds (Scolforo et
al., 2017). The interaction between these factors is difficult to quantify, though, especially in studies that
use only partial measurements of environmental variables. The strong link between air temperature and
humidity, and thus VPD, makes separating the effects of these two factors difficult, although they
hypothetically have at least two very different mechanisms by which they affect growth. Waring et al.
(2008) and Albaugh et al. (2018) both exemplify the difficulty of separating correlated meteorological
factors. Waring found VPD to be most important differentiator in controlling productivity between
ranges, but had to impose three secondary hypotheses to separate this from the effect of temperature,
hypotheses that were not tested in the context of the study. Specifically, the means through which VPD
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was derived from temperature data must be assumed valid, unbiased and sufficiently precise at both
locations, the mechanistic model form used must be assumed correct for simulating net primary
production, and the allometric and physiological constants supplied to the model must be assumed to
accurately reflect growth at both locations. Albaugh et al. (2018) combined temperature and VPD into a
single heat sum index, which, while allowing indices with and without VPD to be compared, does not
allow the marginal effects of either factor to be separated. The effects of soil fertility are likewise
difficult to isolate, especially when they are just one of many differences across ranges. Samuelson et al.
(2010) took the approach of directly measuring foliar nutrient concentrations, directly linking nutrients
to photosynthetic potential, and Albaugh et al. (2018) indirectly investigated this link through light use
efficiency, which is affected by foliar nutrients, among other factors. In ranges where nutrients are the
limiting factor, or in situations where other factors are controlled, these effects are more easily isolated
and hypothesis about causation become more robust (Rousi et al., 2018; Gundale et al., 2014). In
general, across wide differences in multiple environmental variables, care must be taken with correlated
factors, as failure to separate their effects severely limits the conclusions which can be drawn about the
relative importance of individual growth factors. Process-based or hybrid models can help separate
these effects in a theoretical framework, and at least estimate their relative importance, but only so far
as the model forms isolate marginal effects of individual variables, extrapolate well, and do not
confound or bias implied hypotheses about the interaction of growth components.
Burns and Hu (1983) recommended an international set of controlled experiments to determine
which of their hypothesized factors was most important for loblolly pine growth, but until the study
reported on by Albaugh et al. (2018, 2019), no such experimental sites had been installed, for loblolly or
any other timber species. One reason that relatively little research has focused on explaining exotic
range productivity is that nearly all hypothesized causes are difficult or impossible for the silviculturist to
manipulate. Climatic factors are viewed in silviculture as inherent elements of the site, silviculture is
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tailored to the site, and relatively little about the site soil and climate can be changed or manipulated by
the silviculturist. The integrated effect of site conditions on tree growth has traditionally been
summarized by site index, despite its recognized limitations. For example, within a given site index,
productivity is further controlled by site-specific maximum stand density (e.g., Reineke’s (1933) Stand
Density Index or SDI; also see Yoda, 1963). Two potential reasons, however, to continue the
investigation of improved productivity in exotic settings are tied directly to several silvicultural
principles. First, site quality measured by site index is a bioassay of past growing conditions; yet, climate
change will alter growing conditions in many forested areas, including those most widely utilized for
timber production, causing site index to become increasingly unreliable as a measure of site
producitivity. Likewise, transgressive growth behavior in exotic settings (i.e., volume growth on a tree or
stand level that exceeds maximum levels reported in the native range) suggests that the concept of a set
maximum SDI within a species is fundamentally limited. Foresters and silviculturists worldwide are faced
with the question of how to adapt to climate change, which will cause changes to the empirical
relationships that underlie both site index and maximum site carry capacity (stand density). Climate
change will also force a re-evaluation of seed sources or genotypes which were matched to a particular
climate through progeny trials, and use of tools such as the USDA-Forest Service Seedlot Selection Tool
(https://www.fs.usda.gov/ccrc/tools/seedlot-selection-tool) to match seedlots to landowner
anticipation of future climate. Understanding the mechanistic drivers that underlie these empirical sitegrowth relationships will better inform land managers about how to proceed, especially when future
conditions are uncertain. Current climate adaptation research has often used the concept of realized
niche to predict future specific success, with the underlying assumption that the current realized niche
of a species represents an optimal growth environment, but observations of improved growth of many
species in exotic settings outside of their realized niche challenges this concept, particularly until we
have a better understanding of climatic, competition, pathogens and the multitude of other limits on
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the ability of a species to move into its potential niche. This dilemma is well demonstrated by species
such as radiata pine, which cannot be grown for timber within their native range. Comparing widely
distributed ranges, especially the large environmental differences between sites occupied by species
that are planted in both native and exotic settings, often in different hemispheres, presents a natural
experimental opportunity for improving our understanding of growth mechanisms, allowing mechanistic
models to improve, and supplement empirical modelling, which is less flexible in changing
environmental conditions and lacks the benefit of a richer foundation of basic principles such as those
that guide allometric relationships. An understanding of climatic factors that are most important in
determining productivity of a given species would allow modelling to determine how projected climatic
changes would actually affect that species.
A further examination of factors that lead to observed transgressive growth of species in an
exotic setting in the context of maximum carrying capacity (e.g., maximum SDI) typical of its nativerange should inform efforts to increase productivity in both native and exotic settings. Even in early
publications on maximum size-density relationships in timber species, transgressive behavior with
regard to carrying capacity (i.e., stands exceeding their supposedly invariant maximum SDI) were
observed in data from planted outside their native range (Drew & Flewelling, 1979). Loblolly pine in
Hawaii was observed by several authors to exceed the maximum carrying capacity observed in the
Southeastern United States (DeBell et al. 1989; Samuelson et al., 2010), and in modelling Douglas-fir
growth in New Zealand, a parameter controlling the point at which self-thinning began had to be altered
to match observed growth of exotic plantations (Waring et al., 2008). These observations echo some of
the criticism of the physiological concepts proposed by Yoda et al. (1963) and others as the foundation
of the maximum size-density theory for herbaceous crop or weed species, as articulated by Weller
(1987) , and demonstrate that it cannot be applied without modification to trees within or across
ranges, even for the same tree species (Zeide 1987). This behavior of tree species suggests that a variety
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of allometric relationships and environmental factors, whether they can be manipulated or not, alter the
maximum carrying capacity of a species. Maximum limits may be physiological responses to
environmental conditions, moderated by differences in partitioning or allocation within a species or by
form among species. If the key environmental factors are purely climatic and not subject to
manipulation they can inform where species and seed sources should be planted, and inform the
selection of potential new timber species within a given range. If other factors beyond climatic
contribute to the improved growth in exotic settings, as suggested by Burns and Hu (1985), Albaugh et
al. (2018, 2019) and Gundale et al. (2014), manipulation of these factors could lead to improved
productivity. Borders and Bailey (2001) demonstrated that in at least one case, i.e., loblolly pine,
applying intensive silvicultural treatments increased annual increment to match that observed in some
exotic ranges of the species. Better understanding of the causes of improved exotic growth can
therefore potentially help inform managers about methods to increase productivity in both the native
and exotic ranges, especially if some of the improved growth performance can be attributed to factors
that can be manipulated through silviculture.

Conclusion
Further research is needed to supplement the limited number of studies which have rigorously
compared growth between ranges in order to provide a knowledge base for land management and
forest model architecture. With some exceptions, the current literature lacks studies which address the
potential confounding factors of genetics and silvicultural practices, which are especially important to
address, because of the relative ease with which these factors can be manipulated by managers.
Likewise, accurate, on-site measurements of meteorological and bio-physical data are needed to
confirm findings which suggest that these factors are of primary importance, to ensure that these
results are not an artifact of the methods used to estimate or interpolate meteorological or bio-physical
data. Greenhouse experiments like Gundale et al. (2017) suggest that belowground factors, which are
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rarely investigated in growth studies require more attention, and allocation, especially allocation to
roots, may also be of explanatory value, as Samuelson’s (2010) work suggests. Loblolly pine has received
the most attention in the published literature, but other commonly planted species of economic
importance in exotic settings warrant more investigation, especially radiata pine, which has a wide
exotic range in South America, New Zealand, Australia, and Europe. Douglas-fir, which is likewise widely
planted in exotic settings, demands further study, especially in locations other than New Zealand, to
determine if similar climatic factors control productivity in all settings. Future studies will allow
improved selection of species and genetics for maximum productivity, a more informed approach to
assisted migration of both species and seed sources, and a better understanding of mechanistic controls
of tree growth, informing new growth modelling efforts.
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Chapter 3: Drivers of Productivity Differences between Native and Exotic Range
Douglas-fir Plantations in Oregon and New Zealand
Liam W. Gilson and Douglas A. Maguire

Introduction
Douglas-fir (Pseudotsuga menziesii [Mirb.] Franco) is one of the most widely planted and
commercially important timber species worldwide. It has been introduced on every continent, save
Antarctica, and its wood is highly valued internationally. In New Zealand, Douglas-fir was introduced in
1859, and planted in trials for timber production as early as 1896 (Ledgard & Belton, 1985). By the mid20th Century, sufficient plantings had occurred to observe growth patterns notably superior to growth
rates in the native range of the species (See Fig. 3, Spurr, 1963). A more detailed examination of growth
rates in the highlands of the South Island showed that on some sites mean volume growth exceeded
highest quality sites in western North America by 50% (Ledgard & Belton, 1985). Douglas-fir has been
less popular in plantation settings in New Zealand than Radiata pine, which has an even faster growth
rate and a shorter rotation length, with Douglas-fir comprising only 6% of the planted forest area in New
Zealand by the early 21st century (Ledgard, 2003). Increased interest in Douglas-fir has prompted
research to consider the causal factors driving the growth rate differential between North America and
New Zealand. Waring and others (2008) applied a mechanistic growth model to simulate growth sites in
New Zealand and western Oregon in an attempt to identify the environmental drivers behind the
observed productivity difference. They concluded that the most important factor was the lower
growing-season vapor pressure deficit in New Zealand, caused by lower summer peak temperatures.
Studies of Douglas-fir within its native range have identified environmental factors, including rainfall
during the growing season, as potential predictors for site productivity, and a study of Douglas-fir in
New Zealand identified rainfall as the most important driver of productivity (Weiskittel et al. 2012;
Ledgard & Belton, 1985). Further evidence from direct field measurements, however, is required to
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Figure 3: Basal Area in square meters/hectare and volume in cubic meters/hectare respectively, of
South Island, New Zealand and “Site I” (highest productivity) Oregon plantations, as reported in yield
tables by McArdle (1961) and Spurr (1963).
confirm the findings of Waring (2008), and determine if they are confounded by other environmental,
genetic, or procedural factors.
Although no other cross-range studies of Douglas-fir exist in the literature, other commercial
species with wide planted ranges have been examined for potential causes of observed growth
differences. Loblolly pine (Pinus taeda L.), one of the most commercially important species in the
Western hemisphere, has been widely planted outside its native range in the US Southeast. Burns and
Hu (1982) conducted a review of published growth data, encompassing loblolly pine plantations in South
Africa, Brazil, Hawaii, and the US Southeast, and presented six hypothesized causes of improved growth
in exotic settings: (1) Rainfall quantity and seasonality; (2) High humidity during the growing season; (3)
A longer growing season in the exotic range; (4) Better soils or site fertility factors; (5) Pest exclusion or
escape in the exotic range, and (6) Comparatively more intensive silviculture in exotic settings. Although
the authors presented little more than anecdotal evidence for these hypotheses, they have been
broadly confirmed in different settings and species. Samuelson et al. (2010) investigated a replicated
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planting experiment of loblolly pine in the US Southeast and Hawaii, and determined that more
moderate annual temperatures, which were closer to the optimal range for the species, were the
primary cause of improved growth in Hawaii. Albaugh et al. (2018) investigated heat sum and light use
efficiency as measures of site optimality for the same species, comparing three experimental sites, in
North Carolina, Virginia, and Parana, Brazil, planted with shared progeny and clones, but found that
neither alone was able to explain the observed magnitude of growth difference. Albaugh et al. (2018,
2019) examined whether changes in crown form across the same three sites were able to explain
observed growth differences, and although changes in foliage distribution were identified, these
differences alone were not able to account for all growth differences observed. The overall conclusion of
both Albaugh studies was that a wide range of environmental and physiological factors combine to
contribute to improved loblolly pine growth in exotic settings. Soil and site fertility has been less
investigated, although loblolly pine in Hawaii was found to have higher foliar levels of nutrients such as
nitrogen, which was linked to highly fertile volcanic soils (Samuelson et al., 2010). Belowground biotic
interactions have received some attention as well; Gundale et al. (2014) found that soil biota
interactions with Pinus contorta Dougl. ex Loud. switched from a net negative to net positive when
outside the native range of the species in Sweden, based on the results of greenhouse experiments.
These studies indicate that a wide range of environmental and site attributes could potentially be causal
factors in the commonly observed phenomenon of improved exotic growth.
Studies of growth within a single native or exotic range support similar conclusions. In Brazil, the
growth performance of exotic Eucalyptus was found to depend primarily on rainfall (Stape et al., 2004;
Scolforo et al., 2017). Rainfall, vapor pressure deficit, winter temperatures, and soil fertility factors were
found to affect growth of Scots pine at several sites within the native range of the species, with the
significance and relative importance of these predictors varying depending on the location within the
range. In the extreme north, soil fertility factors were the most effective predictor of growth (Rousi et al.
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2018), while in central Europe, summer vapor pressure deficit was the limiting factor (Taeger et al.,
2013). Winter temperatures and, to a lesser extent, precipitation were linked to productivity in a study
of sites in Scotland (Xenakis et al., 2012). A study of loblolly pine throughout the native range of the
species in the US Southeast likewise found that different factors were more or less influential in
different areas of the range, where gross climatic differences resulting in differing limitations (Cook et al.
1994).
The Waring et al (2008) mechanistic comparison, and other earlier summaries of growth rates
lack control for potential confounding factors such as genetics and non-meteorological aspects of site
quality, such as soil nutrition and soil water holding capacity. Genetic constitution has been identified as
a highly important determinant of productivity in some studies of Douglas-fir, with genetics accounting
for over 40% of observed site-to-site variation in this “genetic specialist” (Monserud & Rehfeldt, 1990).
Another issue with some of these earlier studies, especially those, such as Ledgard (2003), that
reference much higher New Zealand productivity, is that the sites used for comparison do not, at least in
the case of New Zealand, represent areas where Douglas-fir is commercially planted. Lower elevation,
higher productivity sites, especially those on the North Island, which might commercially produce yields
similar to those reported by Spurr (1963) and Ledgard (2003) are generally planted with radiata pine if
they are used for commercial timber production (Miller & Knowles, 1994).
A better understanding of the relative contributions of genetic (G) and environmental factors (E)
to growth rates, and possibly their interaction (GxE) is especially important when considering the
potential impacts of climate change on Douglas-fir in both planted and natural settings. Many estimates
of site potential and future range rely on the assumption that Douglas-fir is genetically homogenous
(Weiskittel, et al., 2012), but genetic studies report increased risk due to localized adaptation in terms of
phenological characteristics (St Clair & Howe, 2007). The proposed investigation that includes
consideration of GxE interactions in the context of a mechanistic model will augment our knowledge
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about managing the effects of climate change on this important species, and identifying prevailing
knowledge gaps. The specific objectives of this study therefore were to: 1) identify the key
environmental factors (edaphic-climatic) that control temporal (annual) and spatial variation in Douglasfir diameter growth and earlywood/latewood proportions; 2) test the statistical significance of
alternative variables, including location, in a mixed-effects generalized least squares model that
accounts for serial correlation among successive annual ring widths and early/latewood proportions
within a tree; and 3) test for any marginal genetic effects attributable to families from low versus
medium elevation seed sources.

Methods
We identified sites in the South Island of New Zealand and the Oregon Cascades at which
seedlings originating from a single, western-Oregon seed orchard (the Mason Seed Orchard at 44.425, 122.592), had been planted in 2004. These seeds planted at these sites represent open-pollinated
seedlots selected for performance at different elevations, classified as “Low,” “Medium,” and “High” by
the seed orchard. All seeds were harvested in the year 2000, propagated in nurseries, and planted
operationally in their respective locations. Two seedlots, those of “Low” and “Medium” elevation
parentage, were planted in isolation in both countries, allowing a direct comparison of growth amongst
trees with comparable genetics (identical open-pollinated half sibs). Although these seeds were planted
in an operational setting without the intention of creating an experiment, the known partial
pedigree,and shared seed collection and planting years presented a unique opportunity to develop a
growth comparison between the two ranges, with minimal variation from genetics except for that
expected from the variance within half-sib families.
In New Zealand, we identified three sites in which blocks of “Low” and “Medium” seedlings had
been planted, Forest Creek (FC), in Canterbury (-43.674, 170.867), Glenmore (GM), in Southland (45.430, 168.576), and Futtah (FT), in Southland (-45.442, 168.640). These sites were within plantations,
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Table 1: Locations and attributes for all sample plots. Plots 1-10 were located in New Zealand, plots
11-21 were located in Oregon. Sites are Forest Creek (FC), Futtah (FT), Glenmore (GM), Brownsville
(BRN), Ames Creek (AC), South Bank (SB), and Scott Mountain (SM). All plots were 400m2 except plots
1, 2, and 9, which were 413m2, 423m2, and 660m2 respectively.
Plot
Number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

Site

Lattitude

Longitude

FC
FC
FC
FC
FT
FT
FT
FT
GM
GM
BRN
BRN
AC
AC
AC
AC
SB
SB
SM
SM
SB

-43.673984
-43.674085
-43.673459
-43.674537
-45.432542
-45.429602
-45.434182
-45.434162
-45.441957
-45.438117
44.427325
44.427266
44.347609
44.35877
44.379336
44.377883
44.4461
44.44705
44.413407
44.414207
44.428482

170.866899
170.86726
170.863167
170.864147
168.575458
168.57461
168.578555
168.583575
168.640463
168.641802
-122.941073
-122.939873
-122.668852
-122.666702
-122.710663
-122.711237
-122.464785
-122.464781
-122.817142
-122.816688
-122.513441

Elevation
(m)
755.32
752.62
776
754.94
523.52
446.39
551.06
668.48
712.92
771.58
269.83
290.94
516.309
505.42
260.71
270.06
534.01
522.11
254.97
248.87
631.5

Aspect
E
S
E
ESE
NW
NW
W
W
SSE
SSE
W
WNW
NE
E
WNW
NW
W
N
NNW
SW
SE

Slope
(degrees)
3
18
6
3
7.1
17.4
13.8
18.4
18
18.1
11
14
6
6
7.9
1
15.5
10.8
5.4
2.1
15.9

MSO
Seedlot
Low
Medium
Low
Medium
Low
Low
Medium
Medium
Low
Medium
Low
Low
Medium
Medium
Low
Low
Medium
Medium
Low
Low
Medium

Total
Trees
51
50
51
50
52
50
74
47
50
53
51
53
43
49
49
46
47
46
52
49
61

Density
(trees/ha)
1236.4
1186.5
1275.0
1250.0
1300.0
1250.0
1850.0
1175.0
757.6
1325.0
1275.0
1325.0
1075.0
1225.0
1225.0
1150.0
1175.0
1150.0
1300.0
1225.0
1525.0

Quadratic Mean
DBH (cm²)
19.4
19.6
20.1
20.2
19.7
20.2
17.3
17.9
22.5
20.1
17.6
16.8
17.6
16.1
16.1
16.1
18.1
15.8
15.2
16.7
14.7

SDI
(metric)
802.3
782.7
875.8
865.4
864.6
865.4
998.8
670.1
623.6
910.1
707.6
682.5
596.6
589.3
589.3
553.2
682.1
536.8
570.2
624.9
634.0

primarily established between the years 2000 to 2006, on abandoned former pastureland at elevations
of 450 to 780 meters above sea level. The study sites were all established with 2-0 bare root seedlings in
July 2004, at nominally 1357 stems/hectare. Previous to planting, the sites were dominated by tussock
forming grasses, and there was no fertilization or weed control at the time of planting.
In Oregon, because of operational planting protocols, which often resulted in several seed lots
being intermingled on a single stand, more sites were required to have comparable numbers of plots
from each seed lot; therefore we identified four sites, near Brownsville (BRN) (44.426, -122.939), at
Ames Creek (AC) (44.347, -122.668), at Scott Mountain (SM) (44.414, -122.817), and at South Bank (SB)
(44.447, -122.465). The Brownsville and Scott Mountain sites were planted with “Low” stock, while the
South Bank sites were planted with “Medium” stock. Stands of both “Medium” and “Low” stock were
present at Ames Creek, separated by about 4.5 km. These sites were planted during the 2003-2004
dormant season, likely between December 2003 and March 2004, with primarily P+1 stock (germinated
in plugs in a containerized greenhouse and then transplanted to nursery beds for one year). All sites
received at least a fall chemical weed control treatment before planting.
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In June and July of 2019, during the southern hemisphere winter dormant season, we
established measurement plots at the New Zealand sites, Oregon sites were sampled in the northern
hemisphere 2019 winter dormant season, i.e., September and October. At each site, we installed several
fixed-area plots, of 400 m2, in which all trees were tagged and sampled. Each living tree within the plot,
except those which were identified as ingrowth through whorls and coring, were tagged with an
aluminum tree tag at a breast height of 1.4 meters. Trees were then measured for diameter at breast
height (DBH) using a steel tape, and measured for height and height to crown base with an acoustic
hypsometer. Trees which exhibited a major defect, such as a ramicorn branch or swelling, at 1.4 meters
were measured above the defect. The crown base was defined as the location of the lowest whorl with
at least one quadrant of living branches. A sample of living foliar tissue was collected from every tree for
possible genetic identification. Once all trees were tagged and measured, a random sample of 30% of
trees in each plot was selected using R (R Core Team, 2020), and each of these trees was cored with a
5mm increment borer at 1.4 m. Cores were dried, mounted and sanded, then measured at the Oregon
State University dendrochronology lab for annual growth as well as early and latewood fractions. We
attempted to establish two plots in each stand that was identified as having a Mason Seed Orchard
origin at each site, but logistic constraints resulted in the installation of only one plot in each stand at
the Glenmore site and one of the South Bank sites. At each plot, in addition to the measurements of all
living trees in the 2004 cohort, soil samples were collected from two depths, 10 and 30 cm, for analysis.
Plot-wide measurements of Leaf Area Index (LAI) were taken with a Li-Cor 2200 plant canopy analyzer,
and slope and aspect were recorded using a clinometer and compass.
Interpolated weather data were first used to compare general conditions between the sites
selected for the study (see fig. 4). Oregon sites had warmer summers and slightly colder winters than
New Zealand sites, with summer high temperatures around 5° C during the warmest months (see fig. 3).
Annual precipitation in Oregon was higher, averaging 1370mm at Brownsville, compared to 830-850mm
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in New Zealand, but precipitation during the late growing season, especially months 6, 7, and 8 (June,
July and August in the Northern Hemisphere) was lower, while in New Zealand, rainfall was more
consistent year round. Peak growing season vapor pressure deficits were much higher in Oregon, with
monthly averages approaching 2.5 kPa during the mid-to-late summer, while in New Zealand, these
peaked at only 1-1.5 kPa. To confirm or calibrate these interpolated weather data sources, we installed
automated weather stations at six locations adjacent to the sample sites to measure local weather.
Three stations were installed in New Zealand, one at each site, while in Oregon, stations were installed
at Brownsville, Ames Creek and South Bank sites. Each weather station included instruments to measure
temperature, solar radiation, humidity, rainfall, wind speed and direction. Using temperature and
humidity, the station was able to provide real time estimates of VPD as well.

Weather and Soil Data
In addition to the growth and site data collected at each plot, data were required to quantify
site conditions during the time since planting. Although weather stations were installed at many of the
study sites, historic weather data was also required to determine how growth was affected by annual,
seasonal and inter-annual variation. Four weather stations and four soil stations collected one growing
season worth of data, but several station failures were caused by wildlife damage and equipment
failure. Publicly available weather station data were investigated, but no stations with recent or
continuous data were located sufficiently close to study locations in either Oregon or New Zealand.
Interpolated data, which uses existing networks of stations and ancillary information to estimate
weather at a given point or grid location was selected as the best source of accurate, site-specific
metrological data. In Oregon, several options were available, and we selected the PRISM climate group 4
km x 4 km grid data, as well as additional variables offered by DAYMET and ClimateNA. PRISM data for
the Oregon sites included daily maximum, minimum and mean temperatures, maximum and minimum
VPD, and total precipitation. These variables were supplemented with monthly average estimates of
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global solar radiation from ClimateNA (Wang et al., 2016) and Penman-Monteith reference
evapotranspiration from gridMET (Abatzoglou, 2016). In New Zealand, the National Institute of Water
and Atmospheric Research (NIWA) maintains a network of stations, and provides interpolated data on a
5km x 5km grid through its Virtual Climate Station service (NIWA staff, 2020; Tait et al., 2006). NIWA
interpolated data included daily minimum and maximum temperature, global solar radiation, rainfall,

Figure 4: General weather trends based on averaged weather data between 2004-2019 from
PRISM (Oregon), and NIWA (New Zealand), showing daily average maximum temperature (C°,
a) daily average mean temperature (C°, b), daily average vapor pressure deficit (kPa, c) and
monthly total precipitation (mm, d). Interpolated data from 4x4km grids containing the
Brownsville (BRN), Forest Creek (FC), and Glenmore (GM) sites.
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average windspeed, and Penman-Montieth estimates of evapotranspiration. The relative humidity,
pressure, and partial pressure of water vapor at 9:00 am were also provided, and from these data it was
possible to calculate an estimated daily average VPD using FAO standard formulae (Allen et al., 2008).
Soil data were necessary for determining if site fertility factors contributed to international and
inter-site growth differences. In Oregon, basic soil information was available through the US Department
of Agriculture Natural Resources Conservation Service, which provided typical soil profiles and some site
fertility information, but in New Zealand, where soil data was provided by Manaaki Whenua, the data
available were much more limited, specifically to primary soil order alone. The soil taxonomic systems
used in each country, NRCS Soil Taxonomy and New Zealand Soil Classification, are incompatible, leading
to difficulty in comparing order-level soil information. For this reason, analysis of soil samples collected
from each plot was selected as the best way to compare site fertility factors. Soil samples collected from
each site were dried and analyzed for physical and chemical characteristics hypothesized to control or
limit plant growth. We analyzed soil samples collected in Oregon at the Oregon State University Central
Analytical Laboratory, while New Zealand samples were analyzed in a domestic commercial lab. Identical
tests were conducted to ensure compatibility where possible. Mehlich-3 extraction was used to quantify
concentrations of potassium, phosphorous, calcium, magnesium, sodium and sulphur. Carbon and
nitrogen levels were also measured, although a single measurement of nitrogen levels was not expected
to accurately represent plant available nitrogen throughout the growing season. Hot water extractable
boron was also measured, as boron was anecdotally suggested as a limiting factor by site managers in
New Zealand. In addition, a gravimetric analysis of soil texture was conducted. In Oregon, organic
matter was measured via loss on ignition, and both wet and dry bulk density were also determined. Due
to limitations of sample collection and storage, this information was not available for the New Zealand
samples, and due to cost and availability of equipment, it was not possible to measure potential soil
water storage in both locations, so pedotransfer equations were selected as an alternative. The soil
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subcomponent of the SPAW model (Saxton & Willey, 2009) was used to estimate potential soil water
storage for the top 60cm of soil, by assuming that each sample represented 30 vertical centimeters of
soil, using the texture data from the soil analyses.

Analysis

To determine which environmental factors were relevant in explaining the growth differences

between study sites, we selected an approach in which we developed an empirical model with
environmental covariates. This was selected in preference to a process-based or hybrid model approach
because it did not require as many assumptions about the physiology of the species, or extensive model
fitting to external growth data, which would possibly introduce confounding factors into the analysis. A
similar approach was taken by Albaugh et al. (2018, 2029) in the context of examining loblolly pine
growth in native and exotic settings, and is common in other studies of environmental controls on
timber growth (e.g. Xenakis, 2019; Rousi, 2013).

Basic Mensurational Tree Growth Model
We determined that based on the measurements and data available, the best approach to
answering the research question would be to examine annual radial or basal area growth of the cored
trees. Height measurements were only taken during sampling in 2019, so annual height increment could
only be supplied by existing growth curves, which would entail additional and questionably assumptions
about the similarity of growth trajectories in all locations, or require a separate equation for each
location. Radial growth information was directly measured on tree cores; and for this reason, radial
growth, or a derived variable, such as basal area growth or squared diameter difference, was selected
for the response variable in our growth model. Several model forms were examined, for both diameter
increment and basal area increment, guided by the available literature.
Commonly, an exponential model for basal area growth has been used, (Cole & Stage, 1972; Richie &
Hann, 1985), which is presented in a generalized form:
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log(𝐵𝐵𝐵𝐵𝐵𝐵) = 𝛽𝛽0 + 𝛽𝛽1 log(𝐷𝐷𝐷𝐷𝐷𝐷) + 𝛽𝛽2 𝐷𝐷𝐷𝐷𝐷𝐷2 + 𝛽𝛽2 𝐶𝐶𝐶𝐶 + 𝛽𝛽3 𝐶𝐶𝐶𝐶𝐶𝐶 + …

[1]

where BAG is basal area increment or difference in squared diameter (cm2), DBH is diameter at 1.4 m
above ground at the beginning of the growth period (cm), CR is live crown ratio (proportion), and CCF is
a crown competition factor (a competition index Based on maximum crown width specific to each tree
species, expressed as % potential coverl Krajicek et al. 1961). Another basal area growth equation is
based on the Chapman-Richards function, which presumes a maximum basal area per tree, as presented
in Lynch et al. (1994):
𝐵𝐵𝐵𝐵𝐵𝐵 =

𝑏𝑏1 [1−𝑒𝑒𝑒𝑒𝑒𝑒(𝑏𝑏2 𝐵𝐵𝑡𝑡 )]

[2]

1+𝑒𝑒𝑒𝑒𝑒𝑒[𝑏𝑏3 𝐵𝐵𝑙𝑙 +𝑏𝑏4 … ]

where BAG increment is basal area increment or difference in squared diameter (cm2), 𝐵𝐵𝑡𝑡 is the average

basal area at the beginning of the growing period, and Bl is the average basal area in trees with DBH
larger or equal to the subject tree at the beginning of the growth period (m2/ha). Although these

equation forms use basal area or a transformation of it as the response variable, West (1979) contends
that there is no inherent reason to choose basal area over diameter increment. In contrast, Zumrawi and
Hann (1993) chose diameter increment over basal area increment due to distortions in implied diameter
growth of small trees. Examining the linearized exponential model form in equation 1 with our data, we
found that it did not meet the linearity or normality assumptions of linear regression. Residuals
exhibited deviations from linearity with both log transformed and untransformed basal area as a
response, and quantile-quantile plots indicated poor normality. Equation 2 was rejected because it a
priori did not represent the biological situation of two different ranges, with different growth maxima,
as here evidenced by previous growth data collected in Oregon and New Zealand. This equation,
because of its asymptotic form, where the coefficient 𝑏𝑏1 represents the maximum possible basal area

growth, cannot accurately represent a situation where maximum observed growth is different or follows
the widely recognized peaking behavior in managed stands, unless the maximum growth value was
permitted to vary with stand or tree age, or a similar surrogate. In order to meet biological expectations
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and regression assumptions, a linear, additive, mixed model for radial increment was developed for the
Douglas-fir data collected in OR and NZ:
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 𝛽𝛽0 + 𝛽𝛽1 𝐷𝐷𝐷𝐷𝐷𝐷 + 𝛽𝛽2 𝐷𝐷𝐷𝐷𝐷𝐷2 + 𝛽𝛽3 𝐵𝐵𝐵𝐵𝐵𝐵 + 𝛽𝛽4 𝐴𝐴𝐴𝐴𝐴𝐴 + 𝛽𝛽5 𝐿𝐿𝐿𝐿𝐿𝐿 + 𝛽𝛽6 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 +
[3]

𝛽𝛽7 𝐿𝐿𝐿𝐿𝐿𝐿 + 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟𝑖𝑖 + 𝜀𝜀𝑖𝑖𝑖𝑖

where radial increment is the annual radial increment (mm/yr), BAL is the basal area of trees larger in
basal area, in cm²/hectare, Age is the age since planting at the beginning of the growth period (years),
Location is the location of the tree (New Zealand or Oregon), Lot is the seedlot of the plot, Low or

Medium, Tree is a random tree effect, 𝜀𝜀𝑖𝑖𝑖𝑖 is the residual error, and DBH is as defined above. In this

model, the combination of DBH and its square allow the ‘peaking’ behavior cited by Richie and Hann
(1985), Wykoff (1990), and Zumrawi and Hann (1993), and make sense physiologically, as the radial
growth should depend on the basal area of the tree at the beginning of the growth period, which is
directly proportional to the square of DBH. Basal area in larger trees (BAL), a competition index, allows
the model to account for competition from above within the stand, as does crown ratio on a more local
scale, although the latter was only measured in 2019 and not estimable for earlier years. The implicit
assumption is that crown ratio in 2019 reflects the long term result of competition, and that trees with a
larger CR experienced less competitive pressure during their entire growth life. Including location in the
model represents a major question of interest, i.e., after accounting for the differences in available
environmental variables, does any marginal effect on differing growth performance in New Zealand
versus Oregon remain. Likewise a variable for site or plot could alternatively be included if
differentiating at a smaller scale was of greater importance. Tree is considered a random effect in this
model because environmental variables were measured at the plot level at a minimum, meaning that all
variation within a plot is unaccounted for, beyond that which BAL and crown ratio can account for.
Finally, the error term requires further examination, because we have reason to suspect that
correlations exist among successive errors in the time series to which this model is fitted. The model is
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therefore assumed to have autoregressive characteristics, as each set of annual growth increments
represented repeated measures of that single tree. The autoregressive moving-average (ARMA)
structure was applied to annual observations of radial growth nested within the individual tree. To
create a robust growth model, effects for competition within each stand and for the site and
environmental variables assumed to affect growth were required. The latter variables addressed the
first objective of this study.
Based on the data available, basal area in larger trees (BAL) was selected as the most
appropriate competition index or surrogate for social position, as no data on height or crown growth,
was collected, and BAL therefore was assumed to represent the relative vertical position and general
competitive ability of the tree. To calculate the BAL for a given tree of interest, the basal area of all
larger trees in the plot is summed, and scaled to a per area basis. In this case, this required either the
assumption that the cored trees did not change social position during the growth period of interest, or a
means of estimating the basal areas of the trees for which increment data was not collected. The later
approach was selected, using 2019 diameter and live crown ratio as predictors. Year was included in the
model a factor, to allow differing growth in each year, as climatic factors were expected to vary between
years, and no explanatory purpose was required of this purely predictive model. The resulting linear
fixed-effect model took the form:
2
+ 𝛽𝛽3 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻ℎ𝑡𝑡2019 + 𝛽𝛽4 𝐴𝐴𝐴𝐴𝐴𝐴𝑗𝑗 + 𝛽𝛽5 𝐿𝐿𝐿𝐿𝐿𝐿2019 + 𝜀𝜀𝑖𝑖𝑖𝑖𝑖𝑖
𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖𝑖𝑖 = 𝛽𝛽0 + 𝛽𝛽1 𝐷𝐷𝐷𝐷𝐷𝐷2019 + 𝛽𝛽2 𝐷𝐷𝐷𝐷𝐷𝐷2019

[4]

where DBH was the diameter of tree i at age j in plot k (cm) , 𝐷𝐷𝐷𝐷𝐷𝐷2019 , its square, and 𝐻𝐻𝐻𝐻𝑖𝑖𝑔𝑔ℎ𝑡𝑡2019 were
the 2019 measurements of DBH, DBH2 and height (cm, cm2, m), respectively; LCR is the live crown ratio

in 2019; 𝜀𝜀𝑖𝑖𝑖𝑖𝑖𝑖 is the random error term; and Age was defined above. The model was fitted to the data for

the cored trees in each plot separately, then used to predict the previous diameters of the non-cored

trees in that plot, allowing calculation of BAL for each tree of interest in each year. The combination of
annual BAL, representing the social position of a given tree within the stand during that growth year,
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and the final live crown ratio measured in 2019, which represents the total competitive success of the
tree throughout the 2004-2019 growth period, was used to account for the variability attributable to
fixed effects of each tree within a single plot. The random effects of microsite, planting conditions,
unmeasured genetic differences, and other localized factors affecting growth were accounted for by
including a random effect for tree in the model.
Computation of Environmental (Edaphic-Climatic) Variables
To create annualized climate variables, seasonal differences between the northern and southern
hemispheres were first corrected. Time variables were altered to reflect a 12 month climatic year
beginning in January in the northern hemisphere and July in the southern hemisphere, such that annual
growth for a given year reflected a growing season that extended approximately from month 5 to month
9 in all locations. Daily-scale climatic variables were then aggregated to reflect annualized indexes.
Based on the conclusions of Waring et al. (2008), vapor pressure deficit and summer precipitation were
considered as likely predictors of growth. Summer precipitation, in total, in early (months 5-6), and late
(months 7-9) summer, were calculated, as was summer average vapor pressure deficit, and the summer
sum of daily vapor pressure deficit. Daily maximum VPD was one of the climactic variables available
directly from the PRISM interpolated weather, but in the case of the NIWA data for New Zealand, it had
to be estimated from other variables using FAO metrological equations. First, saturation vapor pressure
was derived from the daily minimum and maximum temperatures:
𝑒𝑒𝑠𝑠 = 0.6108 �exp(

17.27𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚

𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 +237.3

) + exp(

17.27𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚

𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 +237.3

)� /2

[5]

where 𝑒𝑒𝑠𝑠 was the saturation vapor pressure in kPa, and 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 and 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 are the daily maximum and

minimum temperatures (°C). Using the available relative humidity and 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 , actual vapor pressure was

estimated as follows:
𝑒𝑒𝑎𝑎 = 0.6108 �exp(

17.27𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚

𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 +237.3

)� ∗

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻

[6]

100
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VPD in kPa was then calculated from the difference 𝑉𝑉𝑉𝑉𝑉𝑉 = 𝑒𝑒𝑠𝑠 − 𝑒𝑒𝑎𝑎 . These estimates required the

assumption that the relative humidity, reported by the dataset metadata as 9:00 am local time relative
humidity, was close to the maximum for the day. This assumption was tested by using weather station
data for local calibration.
Several heat sum indices were generated from climatic data to examine whether temperature
had an impact on growth. These heat sum indices facilitated a test of the hypothesis that growing
season length or degree days might be a cause of improved exotic performance (Burns & Hu, 1983;
Albaugh et al. 2018). A naïve annual heat sum of all mean daily temperatures, as well as both growing
season(defined as months 5, 6, 7, 8, and 9) and dormant season(months 1, 2, 3, 4, 10, 11, 12) heats
sums were constructed, to investigate whether seasonal or annual scale temperatures impacted growth.
Modified heats sums, similar to those used by Albaugh (2018), were also constructed, including: 1) a
sum of all degree days with a minimum temperature greater than 5° C and less than 38° C, based on the
growth temperatures of Douglas-fir used by McDowell et al. (2002); 2) sum of all degree days with
minimum temperatures greater than 0° C and daily maximum VPD less than 1.5 kPa, similar to Albaugh
et al. (2018), but with no maximum temperature; 3) sum of all degree days with minimum temperature
greater than 5° C and maximum temperature less than 25° C, to roughly correspond with the optimal
temperature of photosynthesis for Douglas-fir (Lewis et al., 2003); and 4) sum of all degree days greater
than 5° C, to account for a situation where the maximum temperature of photosynthesis was
underestimated, or explained by another factor. A simple summer mean temperature was also
calculated.
To represent the hypothesis that more moderate or optimal climatic conditions are responsible
for improved growth, a hypothesis presented by Burns and Hu (1985), and tested by Samuelson et al.
(2010), an optimality index was constructed. This index was reported as an annual proportion of days
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which fit a set of optimality criteria based on vapor pressure deficit and the optimal temperature range
of Douglas-fir (Smith et al., 2003), i.e. temperatures between 5° and 25° C and VPD less than 1.5 kPa.
Douglas-fir in Oregon has been concluded to experience drought conditions in the late summer, due to
low precipitation and high vapor pressure deficit (Waring, 2008). To compare these conditions to those
in New Zealand, a simple daily water balance was created. Drought indices were considered, but
because they attempt to compare drought conditions relative to locally normal weather (Palmer, 1965),
they were rejected because an absolute comparison was necessary to address the second objective of
the study. Likewise, available data precluded the use of techniques like water stress integral, which
requires measurements of pre-dawn water potential during the growing season (Gonzales-Benecke &
Dinger, 2018). Therefore, a simpler estimate of water deficit was created using soil measurements and
reference evapotranspiration. A pedotransfer function (Saxton & Willey, 2009) was used to estimate
total water holding capacity and plant available water for all the samples, and these estimates were
then used to represent the top 60cm of soil, under the assumption that layers were homogenous. We
did not attempt to model water stored below this top layer of soil, and assumed that the balance of
water in the upper horizons would reflect the total water available to the tree. Studies of Douglas-fir
rooting suggest that up to 80% of all root mass is concentrated in the upper soil horizons (Harrington et
al., 2017), making this simplification plausible, and at the very least providing an index of water access of
individual trees. Penman-Monteith short canopy reference evapotranspiration was used as a
comparable estimate of water use, given the lack of LAI measurements over the life of the trees, and the
balance was constructed as follows:
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 = 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 + 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 − 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐸𝐸𝐸𝐸

[7]

For this water balance equation, water storage (mm) was estimated from the pedotransfer function for
two layers associated with the soil samples, each assumed to represent 30 cm of depth. If the daily
water balance was greater than zero, it was added to storage, and was carried over to the next day, but
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if it was less than zero, storage for the subsequent day was considered to be 0. Reference ET (mm/day)
was obtained from interpolated weather data, as part of the NIWA Virtual Climate Station data in New
Zealand, and from DayMET in Oregon. Short canopy reference ET was used because it did not require
the additional data necessary to estimate actual ET. This reference ET was assumed to provide a
comparable measure of water stress between sites. Precipitation (mm) was derived from interpolated
weather data. The daily water balance (mm) was annualized by summing across the months of the
growing season. A secondary variable was derived by counting all days on an annual basis which had a
water balance of less than 0. This variable was also incorporated into a second optimality index, which
used the same VPD and temperature constraints as the first, but additionally only counted days as
optimal if the water balance was positive.
Annualized solar radiation variables were also computed, as total and absorbed radiation have
been hypothesized as a factor in improved exotic growth (Harms, et al. 1994). Total solar radiation in
Oregon and the South Island of New Zealand is similar, because they have similar absolute latitudes (see
table 1) and similar levels of year-round cloud cover. Daily solar radiation was available as part of the
interpolated weather data in New Zealand, but was not an element of the PRISM climate group dataset
used for Oregon. Solar radiation data was available in the ClimateNA dataset (Wang et al., 2016), but not
on an annualized basis for the locations of the Oregon sites, resulting instead in the use of decadal
averaged data instead in Oregon. Within these limitations, four solar radiation variables were calculated:
total annual radiation in MJ/m²/day, growing season radiation in the same units, and attenuated annual
and growing season radiation, using the Beer-Lambert attenuation equation with the 2019 measured
LAI. The latter estimated assumed that LAI under all stages of growth would be proportional to 2019 LAI
as an approximation. It would have been possible to model LAI growth as a linear or non-linear function
of tree age, but this would have required additional assumptions, and added little marginal explanatory
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value to the model. Had incident radiation been a major climatic difference between sites, such
modelling or, ideally, additional measurements of LAI, would have been necessary.

Construction Modelling Dataset and Performance of Statistical Analysis
A modelling dataset was constructed by combining tree core measurements, year 2019 tree
measurements, derived and estimated annualized tree dimensions, annualized environmental variables,
and site variables. The data were cleaned, trees from Plot 9 were removed, and measurements were
limited to years 2008 and later, because of the small number of measurements from 2006 and 2007, in
combination with the difficulty of identifying annual growth rings near the pith of cores. Total annual
radial growth rates on the tree cores were calibrated to the 2019 tree measurements based on the
circumference of the entire tree, and then doubled to convert to estimated annual diameter growth.
Equation [4] was fitted to these data, and used to calculate estimated diameters and basal areas for
non-cored trees, which were then used to generate a BAL for each tree in the cored dataset. Annualized
weather variables were calculated and matched to sites and corresponding growth-years. Finally, site
level variables, such as elevation and soil nutrient levels were matched to the data by site. Data
processing, model fitting, and testing was carried out in the R statistical computing environment, using
the ‘nlme’ package for fitting of linear mixed-effects models, and the computation of fit and test
statistics (Pinheiro & Bates, 2000). The threshold of significance was considered to be p<=0.05 in all
cases. Differing forms of basal area, diameter, and radial growth equations were fit to these data, and
compared using AIC, BIC, and Furnival’s Index. Residuals were examined for adherence to linearity and
normality assumptions. Eventually, a linear additive model form with radial growth as the response
variable was selected based on these criteria. A model based on equation [3] was fitted to the dataset to
check for adherence to regression assumptions, and autoregressive structures were applied to eliminate
the observed autocorrelation. Once the model was determined to meet all assumptions and perform
well with categorical location or site variables, environmental variables were gradually added to the
52

Figure 5: 2019 total height (meters), stem diameter at 1.4 meters above ground level, live crown
ratio, and metric SDI for each of the seven sites sampled in Oregon and New Zealand. Site
abbreviations are Forest Creek (FC), Futtah (FT), Glenmore (GM), Brownsville (BRN), Scott Mountain
(SM), Ames Creek (AC), and South Bank
model to explain the observed variation. AIC and marginal F-statistics were used to compare different
combinations of predictor variables, and to determine their efficacy in explaining the variation between
Oregon and New Zealand growth. Coefficients were examined for the correct sign and scale, based on
knowledge of tree physiology and growth. Due to high correlation between environmental variables,
especially when composite variables were used, correlation matrices were examined for signs of
multicollinearity. The simplest, most parsimonious models that eliminated or minimized the significance
of location and site factors were selected.
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Results
2019 Measurements

Figure 6: Total height in meters and diameter in centimeters of trees in New Zealand and Oregon, and
height to diameter ratio of both locations.
A total of 1074 trees was sampled, 528 in New Zealand across three sites and 10 plots, and 546
in Oregon across four sites and 11 plots. Of these, one plot, plot 9, had been subjected to a thinning in
2017, with unknown specifications, and we decided therefore to exclude it from the results. Plot 8 was
observed to have unusually short trees, compared to nearby plot 7, perhaps due to wind or other sitespecific damaging conditions, but as these likely reflected metrological attributes of the site, even if they
were not measured, the plot was included in the analysis. Plot-level attributes are shown in Table 1.
Measured tree attributes from the sampled trees were compared to determine if growth
differences existed between countries, sites, and plots. Due to a lack of independence in trees sampled
from the same plot, and to a lesser extent, site, a linear mixed model approach was taken to test the
significance of each measurement difference, with plot and site being treated as nested random effects.
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Figure 7: Leaf area index (LAI) in Oregon and New Zealand plantations, on a per plot basis (top)
and compared between native and exotic range (bottom).
Models were via restricted maximum likelihood (REML) using the ‘nlme’ package in the R statistical
computing environment (Pinheiro & Bates, 2000; R Core Team, 2020). Measurements taken during the
2019 dormant season indicated that trees at the New Zealand sites were on average 2.89 cm larger in
diameter than those in Oregon (p=0.001), a 17% increase (See Fig. 5). New Zealand trees, however, were
1.8 meters shorter, on average, although this difference was not significant at an alpha=0.05 level
(p=0.052). These shorter heights led to a difference in height to diameter ratio (see Fig. 6), as trees in
Oregon grew significantly (p=0.0007) taller for a given diameter than those in New Zealand. Oregon
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trees had a mean height to diameter ratio of 84.5 compared to 62.1 in New Zealand. Live crown ratio,
the ratio of live crown length to total height, was not significantly different (p=0.86) between locations.
At a stand level, Stand Density Index (SDI), was higher at New Zealand sites as well, having nearly 38%
higher relative density at the same age relative to Oregon, perhaps not surprising given the similar
densities and larger diameters encountered at the New Zealand sites. Leaf area index, measured on a
per-plot basis based on light attenuation measured by the canopy analyzer, was significantly different
between locations (p=0.01), with a mean of 7.01 m²/m² in New Zealand compared to 5.56 m²/m² in
Oregon (see Fig. 7). Overall, regardless of plot to plot and site to site variability, there was a difference in
growth at 15 years since planting between Douglas-fir plantations in Oregon and New Zealand.
Another question of this study was whether the two seedlots examined, the MSO Low and
Medium, would differ significantly in growth, form, or in their interaction with site conditions.
Differences between the two seedlots were less pronounced. Across all sites, the MSO Low seedlot had
slightly larger diameters and heights, the later by 0.68m, but neither of these differences was
statistically significant (p=0.75, p=0.21). Within the two countries, trees from the Low seedlot had
slightly larger diameters in New Zealand by 0.7 cm, and were taller on average by 0.61 and 0.48 meters,
respectively, in Oregon and New Zealand, although these differences were not significant (p>0.2).
Differences between seedlots were of smaller magnitude and less significance than those between
countries, and generally there were no significant differences between the MSO Low and Medium
seedlots in 2019 growth measurements between or within Oregon and New Zealand. It should be noted
that environmental differences may account for some of these site effects on basic tree growth.

Core Measurements
A total of 319 cores was collected, but the number of cores available for analysis was reduced to
299 by the exclusion of trees from plot 9, for which accurate density and competition information was
not available. Of the remaining sample, 139 cores were from New Zealand plots, and 160 were from
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Figure 8: Total radial growth in millimeters (top), estimated diameter at breast height in centimeters,,
and total basal area growth in square millimeters (bottom) from 2006-2019 for 299 Douglas-firs in
Oregon and New Zealand.
Oregon. Mean annual radial growth was significantly different (p=0.005) in Oregon and New Zealand;
New Zealand trees grew 7.69 mm on average annually, while Oregon trees averaged 5.89 mm, a
difference of 1.80 mm, or a 30% increase in radial growth in New Zealand compared to Oregon (see Fig.
8). The results for basal area were similar (p=0.019). New Zealand trees grew a mean of 129.19 mm2 of
basal area annually, compared to 94.46 mm2 in Oregon, an increase of 37%. The differences in radial and
basal area growth between the seedlots were both non-significant (p=0.59 and p=0.70 respectively).
Earlywood and latewood growth were measured separately, and both early- and latewood
growth were higher in New Zealand (see Fig. 9), although only for earlywood was this difference
significant (p<0.001). The ratio of early- to latewood was slightly higher in New Zealand compared to
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Oregon, with a mean earlywood to latewood ratio of 2.82 compared to 2.25 respectively, but the
difference was not significant (p=0.08).

Meteorological and Environmental Factors
Of six weather stations placed in the
field, four were able to record data over
at least one growing season. Two stations
were completely disabled by equipment
failure, and two others suffered partial
data loss or damage. These data allowed
a limited calibration of the interpolated
weather data to on-site station data.
Relationships with all variables were
found to be linear at a daily level, except
Figure 9: Earlywood to latewood ratio from annual core
measurements, 2006-2019

for precipitation, which did not show a

strong correlation between interpolated and station data at this scale. In nearly all cases, when a linear
model of the station data was created with the interpolated weather variable as the predictor, the
estimated coefficient for correction was close to one (see Fig. 10). When scaled to a monthly level, the
lowest level required for the annual-scale climatic variables in the growth model, there was no
significant difference between the station and interpolated weather data for any variable, including
precipitation, except for daily maximum VPD at two New Zealand sites. At the Forest Creek and Futtah
sites, the weather station data indicated that the NIWA interpolation model was under predicting VPD,
as measured VPD was approximately 50% and 25% greater, respectively, than that predicted by the
interpolation model, an under prediction which remained significant when scaled to monthly averages.
The Forest Creek VPD was thus corrected by multiplying the VPD estimated from interpolated data via
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Figure 10: Daily on-site weather station readings vs. interpolated data, vapor pressure deficit
in kilopascals (top), temperature in degrees Celsius (bottom). Trendlines shown are all 1:1,
passing through the origin. Over- and underestimation, as shown here, was non-significant
when scaled to a monthly level.
equations 5, 6 and 7 by a conversion factor based on the zero-intercept regression of interpolated data
on station data for a given station. At the other New Zealand site, the station data verified that the
methodology used to calculate VPD from the NIWA interpolated data was equivalent to a monthly mean
daytime maximum VPD from an on-site station, supporting our comparison of interpolated data
calculated with differing methodologies for this presumably important climatic variable.
Weather data showed that when sites were compared, the trend between Oregon and New
Zealand was similar to that shown in Figure 4. Summer maximum temperatures and vapor pressure
deficits were higher in Oregon, which lead to a higher naïve heatsum at all Oregon sites in all but one
year. Mean growing season vapor pressure deficits were lowest, and less variable, at the three New
Zealand sites, showing some correlation with mean temperatures (see Fig. 11). A heatsum constructed
similar to that used by Albaugh (2018), with a VPD limitation, showed more effective growing degree
days in New Zealand, but another based on an optimal temperature showed less of a clear distinction
between the sites, as did both optimality indices. Total precipitation during the growing season, an
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Figure 11: Annualized mean growing season (May-September in Oregon, November-March in New
Zealand) vapor pressure deficit (kPa, top) and temperature (C, bottom). New Zealand sites are shown
in red, Oregon in blue.

Figure 12: Growing season precipitation, in millimeters, total (top), early season (months 5-6, middle),
and late season (months 7-9, bottom). New Zealand sites are shown in red, Oregon in blue.
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important factor in many studies of productivity, was higher in New Zealand during most years (see Fig.
12). Early season rainfall, in the first two months of the growing season, was often higher in Oregon, as
these month represent a large proportion of the total growing season. However, as New Zealand has
more consistent year-round rainfall, late season precipitation was nearly always higher at New Zealand
sites. Indices constructed based on water balance reflected this precipitation trend, although the low
water storage measured at New Zealand sites sometimes resulted in high water deficits even with
higher precipitation.
Soil results (Table 2) showed that New Zealand sites had much sandier soils in the top horizons,
with all plots having a texture of either sand or loamy sand in the 10cm and 30cm samples. Sand
percentages were as high as 90%, and no lower than 80% at any plot. Oregon soils, by contrast, had
higher silt and clay fractions, and resulting higher levels of plant available water in the top horizons. The
Table 2: Soil attributes by plot, site and location. Soil orders and suborders are reported for USDANRCS soil classification for Oregon soils (Soil Survey Staff, 2020), New Zealand Soil Classification
orders and groups reported for New Zealand sites (Manaaki Whenua Staff, 2020). Soil texture, sand
and clay percentage were derived from hydrometer soil texture, and water storage was estimated
from textural information using a pedotransfer function (Saxton & Willey, 2009). Boron was
measured via the hot water extractable boron procedure, carbon and nitrogen were measured via
elemental analysis, and magnesium and potassium were extracted with the Mehlich-3 process.
Plot
Soil Order/ Suborder/ Soil TextureSite
Group
Number
10cm
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

FC
FC
FC
FC
FT
FT
FT
FT
GM
GM

Orthic Recent
Loamy Sand
Orthic Recent
Loamy Sand
Orthic Recent
Loamy Sand
Orthic Recent
Loamy Sand
Orthic Brown
Sand
Orthic Brown
Sand
Orthic Brown
Sand
Orthic Brown
Loamy Sand
Orthic Brown
Loamy Sand
Orthic Brown
Loamy Sand
NZ Averages
BRN Inceptisols- Xerepts Sandy Loam
BRN Inceptisols- Xerepts Sandy Loam
AC
Ultisols- Humults
Loam
AC
Ultisols- Humults
Clay Loam
AC
Ultisols- Humults
Clay Loam
AC
Ultisols- Humults
Clay Loam
SB Inceptisols- Udepts
Clay Loam
SB Inceptisols- Udepts
Clay Loam
SM
Ultisols- Humults
Clay Loam
SM
Ultisols- Humults
Clay
SB
Ultisols- Humults
Clay
Oregon Averages

Top 60cm
Sand Clay
Boron
Water Storage
(%)
(%)
(ppm)
(cm)
Loamy Sand
84.55 3.25
3.63
0.28
Loamy Sand
84.55 3.25
3.63
0.28
Loamy Sand
83.75 3.25
3.72
0.28
Loamy Sand
83.75 3.25
3.72
0.28
Sand
89.05 3.25
3.03
0.50
Sand
90.30 1.90
2.97
0.95
Loamy Sand
87.05 5.05
3.21
0.68
Loamy Sand
89.10 3.30
3.12
0.62
Loamy Sand
81.60 4.30
4.05
0.50
Loamy Sand
85.80 8.40
3.78
0.44
85.95 3.92
3.49
0.48
Sandy Loam
34.89 25.05
8.79
0.41
Sandy Clay Loam 49.88 21.62
7.26
0.44
Sandy Clay Loam 43.77 23.68
7.89
0.81
Clay Loam
24.37 32.84
9.03
0.66
Clay Loam
34.58 33.69
8.07
0.78
Clay
24.89 40.52
8.22
0.59
Clay
23.97 41.47
8.19
0.53
Clay Loam
36.60 32.70
7.98
0.25
Clay Loam
35.30 34.84
7.95
0.29
Clay
20.86 46.49
7.74
0.75
Clay
30.99 36.47
8.22
0.78
32 74 33 58
8 12
0 57
Soil Texture30cm
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Carbon
(ppm)

Nitrogen
(ppm)

Magnesium
(ppm)

Potassium
(ppm)

3.58
3.58
4.44
4.44
2.63
3.95
2.90
4.05
3.79
3.23
3.66
2.29
1.57
4.06
3.40
3.41
3.99
3.00
4.36
4.15
5.58
7.51
3 94

0.23
0.23
0.23
0.23
0.21
0.30
0.23
0.31
0.19
0.17
0.23
0.14
0.11
0.26
0.16
0.18
0.22
0.16
0.17
0.13
0.30
0.33
0 20

42.05
42.05
31.40
31.40
144.50
256.00
103.25
213.50
40.60
40.70
94.55
139.55
151.70
833.63
300.02
305.06
222.71
613.81
108.10
161.11
737.16
421.39
363 11

49.75
49.75
50.85
50.85
126.65
133.00
144.70
203.50
71.35
99.40
97.98
141.58
112.40
353.65
416.29
133.76
146.84
295.88
213.43
226.85
418.18
549.50
273 49

difference in estimated water storage was highly significant (p < 10-16). Despite the higher fraction of
unavailable water in soils with higher clay and silt content, the high fraction of sand in New Zealand soils
would still imply higher plant available water storage in Oregon soils. There was no difference in
nitrogen and carbon fractions across location (p=0.32 and p=0.59 respectively), but magnesium and
potassium were both higher in Oregon than in New Zealand (p=0.006 and p=0.002 respectively).

Modelling Results
The model form of equation 3 was applied to the complete modelling dataset, and examined for
adherence to regression assumptions. Once the model form was validated using categorical variables for
location, fixed environmental factors were added to account for site to site and year to year variation,
with the goal of eliminating location-as a significant source of variance, addressing the second objective.
Summer mean vapor pressure deficit was found to be the most effective single variable at reducing the
marginal explanatory power of location. In combination with late summer precipitation, the estimated
water storage capacity of the top 60cm of soil, and the interaction of these two terms, the marginal
explanatory power of location was non-significant (p=0.17), indicating that location to location variation
was explained through the combination of environmental factors. Strong evidence of autocorrelation
was found, as the response variable represented repeated measures from each core. The correlation
structure was hypothesized to be autoregressive, as the correlation was expected to decay rapidly with
time. An ARMA(2,2) correlation structure was found to be effective at eliminating serial autocorrelation
in the residuals (Fig. 13). This model was found to conform acceptably to linearity and normality
assumptions (Fig. 13). Estimates of parameters, marginal F-values, p-values, and correlations for this
model are shown in Table 3. The final model took the form:
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑖𝑖𝑖𝑖 = 𝛽𝛽0 + 𝛽𝛽1 𝐷𝐷𝐷𝐷𝐻𝐻𝑖𝑖𝑖𝑖 + 𝛽𝛽2 𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖 2 + 𝛽𝛽3 𝐵𝐵𝐵𝐵𝐵𝐵𝑖𝑖𝑖𝑖 + 𝛽𝛽4 𝐴𝐴𝐴𝐴𝐴𝐴 + 𝛽𝛽5 𝐿𝐿𝐿𝐿𝐿𝐿 + 𝛽𝛽6 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 +

+ 𝛽𝛽7 𝐿𝐿𝐿𝐿𝐿𝐿 + 𝛽𝛽8 𝑉𝑉𝑉𝑉𝑉𝑉_𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑗𝑗 + 𝛽𝛽9 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃_𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑗𝑗 + 𝛽𝛽10 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 + 𝛽𝛽11 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃_𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙: 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑗𝑗 + 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑖𝑖 +

𝜀𝜀𝑖𝑖𝑖𝑖𝑖𝑖

[8]
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where the response variable in the radial increment growth (mm) of the ith tree in the jth year; DBHij is the
diameter (cm) in centimeters at 1.4 meters of the ith tree at the beginning of the growing season of the jth
year; BALij is the basal area (cm2) in trees with larger DBH in the plot of the ith tree in the jth year; Age is
the age of the tree since planting (years); Location is the location of the tree, Oregon or New Zealand; Lot
is the seedlot, Low or Medium; VPD_meanj is the mean growing season daily maximum vapor pressure
deficit (kPa) of the plot in the jth year; Precip_latej is the late growing season precipitation (mm) in the jth
year; Storage is the estimated potential plant available water storage (mm) in the top 60 cm of soil at the
site; Precip_late:Storagej is the interaction of late season precipitation and site water storage in the jth
year; Treei is the random effect of the ith tree; and εij is the random error term. This model was fitted as
an autoregessive moving average ARMA(2,2) mixed model, with the autocorrelation structure of Age
nested within Tree. Autoregressive terms are not shown in equation [8]
During the fitting process, it was noticed that models which accounted for site to site or plot to
plot variation most successfully were not able to account for variation between Oregon and New
Zealand. This suggested that factors controlling productivity differences within a given range were
different than those controlling differences across ranges. Secondary models were thus developed for
within-Oregon and New Zealand variation, to determine what environmental conditions affected site to
site variability. In Oregon, growing season mean temperature was the most effective environmental
variable at reducing the marginal explanatory power of site, and a combination of mean growing season
temperature, early growing season (months 5-6) precipitation, and soil carbon reduced, but did not
eliminate, the marginal significance (p=0.049) of the site factor. Parameter estimates, marginal F- and pvalues, and correlations are shown in table 5. In New Zealand, total growing season precipitation had
the most explanatory power for explaining site to site growth differences. Adding mean soil potassium
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and boron to the model reduced the marginal significance (p=0.014) of site, but no combination of
variables or interactions was found to eliminate the significance of the site effect.

Figure 13: Autocorrelation, residual, and normal-quantile plots for the fitted model of equation [8].
Empirical autocorrelation functions vs. lag with no autocorrelation structure (a), and with an
ARMA(2,2) autocorrelation structure applied (b). Fitted vs. residual plot (c), and normal-quantile plot
(d).
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Table 4: Parameter estimates and fit statistics for a linear mixed-model fit of annual radial increment
for Douglas-fir trees in New Zealand and Oregon, fit by REML using the ‘nlme’ package in the R
statistical environment (Pinheiro & Bates, 2000; R Core Team, 2020). Fixed effects are diameter at
beginning of growth period (DBH), square of diameter (DBH2), basal area larger (BAL), seedlot
(lotmed), live crown ratio (LCR), location (locationOR), mean growing season VPD (VPD mean), late
season precipitation (precip late), 60cm soil water storage (Storage), and an interaction between soil
storage and late season precip (precip late:storage). The random effect is tree, and a ARMA(2,2)
correlation structure was used to model the autocorrelation, with a single parameter, phi. Akaike
information criteria (AIC), Bayesian information criteria (BIC), and log-likelihood are provided for the
full model.
Correlation Structure: ARMA(2,2)
Parameter Estimates:
Phi1
0.3582
Effect
(Intercept)
Age
lDBH
lDBH2
BAL
LotMed
LCR
LocationOR
vpd_mean
precip_late
Storage
precip_late:Storage

Parameter
Estimate
7.7520
-0.0264
0.5107
-0.0258
-0.1297
-0.2543
1.7937
-1.3647
-2.7145
0.0068
0.3596
-0.0010
Intercept SD
0.0004

Tree

Phi2
0.2551
Standard
Error
0.8054
0.0530
0.0407
0.0014
0.0091
0.1530
0.7202
0.8463
0.1498
0.0008
0.1758
0.0001

Theta1
0.2895
Fixed Effects
Degrees of
Freedom
2904
2904
2904
2904
2904
292
292
292
2904
2904
292
2904
Random Effects

Theta2
0.1509
t-value
9.6255
-0.4977
12.5594
-18.7819
-14.3219
-1.6622
2.4905
-1.6127
-18.1163
8.7257
2.0462
-8.6966

Residual SD
1.801
Full Model Fit Statistics
AIC
10746.09

BIC
10855.35

p-value
<0.0001
0.6187
<0.0001
<0.0001
<0.0001
0.0975
0.0133
0.1079
<0.0001
<0.0001
0.0416
<0.0001

Marginal Fvalue
92.6500
0.2477
157.7381
352.7588
205.1180
2.7630
6.2025
2.6007
328.2016
76.1378
4.1868
75.6314

p-value
<0.0001
0.6187
<0.0001
<0.0001
<0.0001
0.0975
0.0133
0.1079
<0.0001
<0.0001
0.0416
<0.0001

Log Likelihood
-5355.047

Table 3: Correlation matrix for the final linear mixed-model fit of radial growth in Oregon and New
Zealand
Effect
(Intercept)
Age
lDBH
lDBH2
BAL
LotMed
LCR
LocationOR
vpd_mean
precip_late
Storage
precip_late:
Storage

(Intercept)

1
-0.24
0.02
0.16
0.14
0.36
-0.53
0.72
-0.24
-0.14
-0.72
0.11

Age

lDBH

lDBH2

BAL

1
-0.65
0.03
-0.74
-0.09
-0.13
-0.18
0.10
-0.05
0.11
0.04

1
-0.74
0.32
0.04
0.10
0.07
-0.02
0.02
-0.05
0.00

1
0.07
0.03
-0.06
0.06
-0.06
0.00
-0.03
-0.02

1
0.05
0.19
0.16
-0.07
0.04
-0.11
-0.04

LotMed

1
-0.40
0.27
-0.03
0.01
-0.25
-0.01

LCR

LocationOR

vpd_mean

precip_late

Storage

precip_late:Storage

1
-0.14
0.04
-0.97
-0.05

1
-0.18
-0.02
0.28

1
0.10
-0.95

1
-0.11

1

1
0.04
0.03
-0.01
-0.06
0.01
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The final model form for Oregon sites was:
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼_𝑂𝑂𝑂𝑂𝑖𝑖𝑖𝑖 = 𝛽𝛽0 + 𝛽𝛽1 𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖 + 𝛽𝛽2 𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖 2 + 𝛽𝛽3 𝐵𝐵𝐵𝐵𝐵𝐵𝑖𝑖𝑖𝑖 + 𝛽𝛽4 𝐴𝐴𝐴𝐴𝐴𝐴 + 𝛽𝛽5 𝐿𝐿𝐿𝐿𝐿𝐿 + 𝛽𝛽6 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 +

[9]

+ 𝛽𝛽7 𝐿𝐿𝐿𝐿𝐿𝐿 + 𝛽𝛽8 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀_𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡_𝑔𝑔𝑔𝑔𝑗𝑗 + 𝛽𝛽9 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑝𝑝_𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑗𝑗 + 𝛽𝛽10 𝐶𝐶 + 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑖𝑖 + 𝜀𝜀𝑖𝑖𝑖𝑖𝑖𝑖

where Site was the site within Oregon (South Bank, Ames Creek, Brownsville, or Scott Mountain);
Mean_Temp_gsj was the mean growing season temperature in year j (°C); Precip_earlyj was the sum of

early season (May-June) precipitation in year j(mm); C was the mean soil carbon fraction at each plot
(grams/m3, ppm); and all other variables were identical to those in Equation 8. This model was fitted as
an autoregessive moving average ARMA(2,2) mixed model, with the autocorrelation structure of Age
nested within Tree (Fig. 14). Autoregressive terms are not shown in equation 9.
The final model for New Zealand sites was:
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼_𝑁𝑁𝑁𝑁𝑖𝑖𝑖𝑖 = 𝛽𝛽0 + 𝛽𝛽1 𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖 + 𝛽𝛽2 𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖 2 + 𝛽𝛽3 𝐵𝐵𝐵𝐵𝐵𝐵𝑖𝑖𝑖𝑖 + 𝛽𝛽4 𝐴𝐴𝐴𝐴𝐴𝐴 + 𝛽𝛽5 𝐿𝐿𝐿𝐿𝐿𝐿 + 𝛽𝛽6 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 +

𝛽𝛽7 𝐿𝐿𝐿𝐿𝐿𝐿 + 𝛽𝛽8 𝑃𝑃𝑟𝑟𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒_𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑗𝑗 + 𝛽𝛽9 𝐾𝐾 + 𝛽𝛽9 𝐵𝐵 + 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑖𝑖 + 𝜀𝜀𝑖𝑖𝑖𝑖𝑖𝑖

[10]

where Site represented the three New Zealand sites (Glenmore, Futtah, and Forest Creek);
Precip_summerj was the sum of growing season precipitation for year j (mm); K was the mean potassium
concentration from the soil samples taken at each site (ppm); B was the mean boron concentration from
the soil samples taken at each site (ppm); and all other terms were defined for Equations [8] and [9].
This model was fitted as a linear mixed model without a moving average MA(2) autocorrelation
structure (Fig. 15). Parameter estimates and fit statistics for the Oregon and New Zealand models are
shown in Table 5, and correlation matrices are shown in Table 6.
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Figure 14: Autocorrelation and residual plots of fitted radial growth model for Oregon trees. Empirical
autocorrelation function vs. lag, with ARMA(2,2) autocorrelation structure applied (left), and residual
vs. fitted values with residuals by site displayed (right). Sites are Ames Creek (AC), Brownsville (BRN),
South Bank (SB), and Scott Mountain (SM).

Figure 15: Autocorrelation and residual plots of fitted radial growth model for New Zealand trees.
Empirical autocorrelation function vs. lag, with MA(2) autocorrelation structure applied(left), and
residual vs. fitted values with residuals by site displayed (right). Sites are Forest Creek (FC), Glenmore
(GM), and Futtah (FT).
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Table 5: Parameter estimates and fit statistics for seperate Oregon and New Zealand linear mixed
models of radial growth, fit by REML using the ‘nlme’ package for the R statistical computing
environment (Pinheiro & Bates, 2010; R Core Team, 2020). Terms are identical to the main model,
except for Site, which had four values in Oregon and three in New Zealand. In the Oregon model,
additional fixed effects were mean GS temperature, the mean growing season air temperature, early
season precipitation, which was precipitation in May and June, and C, soil carbon. In New Zealand,
the environmental fixed effects were GS precip, the sum of growing season precipitation, K, the soil
potassium levels, and B, soil boron levels. The random effect in both models is tree, and a ARMA(2,2)
correlation structure was used to model the autocorrelation in the Oregon mode. An MA(2) structure
was used to account for autocorrelation in the New Zealand model. Akaike information criteria (AIC),
Bayesian information criteria (BIC), and log-likelihood are provided for the full models.

Phi1
0.04562
Effect
(Intercept)
Age
lDBH
lDBH2
BAL
Lot
LCR
Site
Site-BRN
Site-SB
Site-SM
mean GS
temp
Early season
precip
C

Tree
AIC
4927.285

Oregon
Correlation Structure: ARMA(2,2)
Phi2
Theta1
Theta2
0.6728
0.8154
-0.0227
Fixed Effects
Degrees of
Parameter
Marginal FFreedom
Estimate
value
1574
13.6871
131.4336
1574
0.5037
33.7072
1574
0.1890
9.7789
1574
-0.0276
196.2981
1574
-0.2223
174.1036
152
0.7509
4.0543
152
1.7296
1.7223
152
2.6738
0.9788
-0.5302
0.5216
1574
1574
152

-0.6194
0.0038

-0.3753
Random Effects
Intercept SD
Residual SD
0.0003
1.713
Full Model Fit Statistics
BIC
logLike
5030.903
-2444.6430

Theta1
0.5393
p-value

Effect

<0.0001
<0.0001
0.0018
<0.0001
<0.0001
0.0458
0.1914
0.0494

(Intercept)
Age
lDBH
lDBH2
BAL
Lot
LCR
Site
Site-GM
Site-FT
GS precip

398.8949

<0.0001

K

127.9902
15.7921

<0.0001
<0.0001

B

Tree
AIC
5135.168

New Zealand
Correlation Structure: MA(2)
Theta2
0.4226
Fixed Effects
Degrees of
Parameter
Marginal FFreedom
Estimate
value
1326
-5.4112
17.4523
1326
1.5253
170.8025
1326
0.1731
7.1636
1326
-0.0418
630.9105
1326
-0.2878
467.3111
131
-0.1958
0.3579
131
7.0087
17.7504
131
4.4339
1.3150
-0.0447
1326
0.0064
128.1468
131

-0.0357

131

3.4846

19.5233
8.2539

p-value
<0.0001
<0.0001
0.0075
<0.0001
<0.0001
0.5507
<0.0001
0.0137
<0.0001
<0.0001
0.0047

Random Effects
Intercept SD
Residual SD
1.3655
1.4887
Full Model Fit Statistics
BIC
logLike
5219.714
-2551.584

Discussion
Douglas-fir trees from a single Oregon seed orchard were found to have increased basal-area
growth in New Zealand compared to sites in their native range in the Oregon Cascades. Along with
improved per-tree basal area growth, stands in New Zealand had higher stand density, suggesting that
the sites they were growing on had a higher carrying capacity than the sites in Oregon to which they
were compared. Conversely, New Zealand trees were found to have shorter total height when measured
at 14 years of age compared to trees in Oregon, apparently due to some environmental factor that
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Table 6: Correlation matrices for the linear mixed model fit of Oregon (top) and New Zealand
(bottom) sites.
(Intercept)
Age
lDBH
lDBH2
BAL
LotMed
LCR
SiteBRN
SiteSB
SiteSM
mean GS temp
early GS precip
C

(Intercept)
Age
lDBH
lDBH2
BAL
LotMed
LCR
SiteGM
SiteFT
GS precip

(Intercept)
1
-0.23
0.09
0.14
0.11
0.15
-0.77
-0.61
0.05
-0.17
-0.48
-0.20
-0.20
(Intercept)
1
-0.39
0.23
0.18
0.30
-0.04
-0.83
0.17
0.22
-0.11

Age

lDBH

lDBH2

BAL

LotMed

1
-0.74
-0.08
-0.84
0.07
-0.03
0.19
0.05
0.13
0.15
-0.04
-0.28

1
-0.56
0.54
-0.04
0.03
-0.16
-0.06
-0.11
-0.10
0.01
0.21

1
0.08
-0.02
-0.04
0.01
0.05
0.02
-0.04
0.08
0.04

1
-0.08
0.11
-0.17
-0.06
-0.12
-0.08
0.08
0.23

1
-0.38
0.20
-0.52
0.39
0.01
0.00
-0.02

Age

lDBH

lDBH2

BAL

1
-0.79
-0.08
-0.80
0.00
0.12
0.14
-0.01
-0.10

1
-0.52
0.46
-0.02
-0.11
-0.09
0.02
0.26

1
0.24
0.02
-0.01
-0.03
0.00
-0.31

1
0.01
-0.05
-0.15
-0.02
-0.09

Oregon
LCR

1
0.44
0.11
0.13
0.01
0.00
0.00

New Zealand
LotMed
LCR

1
0.06
0.01
0.36
-0.01

1
-0.02
0.12
-0.02

SiteBRN

SiteSB

SiteSM

mean GS temp

early GS precip

C

1
-0.09
0.36
0.03
0.02
0.32

1
0.14
-0.05
-0.03
-0.39

1
-0.01
0.02
-0.31

1
0.35
-0.04

1
0.02

1

SiteGM

SiteFT

GS precip

K

B

1
0.66
0.02

1
0.01

1

affected relative allocation of resources to height and diameter growth. Shifts in allocation between
below- and above-ground components remains unknown, although the soil differences may increase the
probability of such a shift. Previous growth comparisons have not reported a difference in growth form,
but this study found that there was both a difference in height to diameter ratio in trees which were
drawn from the same seedlots. At the same age, New Zealand sites had higher stand density indices,
even when stem numbers were identical, suggesting that these exotic sites may have higher total
carrying capacity for the species, independent of genetics, a conclusion supported by the higher leaf
area indices at these sites.In general, these results are similar to those reported by previous growth
comparisons of Douglas-fir, although the productivity differential is less than reported by other authors
(Spurr, 1963; Ledgard & Belton, 1985). This difference in the magnitude of growth differences may be
partially due to the early age of measurement in relation to rotation age.
Vapor pressure deficit was the most effective environmental variable in explaining the growth
difference observed in this study between Oregon and New Zealand plantations. High summer vapor
pressure deficits in Oregon, combined with little precipitation in the late growing season, are the
primary causes of lower annual radial growth in Douglas-fir trees from a single, Oregon seed source.
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Higher soil water storage in Oregon, where soil textures are less sandy, partially mitigated these factors.
These results agree with the conclusions of Waring et al. (2008), who found that vapor pressure deficits
in New Zealand were the most important factor in a sensitivity analysis of growth simulations based on
data from New Zealand and Oregon. This study of the same genetic material confirmed those findings,
through a differing methodology, using on-site measurements of trees with a known genetic origin
rather than regional yield tables. The latter may be confounded by genetic differences over some or all
ages, for example, either in terms of seed source, different tree improvement practices, or land race
effect over multiple generations. Additionally, this study was able to effectively separate the effects of
summer temperature and vapor pressure deficit, although they remain correlated, by directly measuring
vapor pressure deficit on site, calibrating or confirming interpolated vapor pressure deficit data, and
testing the derived variables separately within a linear mixed-effects statistical model.
Vapor pressure deficit was not an important factor in explaining site-to-site variation within
Oregon or New Zealand, reflecting that different environmental factors will be limiting in different
settings. In Oregon, although site to site variation was not completely explained by any combination of
variables, a combination of mean growing season temperature, early season precipitation, and to a
lesser extent, soil carbon fraction was effective in reducing the marginal significance of site. These
patterns suggests that within the area of the Oregon Cascades examined in this study, summer
temperatures and early season precipitation limit growth, with higher temperatures corresponding to
less growth, and precipitation to more. This result was broadly similar to that of Weiskittel et al. (2012),
who found that maximum temperature had a negative effect, and mean annual precipitation a positive
effect, on predicted site index of Douglas-fir in the Western US. Complicating interpretation, the
coefficient of soil carbon fraction was negative; higher levels of carbon were correlated with higher soil
organic matter, which should correspond to more fertile sites, with improved growth. Conversely, Littke
et al. (2014) found that sites with higher C/N ratio in the forest floor had the highest probability of
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growth responses to N fertilization. These combined results may suggest that the negative coefficient on
soil C indicates that key nutrients, perhaps nitrogen, are limiting productivity in Oregon.
In New Zealand, a combination of growing season precipitation, soil potassium, and soil boron
was able to reduce, but not eliminate, the marginal significance of site, with growing season
precipitation being the most effective factor in explaining site to site variation. The high predictive
power of growing season precipitation agrees well with the results of Ledgard and Belton (1985), who
found that rainfall was able to account for 79% of site to site variation in their model. Two soil nutrients,
boron, a micronutrient, and potassium, a macronutrient, were also important in distinguishing site to
site variation. Anecdotally, land managers in New Zealand identified boron as a limiting nutrient at our
study sites, and boron fertilization is somewhat common in New Zealand exotic timber plantations; our
results suggest that boron is indeed an important factor in site to site productivity differences of
Douglas-fir. Potassium also showed discriminatory power in our study, but the model fit resulted in a
negative coefficient, which makes interpretation difficult, potassium may be correlated with another site
fertility factor which we did not measure. Summer heatsum, or summer temperature mean, which were
both of significant explanatory power in Oregon, were not of significant discriminatory power in New
Zealand where high summer temperatures do not appear to significantly limit growth, and instead may
enhance summer growth in absence of soil water and VPD limitations. Similar to studies of species
across wide ranges, such as Scots pine (Xenakis et al., 2012; Rousi et al., 2018; Taeger et al., 2013) and
loblolly pine (Samuelson et al., 2013), different environmental factors are limiting in different areas of
the range, and between ranges themselves. Vapor pressure deficit appears to explain why New Zealand
sites are overall more productive than those in Oregon, but it does not explain productivity differences
within either range.
These results can be contrasted with other across-range studies of timber species. These studies
have often identified temperature or length of growing season differences as the primary source of
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improved exotic productivity. Perhaps the most extreme case is that of loblolly pine in Hawaii, where
temperature was thought to increase the duration of growing season, potentially to the point of
allowing year-round productivity despite the true dormant season in its native range (Lanner, 1966;
Harms et al. 1994; Samuelson et al., 2013). In our study, such a situation was not evident; on the South
Island of New Zealand, winter temperatures where not mild enough to support continued productivity
of Douglas-fir. A longer growing season, caused by milder overall temperatures, has been hypothesized
to result in improved exotic growth in several other settings, however. Albaugh et al. (2018) used a
modified heat sum to explore this hypothesis, among other variables, and found that such a sum was
partially able to explain growth variations across the native and exotic ranges. Samuelson et al. (2010,
2013) concluded that the range of temperatures in Hawaii corresponded better with the physiological
optimum for loblolly pine, and that this lead to increased productivity. In our study of Douglas-fir,
however, both a naïve and growing season heat sum, both representing the cumulative effects of higher
temperatures, as well as a mean growing season temperature, were less effective at explaining the
growth differential between Oregon and New Zealand, and did not add explanatory power when added
to a model already containing mean vapor pressure deficit. Within each of the Oregon and New Zealand
ranges, however, temperature was effective at differentiating site productivity. The significance of
winter heatsum and water balance in differentiating New Zealand sites, suggest that a longer growing
season in New Zealand may be an important factor within that range, even if it does not support year
round growth. Higher peak summer temperatures in Oregon are correlated with higher vapor pressure
deficit, however, making the complete separation of humidity and temperature effects difficult,
although limited irrigation experiments suggest that VPD dominates over simply high temperatures.
Vapor pressure deficit did not add any additional discriminatory power when added to the separate
Oregon or New Zealand models, however. A multidimensional measure of environmental optimality was
also considered, similar to the penalized head sum of Albaugh et al. (2018), despite the potential
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difficulties this raises for interpretability. Several types of penalized heat sums and optimality indices,
based on published physiological studies of Douglas-fir, were examined in this study, and all were found
to be less effective than vapor pressure deficit alone. Within the two ranges examined, unpenalized heat
sum and mean temperature variables were also more effective than those alternative measures of
optimality.
Other factors which are hypothesized to affect the growth of species in exotic settings were also
considered. Soil fertility has been hypothesized to affect growth of exotic timber species, especially in
situations where soils are more fertile in exotic ranges (Samuelson et al., 2010). In this study, foliar
nutrient analysis was not logistically possible, so direct comparisons between concentrations of
important nutrients cannot be made; however, soil tests did not indicate that New Zealand soils were
categorically more fertile than those in Oregon. Indeed, New Zealand soils were less optimal for plant
growth in several respects, especially in soil texture and water storage capacity (see Table 2). New
Zealand soils were primarily sand or sandy loam, compared to loamy sand, clay loam, or clay soils in
Oregon, and commonly had less than half the levels of plant-available water storage capacity in their
uppermost horizons. Nutrient levels are more difficult to compare, especially those that are highly
variable, such as nitrogen, but generally, they were comparable between Oregon and New Zealand, and
did have high explanatory power if included in the model. Belowground biotic interactions, a more
difficult factor to measure, were not included in this study, but there is some evidence to suggest that
they may play a role in improved performance of species outside their native range (Gundale et al.,
2014). Douglas-fir in New Zealand has not escaped other deleterious pests from its native range, such as
Swiss-needle cast (Phaeocryptopus gaeumannii), although past analyses have concluded that Douglas-fir
enjoyed a period of higher average growth in New Zealand before Swiss needle cast became
established. Because it has not been thoroughly investigated, little basis exists to assume that
belowground pests are less influential or more influential. Controlled testing, likely in a greenhouse
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environment, would be necessary to verify this. We did not find evidence of unexplained growth
variation, however, which if present, would indicate that factors outside the model were responsible for
a significant contribution to the observed productivity results.
The stands selected for sampling in this study allowed the trees from the same open-pollinated
Oregon seedlot to differentiate from each other by planting them in separate blocks within locations. In
New Zealand, these blocks were directly adjacent, while in Oregon, they were often some distance
apart, and located at different sites. Although a seedlot effect was included in the growth models, it was
insignificant in all cases, and 2019 growth results indicated that only height and live crown ratio, over all
the plots, was significantly affected by seedlot. The non-significance of seedlot in the radial growth
model may reflect that these two open pollinated seedlots from the same orchard are not genetically
distinct enough to exhibit different growth in these environments, or that the range of site conditions
was not large enough to amplify whatever growth differences existed. Genetic testing of all trees in the
study may allow for specific high and low performing families to be identified, which might explain some
of the inter-plot variation, but without genotyping information for individuals, this was best treated as
random.
One reason that few studies have examined exotic growth in general, and that of Douglas-fir in
New Zealand in particular, is that the hypothesized causes often do not involve factors that silviculturists
can easily influence. Of the six causes hypothesized by Burns and Hu (1983) for the improved growth of
loblolly pine in exotic settings, silvicultural intensity, site fertility, and pest escape were the only three
that could be partially influenced by commonly used practices, such as soil amendments or pest control
measures. Meteorological factors, which have been often identified as the primary cause of improved
growth in exotic plantings, cannot be directly influenced by management, except through expanded
planting in new and advantageous environments. The study of exotic growth, however, does have
important lessons for silviculture in both the exotic and native ranges of a timber species, and should
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not be too readily dismissed. Seed selection is one primary area where this information can be
beneficial. A common result of seed source trials in New Zealand, such as those conducted in 1959,
suggest that, broadly, seeds collected from the fog belt region of Northern California are the best
performers in terms of volume production across New Zealand planting regions (Miller & Knowles, 1994;
Lavender & Hermann, 2014). If vapor pressure deficit is indeed the driving factor behind all improved
growth of Douglas-fir in New Zealand, this suggests a mechanism, namely that provenances adapted for
high humidity can best take advantage of the lack of high summer humidity deficits in New Zealand. This
mechanistic connection could lead to more targeted selection in breeding programs, or better selection
of improved stock from the native range for field trials, rather than a coarser comparison of seed from
wider geographic regions. Within both the native and exotic ranges, the improved yield of Douglas-fir in
different climatic conditions suggests that empirically evident local limits to stand density or yield per
area can be improved or exceeded under other conditions. Stand densities of Douglas-fir observed in
New Zealand appear to exceed the apparent maximum stand densities observed in its native range
(Spurr, 1963; Drew & Flewelling, 1979), suggesting that this does not represent a physiological
maximum, as supposed by Yoda et al. (1963). Rather, the limit on productivity appears to be imposed by
climatic conditions, and current productivity could potentially be exceeded through intensive
silviculture. Exotic growth of loblolly pine has been found to suggest that productivity in the native range
of the species can be improved beyond current empirical limits, to meet or exceed yields of some exotic
settings, through intensive silviculture and tree breeding (Borders & Bailey, 2001). The same could be
true of species like Douglas-fir, which have received relatively less attention in regards to exotic growth
performance. Although meteorological conditions cannot be directly manipulated, they are not static,
and understanding the relative importance of such limits in comparison to physiological ones can
influence both management and tree improvement goals.
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In both the native and exotic ranges, climate change presents a challenge to traditionally
empirical measures of productivity, as they are insensitive to climatic changes, assuming out of
convenience and lack of more advanced instruments for characterizing sites that geography and climate
are permanently linked. Understanding the most important drivers of productivity, both within and
across ranges, can better inform predictive models, and move forest science beyond more commonly
applied concepts limited by assuming the equivalence of realized and potential niche. Vapor pressure
deficit may limit production at sites which otherwise remain a climatic niche where Douglas-fir can
dominate. Likewise, changes to other climatic conditions, such as summer temperatures, may not
adversely impact productivity if vapor pressure deficit remains in an acceptable range. Understanding
the effects of wider climatic gradients, such as those between ranges, is essential to developing models
that deal with unpredictable future conditions.
Although this study in combination with the results of Waring et al. (2008) strongly suggest that
growing season vapor pressure deficit is the primary factor in explaining Douglas-fir growth performance
in New Zealand compared to Oregon, there remain many unknowns about the growth of the species
across these ranges. Even though vapor pressure deficit has been identified by two modelling
frameworks as the most likely cause of improved productivity in New Zealand, direct physiological
measurements taken from the field would further confirm this conclusion, especially measurements of
water potential during the growing season to confirm the magnitude of the water stress. By directly
verifying the hypothesized mechanism with experimentation, such measurements would ensure that no
other correlated factor was confounding these results if environmental factors could be orthogonal or
near-orthogonal.
Genetic tree improvement and genetic adaptation are other areas demanding additional study.
The objective in our study focused on eliminating genetic variation so that the environmental controls
on Douglas-fir productivity could be identified and quantified. However, although the genetic origin of
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the subject material was known and relatively uniform, of the seed came from same open-pollinated
parents, so the study trees were probably a mix of full and half-siblings. This is an improvement over
seed sources of totally unknown origin, or yield tables based on unspecified seed, but a more
comprehensive study involving known half- or full-siblings, controlled crosses, or clones, as well as trees
that reflect the current state of tree improvement programs in both Oregon and New Zealand would
add further discriminatory power. An examination of comparative growth in this study found that there
were form differences between Oregon and New Zealand within shared seedlots, indicating GxE
interactions in the form of shifts in relative biomass allocation. Additionally, although we found the
difference in earlywood and latewood fractions to be statistically insignificant, direct measurements of
wood density would provide an opportunity to understand better the relationship between xylem
structure, water regime, and growth, but also how properties, such as density and stiffness may be
affected by location. Measurements at 15 years may not match the differences that would be observed
at maturity or full rotation age, and tracking tree-level variables over time, rather than using one-time
measurements might reveal additional patterns. A growth study, ideally replicating an operational
setting, similar to the study used by Albaugh et al. (2018,2019), would ideally provide more information
about native and exotic range growth of Douglas-fir. Destructive harvest of study trees could allow the
examination of allocation and wood properties, and repeated measures of diameter and height would
provide a more complete modelling dataset. Douglas-fir is widely planted throughout the world, and
examination of other exotic ranges would allow causal factors to be examined in different settings, and
perhaps reveal different causes or limiting conditions similar to those seen in different areas of species
with a large natural ranges. Comparisons of sets of known families or controlled crosses across a wide
native-exotic climatic gradient could inform tree improvement and selection, provide information about
how specific individuals or families react to environmental factors, and help improve the architecture of
hybrid growth models. Even if, as in the case of New Zealand, the legal framework prevents the import
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of new genetic material, available genetic material could be examined to improve seed source selection
from a pool of extant options, or to improve selections for other exotic ranges. A more complete
knowledge of the interaction between environmental, genetic, and physiological factors of Douglas-fir is
required for comprehensive and accurate modelling of the species in a setting of high uncertainty, and
across-range studies with wide climatic gradients offer an ideal opportunity to examine hypotheses
about productivity.

Conclusion
We found that lower growing season vapor pressure deficits were responsible for the improved
growth of Douglas-fir in New Zealand compared to Oregon, using a mixed-effect linear model to
examine the growth of two Oregon seedlots planted at seven sites. Interpolated weather data and onsite measurements were used to identify environmental variables that affected tree growth, and these
variables were included in an annual, radial growth model using measurements from cored trees as the
response variable. Mean growing season vapor pressure deficit was the most effective factor in reducing
the marginal explanatory value of national location, and in combination with late season precipitation
and soil water storage, was able to completely account for growth variation between New Zealand and
Oregon sites. Although trees came from two seedlots based on altitude, we found no significant
difference in radial growth between lots. We suggest that further study of native-exotic range growth
differences may lead to more accurate modelling of climatic effects on growth, better seed source
selection, and a more complete understanding of the limits on tree productivity. Studies which explicitly
replicate silvicultural treatments and genetics are preferred to those which do not control for these
potentially confounding factors, and direct measurements of all variables hypothesized to affect
productivity should be undertaken wherever possible.
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Chapter 4: General Conclusion
The purpose of this thesis was to examine the causes of improved exotic-range growth of Douglas-fir
(Pseudotsuga menziesii [Mirbel] Franco) in New Zealand, in comparison to native-range sites in Oregon. We first
reviewed the limited existing literature on native-exotic range productivity comparisons in timber species to
determine which factors had been identified as potentially causal in these case. In examining the existing literature,
we found that no single environmental factor was the cause of improved exotic growth in all cases, and that the field
would benefit from additional comprehensive studies, which controlled for confounding factors, such as genetics.
Burns and Hu (1983) hypothesized that six factors were responsible for the improved growth of loblolly pine (Pinus
taeda L.) in exotic settings, factors which can be generally applied to the handful of timber species which are known
to have improved exotic growth: 1) increased year-round or growing season rainfall; 2) higher growing season
humidity, and lower humidity deficit; 3) longer growing seasons; 4) improved soil fertility or water storage; 5) pest
exclusion or escape; and 6) more intensive silviculture. The literature provided evidence for each of these factors in
at least one case, in addition to other explanations, such as increased light availability, changes in allocation, or
improved efficiency in resource use. The literature provided evidence that each of these factors should be considered
in any comparison between ranges. The few available comparative studies of timber species plantations, specifically
Douglas-fir (Waring et al., 2008), loblolly pine (Samuelson et al., 2010; 2013; Albaugh et al., 2018; 2019), Populus
(Peralta et al., 1995), and Pinus (McMurtie et al., 1994), emphasized the importance of meteorological factors
directly linked to net primary production. Factors which limit or control the rate of photosynthesis, such as vapor
pressure deficit, high temperatures, and availability of water and radiation, as well as those which control the
duration of production, such as growing season length, were highly correlated with productivity across these studies.
Studies conducted across a single range of timber species corroborated these conclusions more broadly. Species with
large native or planted ranges were limited by different factors in different regions, and factors which determine
growth limits vary significantly within the planted range of a species (Xenakis, et al.¸ 2012; Rousi et al., 2018;
Taeger et al., 2013; Samuelson et al., 2013).
To determine the causes of improved Douglas-fir productivity in New Zealand compared to Oregon, we
identified plantations of the same age and genetic origin in both locations, which allowed the confounding factor of
genetics to be minimized, in contrast to previous studies. We sampled trees in seven locations, placing 21 total plots.
Our efforts focused on measuring annual radial increment, which would allow the life-history of each tree to be
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reconstructed without repeated sampling, and to this end, we collected cores from a random subsample of trees,
stratified by plot. We used locally calibrated interpolated weather data in a linear mixed-model, along with tree size
and competition indices, to determine which factors were most effective at explaining the growth differences
between the Oregon and New Zealand ranges. Growing season mean vapor pressure deficit was found to be the most
effective variable in explaining the variation in annual radial increment between ranges, and in combination with
late season precipitation, estimated shallow soil water storage, and their interaction term, explained all betweenrange variation. We compared this result to that of Waring et al. (2008), who had also identified comparatively
higher summer vapor pressure deficits in Oregon as the cause of improved New Zealand growth, but without on-site
measurements of humidity for calibration, or any control for genetics. Our findings, the result of a different
methodology, confirm those of Waring et al. (2008), and additionally separate the effect of high summer
temperatures, allowing us to conclude that vapor pressure deficit was the principle cause of growth differences
between the study sites. We examined within-range growth differences in Oregon and New Zealand, and found
these principally linked to high summer temperatures and early season precipitation in the former location, and
summer water balance and winter temperatures in the latter. We tested for the effects of genetics, allowing the two
populations derived from “Low” and “Medium” elevation seed stock to differ, but found that there was no
significant difference between these populations across ranges, although within ranges seedlot was significant at a
p=0.05 level.
Our review of literature and results suggest that additional studies of native-exotic growth differences are
warranted. Different factors have been identified in each case so far examined, and species with large planted ranges
appear to be limited by differing factors within and between ranges. Understanding the causes of growth differences
across wide environmental gradients is key to modelling both productivity in an environmentally sensitive manner,
and determining what Genotype-Environment interactions might be expected as the result of tree improvement
programs. Climate change challenges traditional purely empirical techniques of predicting productivity and selecting
provenances, resulting in a need for new predictive methods. Understand which environmental factors are key
drivers of productivity for timber species in different settings is essential to expanding the concept of realized niche
alone as a predictor of future performance. Situations with large productivity gradients between ranges additionally
offer insight into the limits of site holding capacity and growth density, challenging physiology-based models of
growth limitation, and suggesting potential to improve productivity through silvicultural intervention. The need for
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studies which effectively address the question of the causes of productivity differences between ranges, while
controlling for confounding effects, as presented by Burns and Hu (1983), grows as the challenges of maintaining
timber productivity under unpredictable environmental conditions become more apparent.
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