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Phenology of diameter growth in trees has been studied for many years
but generally using a limited number of sites and genotypes. In this project
provenances of Douglas-fir (Pseudotsuga menziesii var. menziesii) planted across
a wide range of environments were used to evaluate diameter growth and
phenology to an extreme heat event and to seasonal conditions. Sampling was
done in nine common gardens in western Oregon and Washington, USA that
included a coastal site, a low elevation interior site, and high elevation interior site
on three latitude bands. In 2021, three provenances at four sites were monitored
for late-season diameter growth following an extreme heat event in June. In
2022, five provenances were evaluated for full-seasonal diameter growth at four
growth intervals across all nine sites. Growth after the 2021 extreme heat event
varied by planting site, with the greatest growth observed at mild (cooler/wetter)
sites and the least growth observed at arid (hotter/drier) sites. Comparisons of
diameter growth over the late season period (i.e., July—October) showed that
2022 growth was 1.25-fold to 3.70-fold higher, presumably due to premature
growth cessation in 2021. In 2022, diameter growth rates showed significant
variation by site and provenance; the interaction between site and provenance
was significant in all but the first growth interval. Intra-seasonal growth rates
were not consistent across sites; there was substantial diameter growth early
in the season on sites with continental climates, little diameter growth by any
provenance after early August at three high elevation sites, and most sources
continued growth later in the season at coastal sites. One source differed more
in phenology across sites than the others, apparently due to its susceptibility to a
needle-cast disease. Cambial phenology varied with genetic and site factors that
control the timing of growth and intrinsic growth rates. In addition, the interaction
between genotype and site resulted in some provenances performing better
than others on some sites as a function of disease susceptibility or response to
environmental factors. Understanding phenology of seed sources under a range
of site conditions should help predict diameter growth under different climate
conditions in the future.

Douglas-fir, common gardens, Pacific Northwest, 2021 heat dome, diameter growth
cessation, diameter growth phenology, genetics, needle-cast disease
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Introduction

Diameter growth of woody plants responds to temperature,
photoperiod, moisture and other factors and phenological events
such as the beginning of growth in the spring or growth cessation
in the fall are tied to these factors (Fritts, 1976; Kramer and
Kozlowski, 1979; Oliver and Larson, 1990; Ford et al., 2016,
20175 Taiz et al, 2022). Growth rates are also influenced by
genotypic differences in phenology, local site conditions, and biotic
and abiotic factors such as genotype susceptibility to insects and
diseases or unusual heat or freeze events, droughts, or windstorms
and many studies have examined factors influencing diameter
growth. Douglas-fir (Pseudotsuga menziesii) is a major tree species
in terms of its ecological and economic importance and many
studies have examined factors influencing its diameter growth (St.
Clair et al., 2005; Lavender and Hermann, 2014). Most studies of
diameter growth by foresters focus on the effects of age, stand
density, silvicultural practices, and site conditions (Talbert and
Marshall, 2005; Curtis et al., 2007). These studies typically use
natural stands or plantations with only one seed source and
they have not been designed to evaluate the contributions of
seed source or seed source-planting site interactions on diameter
growth.

The vascular cambium produces phloem and xylem in trees,
making it the tissue responsible for secondary (diameter) growth
(Fischer et al, 2019). Cambial activity is regulated by external
environmental cues and internal cues such as hormones (Fischer
et al., 2019; Butto et al,, 2020). Cambial growth in temperate zone
trees is influenced by the timing of spring cambial initiation and
summer or fall cessation as well as growth rates throughout the
season. Emmingham (1977) suggested that total diameter growth
of P. menziesii for the season is primarily influenced by growth
rates within the season rather than growth duration but that study
noted differences in phenology between coastal (P. menziesii var.
menziesii) and more inland sources (including those of P. menziesii
var. glauca). Other work has shown that date of diameter growth
initiation and cessation and within-season growth patterns can vary
by genotype of P. menziesii or population of Picea abies (Li and
Adams, 1994; Gould et al., 2012; Gricar et al.,, 2014). Although
P. menziesii does not have an absolute chilling requirement for
diameter growth initiation (i.e., it can begin growth without
chilling), it initiates growth more rapidly if chilled, suggesting that
differences in winter and spring temperatures will influence the
date of growth initiation (Ford et al., 2016).

Most studies of diameter growth only measure trees at the
end of the growing season or after several growing seasons and
not during the growing season, however, growth rates during the
season as well as the timing of growth during the season may be
determinants of annual growth rates. Anatomical studies related
to growth rates are limited. Cell division in the vascular cambium
of P. mencziesii trees of varying ages near Corvallis, OR begins in
March, with rapid division in most trees in April, May and June,
and division continuing into August and occasionally into early
September (Grillos and Smith, 1959). Differentiation of cambial
cells lags cell division and continues into early September and
October. Changes in stem diameter late in the season are due to
multiple factors, including late differentiation in fast growing trees
in mild environments as well as shrinking and swelling in the bark
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(cork cambium) due to variation in moisture content (Lassoie,
1973; Intrigliolo and Castel, 2005; Zweifel, 2016). Emmingham
(1977) documented trees from two sources adding more than 10%
of the season’s growth after the end of August. In addition, cambial
growth in relation to stress is more complex than previously
appreciated as non-structural carbohydrates can accumulate during
drought and support future stem growth (Anderson-Teixeira and
Kannenberg, 2022; Martinez-Sancho et al., 2022).

Measurable climate change has occurred in recent decades and
models predict additional changes such as climate warming and
drying into the future (IPCC, 2021). To better understand how
plant phenology may be altered due to future climate change,
we can monitor short- and long-term changes in phenology
to incremental changes in climate or extreme weather events,
use controlled experiments to develop models to predict future
changes, or move plants to new environments and record their
responses. The Douglas-fir Seed-Source Movement Trial is a
reciprocal transplant study with nine planting sites that has allowed
us to evaluate several aspects of plant phenology (Gould et al,
2010, 2012; Ford et al.,, 2016, 2017; Harrington et al., 2016). In
this report we evaluate diameter growth following a 2021 heat
event, and growth during the complete 2022 growing season to
gain additional understanding of the effects of provenance and
planting site environment on tree growth responses. Evaluating
growth of genotypes at non-local locations gives managers and
scientists a unique perspective of how different seed sources are
likely to respond to novel climates in the future.

Our network of reciprocal transplant common gardens allows
us to evaluate how seed source provenance and growing site (i.e.,
different climates) influence the rate and magnitude of diameter
growth. Recent European studies reported drought and heat events
to have had little effect on current year diameter growth (Martinez-
Sancho et al., 2022; Salomén et al., 2022). However, Ford et al.
(2017) reported exposure to temperatures > 42°C during long
photoperiods was associated with premature cessation of diameter
growth in young P. menziesii. An unusual Pacific Northwest “heat
dome” event in June 2021 (Still et al, 2023) impacted all our
reciprocal common garden sites, yielding temperatures as high as
47°C at one location, and provided an independent test of the
“summer cessation” hypothesis. In addition, preliminary analysis
indicated that the growth rates of the CASierra provenance differed
more across sites than did the other provenances. It has been
previously documented (Wilhelmi et al., 2017) that this provenance
is highly susceptible on moist sites to Rhabdocline needle cast
(Stone, 1997), a foliage disease caused by several species of the
fungal pathogens in the genus Rhabdocline (hereafter referred to
as “Rhabdocline”).

Here we evaluate four questions related to cambial phenology
in P. menziesii:

(1) Do extreme heat events alter the rate or magnitude of diameter
growth?

(2) Does cambial phenology in P. menziesii differ between local
and non-local provenances planted at different sites?

(3) If cambial phenology differs across planting sites, does it vary
in the same manner for all provenances?

(4) Isthere arelationship between past infection with Rhabdocline
and current diameter growth rates?
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FIGURE 1

Location of five provenances (2 populations per provenance) and nine planting sites used in the study. Washington Coast (WACST), Washington
Cascades high elevation (WACASH), and Oregon Siskiyou Mountains low elevation (ORSISL) were sampled in 2021; those three provenances plus
Oregon Coast south (ORCSTS) and California Sierra Mountains (CASierra) were sampled in 2022.

Study sites

The Douglas-fir Seed-Source Movement Trial (SSMT) includes
nine common garden sites in western Washington and Oregon,
USA (
bands corresponding to southern Oregon (~42°N), northern
Oregon (~44°N), and southern Washington (~47°N), USA. Each
latitude was represented by a coastal site, a low elevation inland site,

). The planting sites were located on three latitude

and a high elevation inland site. These sites covered a wide range of
climatic conditions ( ) with May to September precipitation
ranging from 87 to 449 mm and the beginning of the frost-free
period (minimum air temperature > 0°C) ranging from day 94
to day 141. Weather stations (Onset Hobo U-30) were installed in
an open area of each site with smart sensors for air temperature
(TEMP), relative humidity (THC), precipitation (RGB), and soil
moisture (10HS SMD). Sites were each fenced to prevent animal
browse and were managed to keep competition from other
vegetation to a minimum during establishment. Planting of 2-
year-old seedlings (plug/plug transplants) occurred after the 2008
growing season making the trees 15 (2021) and 16 (2022) years-old
from seed at the time of measurement.

Each site contains 48 plots divided into 4 blocks of 12 plots,
with 1 plot for each of 12 provenances. The term “provenance”
describes a general geographic region with a similar climate
that is approximately equivalent to a seed zone; in this study,
provenance is synonymous with “seed source.” Each provenance
was further subdivided into 5 “population” zones that were in
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the same geographic area and exhibit reproductive connectivity.
Each plot in the SSMT included 20 trees; 5 populations each
represented by 2 half-sib families per population, with each family
represented by 2 trees. The provenances and populations used in
this study were subsampled as described below to represent a wide
range of environmental conditions. The climates at the provenance
locations vary substantially ( ), as do the sizes of the trees
of the sampled provenances by site ( ). Mean tree diameter
measured after the 2021 growing season (plantation age 13) ranged
from a minimum of 4.7 cm for the California Sierra Mountains
source at the Soda320 site (northern Oregon high elevation) to
a maximum of 22.1 cm for the Washington coast provenance at
the Nortons site (northern Oregon coast). Mean heights ranged
from 3.4 to 14.0 m. The sites differed in the presence of fungal
pathogens with moister sites having needle cast diseases present
) and the
most arid sites exhibiting stem and branch cankers (e.g., Diaporthe
lokoyae) and beetles and wood boring insects associated with the
cankers ( )-

(as documented in 2015 surveys,

Measurements

In 2021, the Pacific Northwest “heat dome” event (June 26-28,
2021; ) produced unusually high air temperatures
exceeding 40°C ( ). Between 9 and 16 days following the
heat dome event, we measured tree diameters of select trees and
then remeasured again at the end of growing season. Trees from
three provenances (and two populations per provenance) were
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TABLE 1 Geographic location and climatic variables for seed source provenances and planting site locations based on 1960-1990 normal data.

Location Latitude°N Longitude°W Elev (m) MSP (mm) MAP (mm) MAT°C bFFP MTCM°C MTWMe°C
day

Provenance

CASierra 39.91 —120.84 1,296 98 1,105 9.6 147 0.8 19.9
ORCSTS 42.84 —124.18 138 222 1,928 11.4 100 6.1 17.4
ORSISL 43.07 —123.02 503 181 1,094 11.3 123 3.6 20.2
WACST 46.89 —123.48 109 367 2,249 10.0 116 3.4 17.2
WACASH 46.92 —122.06 917 443 1,818 7.3 141 0.5 14.8
Site

Floras 42.90 —124.36 400 317 2,495 10.7 94 5.8 16.2
Stone Nursery 42.35 —122.94 415 87 502 11.6 124 3.0 21.4
Evans Creek 42.63 —123.05 700 109 812 10.6 129 2.6 19.8
Nortons 44.66 —123.69 185 247 1,728 10.5 111 42 17.1
Slice Butte 44.11 —122.87 380 237 1,401 10.9 108 3.7 18.6
Soda320 44.43 —122.24 850 315 1,990 8.8 138 1.7 17.2
Jammer3 46.62 —123.71 177 379 2,472 9.2 120 3.2 15.6
Buckhorn2 46.55 —122.99 240 266 1,455 10.0 121 3.1 17.4
Doorstop 46.95 —122.01 860 449 1,819 7.3 141 0.5 14.9

Planting sites are listed from south to north and in each latitude band from the coast to low and high inland sites. Elev, elevation; MSP, May-September precipitation; MAP, mean annual precipitation; MAT, mean annual temperature; bFFP, beginning of the frost-free
period; MTCM, mean temperature coldest month; MTWM, mean temperature warmest month; CASierra, California Sierra Mountains; ORCSTS, Oregon coast south; ORSISL, Oregon Siskiyou Mountains low elevation; WACST, Washington coast; WACASH,
Washington Cascade Mountains high elevation. Climate variables from: ClimateNA.ca accessed 5 April 2023 (Wang et al., 2016).
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TABLE 2 Mean tree diameter and height (and standard deviation) at the end of the 2021 growing season by planting site and seed source provenance.
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Planting sites are listed from south to north and in each latitude band from the coast to low and high inland sites. CASierra, California Sierra Mountains; ORCSTS, Oregon coast south; ORSISL, Oregon Siskiyou Mountains low elevation; WACST, Washington coast;

WACASH, Washington Cascade Mountains high elevation.
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selected for evaluation [Oregon Siskiyou Mountains low elevation
(ORSISL), Washington coast (WACST), and Washington Cascades
high elevation (WACASH)] based on previously characterized
differences in budburst phenology (Gould et al, 2012), as these
provenances might be expected to show different responses to an
extreme heat event occurring in the growing season. We measured
12 trees (6 in each of 2 blocks) for 3 provenances at 2 sites in
Oregon and 2 sites in Washington for a total of 36 trees per site.
Only four sites and two blocks per site were measured due to
limited resources. The two blocks closest to the gate in the fence
were selected to minimize measurement time. For this substudy,
trees were selected from the two best growing populations per
provenance as measured across the entire study (to avoid extremely
maladapted populations). Preference in individual tree selection
was given to trees with single stems and no top die back.

In 2022 we used a network of volunteers to expand
measurements to five provenances [adding California Sierra
(CASierra) and Oregon coast south (ORCSTS)] across all nine
common garden sites. Each tree was measured at five dates: (1)
end of the 2021 growing season (measured in fall, winter or early
spring), (2) May (representing early spring growth) (3) late June to
early July (close to the summer solstice), (4) early to mid-August,
and 5) end of the growing season (October to early December). This
resulted in four diameter growth intervals: early spring, late spring,
early summer, and summer-fall on 60 trees at each site.

Diameter locations were marked with paint prior to the first
measurement and each volunteer used a steel metric diameter
tape for measurements. Volunteers were asked to record diameter
to the nearest 0.1 cm (minimally) or interpolate to the nearest
0.05 cm if the reading was centered between 0.1 cm marks on the
diameter tape. Volunteers were sent measurement files prior to the
desired measurement date, and they returned copies of data files
after each measurement for editing and data safety purposes. Light
editing was used to correct obvious measurement or keypunch
errors. Two of the low elevation sites initially measured in early
October 2022 had several trees with reduced diameter from the
previous measurement, presumably due to an extended summer
drought; these were re-measured in November 2022 to account
for bark shrinkage.

To compare late-season diameter growth in 2021 to equivalent
growth in 2022, we measured late-season growth for 2021 after the
heat dome event (July to October) and compared it to diameter
growth from the same trees and same date intervals in 2022. We
performed a linear mixed effects model using the Ime function of
the Ime4 package (v1.1-29; Bates et al., 2015; R Core Team, 2021)
to evaluate associations between late-season diameter growth and
year (two levels: 2021, 2022), garden site (four levels: Buckhorn2,
Evans Creek, Jammer3, Stone Nursery), and provenance source
(three levels; ORSISL, WACASH, WACST). Year and site were used
as fixed effects in the model without interaction terms. Random
effects included intercepts for provenance and individual tree
tag numbers. Values were estimated using Restricted Maximum
Likelihood (REML). P-values were obtained using likelihood ratio
tests of the full model with the effect in question against a model
without the effect; these tests were conducted using the R function
anova with the test parameter Chisq. Confidence Intervals (95%
CIs) and P-values were computed using a Wald t-distribution
approximation. Residual plots did not reveal obvious deviations
from homoscedasticity or normality, but three diameter measures

frontiersin.org


https://doi.org/10.3389/ffgc.2023.1173707
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/

Harrington et al.

TABLE 3 Mean late-season diameter growth (July—October) after the Pacific Northwest June 2021 heat dome event (Still et al., 2023), maximum daily air temperatures during the heat event, June 2021

precipitation, soil moisture at 50-cm depth at the start of the heat dome event, and subsoil soil texture class based on laboratory analysis (Soil Survey Staff, 1975).
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Diameter growth for the same provenances, sites, and time period are shown for 2022.

I Provenance abbreviations: ORSISL, Oregon Siskiyou Mountains low elevation; WACST, Washington coast; WACASH, Washington Cascade Mountains high elevation.
2Maximum air temperature at 2 m recorded during the 72 h spanning the 2021 heat dome event.

3Rainfall during June 2021.

4Soil moisture at 0.5 m on 26 June 2021 (first day of heat dome event).
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appeared anomalously high (Z-score > 5.85; two measurements)
or low (Z-score < —3.428 one measurement). These values have a
probability of occurrence in a normal distribution of less than 1 in
1,000, so they were considered as outliers and excluded from this
analysis.

In 2022, the four growth intervals (early spring, late spring,
early summer, and summer-fall) were analyzed separately using
analysis of variance with site, provenance, and site x provenance
as the effects (Neter et al.,, 1996). Linear models were fit with R
using the Im function and ANOVA results were summarized with
the anova function (R Core Team, 2021). Residuals were evaluated
for lack of normality and heteroscedasticity. Treatment means
were separated using the Tukey multiple comparison procedure
implemented in the R package agricolae (de Mendiburu, 2021)
with an overall type-one error rate of a = 0.05 for each set 199 of
comparisons. Figures were created using the base plot R function
and the ggplot function of the ggplot2 package (v3.4.1).

To evaluate the question if there is a relationship between past
severity of Rhabdocline and current diameter growth, we plotted
and also calculated the coefficient of determination (R2) between
mean growth in growth intervals 1 and 2 in 2022 (late winter
through spring, when spore dispersal occurs) versus the percentage
of trees with moderate to severe Rhabdocline infection documented
in the 2015 needle disease survey. Each point was based on 12
observations per site and provenance.

Results

The 2021 heat event was associated with significant differences
in late-season diameter growth across the 2021 and 2022 growing
seasons, with mean diameter increases between July to October
significantly larger in 2022 than 2021 (Figure 2 and Table 3). This
“year” effect is most pronounced at arid sites, as they showed
the largest deficit in potential growth in 2021 relative to 2022.
For example, mean late season diameter growth from the hot/dry
Stone Nursery site showed a 3.70-fold increase from 2021 to
2022 (Supplementary Table 1); the similarly arid Evans Creek site
also showed a 2.25-fold increase in late season diameter growth
from 2021 to 2022. These differences contrast the less dramatic
differences observed at the mesic Buckhorn2 site (1.56-fold increase
from 2021 to 2022) and the wet/cool Jammer3 site (1.25-fold
increase) (Supplementary Table 1).

Diameter growth in 2022 varied by growing site (Figure 3),
and by site, provenance, and measurement growth interval during
the growing season (Figures 4, 5 and Supplementary Table 2).
The clearest trend across all sites is that the CASierra provenance
grew more poorly than the other four sources at seven of the sites
(Figures 4, 5); it grew similarly to the other sources at Evans Creek
and Stone Nursery, which are the two driest sites in our study
(Table 1) and the only sites with no presence of Rhabdocline or
Swiss needle cast diseases when surveyed in spring, 2015 (Wilhelmi
et al,, 2017). The relationship between early season growth and
previous Rhabdocline infection was negative (Figure 6) with a
coefficient of determination (R?) of 0.80 (p < 0.001).

Planting site and provenance both had significant effects on
diameter growth at each of the four growth intervals and site-
by-provenance interaction was significant for three of the four
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FIGURE 2

Boxplots of late-season diameter growth (in cm) from three provenances of Douglas-fir grown at four planting sites in 2021 and 2022. Late-season
(early July to October) diameter changes in individual trees were made across two consecutive years following an extreme heat event in late June
2021. Boxplots show medians and interquartile ranges, with boxes colored by source provenance; mean values are provided in Table 3. Late-season
growth was highest at cooler/wetter sites (e.g., Jammer3), and growth was lowest at warmer/arid sites (Evans Creek, Stone Nursery). Median and
mean values were higher in 2022 relative to 2021 across all planting sites, with the largest differences observed at sites that were exposed to air

temperatures exceeding 42°C (Buckhorn2, Evans Creek, Stone Nursery).

growth intervals (Table 4). The F-statistics from analysis of variance
show that among-site differences explain the highest proportion
of variance in diameter growth in three of the four seasonal
intervals (early spring, early summer, and summer-fall). The late
spring interval showed a different result with among-provenance
differences explaining a greater proportion of variance than site.
Each of the sites belonged to the “high-growth” group in at
least one growth interval, i.e., the group with the significantly
highest growth based on the results of means separation (Table 5).
The coldest site, Doorstop, had the lowest diameter growth at
the initial early spring interval (Figure 3 and Table 5), yet it
also displayed some of the highest growth rates of any site at the
next two measurement intervals (Figure 4 and Table 5). There
were differences in absolute growth rates (Figure 5), for individual
growth intervals and for the entire season across seed sources and
sites with generally the best growth at the coastal sites (Floras,
Nortons, Jammer3) and the low elevation inland Washington site
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(Buckhorn2). The smallest differences in within-season growth
rates across seed sources occurred at the two hottest and driest
sites Evans Creek and Stone Nursery) (Figure 5). The Washington
Coast provenance was in the highest growth group in each growth
interval (Table 6) and was unusual in that it diverged from the
“typical” growth response at different times on three of the sites
(early in the season at Buckhorn, midway in the season at Stone
Nursery, and at the end of the season at Floras, Figure 5). Except
for the CASierra and ORSISL provenances at Buckhorn2, trees
at the six inland sites had their maximum growth at the second
measurement interval (close to the summer solstice) while trees at
the three coastal sites had their maximum growth rates at the third
growth interval or the growth rates were similar at several growth
intervals (Figure 5). Thus, while the inland sites had maximum
growth rates in a particular growth interval that were as high or
higher than those at the coastal sites, the coastal sites exhibited a
longer time period of moderate to high growth rates.
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FIGURE 3

Cumulative diameter growth during the 2022 growing season at nine planting sites.

The five provenances did not all exhibit the same seasonal
pattern of diameter growth across the nine sites (Figure 7) but there
were common features. The best growth in the first (early spring)
interval for all sources was at the Stone Nursery site (Table 5).
In general, the provenances had their best growth for the season
at the second measurement interval at the inland sites but there
were some exceptions. The WACST provenance had its best growth
at the inland sites in the second growth interval but in the third
or even the fourth growth interval for the coastal sites; it was
the only provenance that had the best growth per planting site
at more than two growth intervals and also had growth in the
highest growth category per time period at all 4 growth intervals
(Table 6). The WACASH provenance had the same general pattern
across sites during the growing season as WACST except that the
best diameter growth for the year was at the 3 coastal sites for
WACASH with the growth per site fairly clustered while growth
of WACST at Stone Nursery and Slice Butte (both inland sites)
separated midsummer (Figure 7). The last measurement interval
(summer-fall) tended to have higher growth rates in trees at the
three coastal sites (Floras, Nortons, Jammer) than the interior
sites and this was most consistent for the ORSISL and WACASH
provenances. All the site/provenance combinations had reduced
growth during the final measurement interval except the WACST
provenance at the Floras site. The two Oregon provenances grew
quite differently across the sites during the third growth interval
with growth of the ORSISL and ORCSTS provenances increasing at
Floras and Jammer between the second and third growth intervals.
The CASierra provenance grew poorly at all growth intervals at
four of the sites (Floras, Soda 320, Jammer3 and Doorstop) and
grew fairly well in comparison to the other sources at the two driest
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sites (Stone Nursery and Evans Creek) during the first two growth
intervals before declining (Figure 5). In contrast to the general
pattern of declining or somewhat level growth from the second to
the third growth interval, CASierra increased in growth in the third
growth interval at the Nortons site.

Discussion

We were successful in rapidly deploying a protocol to
document the effects of a heat event and using volunteers to assess
intra-annual growth of five provenances at multiple sites during
the following season. It was especially useful to have all nine sites
measured in 2022 to contrast the effects of coastal versus inland
sites, as was part of the basic design of the original common garden
site network; it would not have been possible to accomplish our
objectives without our “citizen science” volunteers.

Our results showed that the heat dome had a significant
impact on diameter growth in 2021, and that provenance, site,
and the provenance x site interaction were significant factors
in diameter growth for the full 2022 growing season. In the
2021 and 2022 field seasons, late-season diameter growth (e.g.,
from ~July to October) varied significantly across sites, with
the greatest diameter increase observed at the Jammer3 site
in coastal Washington (Table 3). Growth at all other sites is
significantly lower, and reduced diameter growth at these locations
is associated with warmer temperatures and higher aridity, both
of which were exacerbated during the 2021 heat dome event.
We attribute these differences in growth between 2021 and 2022
to premature growth cessation caused by the 2021 heat dome
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FIGURE 4

Cumulative diameter growth during the 2022 growing season by planting site and provenance. Figure panels are arranged vertically from south to
north and horizontally from coast to low-, to high-elevation inland sites. The provenance that would be closest to the climate of the planting site is
shown as a bold line (ORCSTS for Floras, CASierra for Evans Creek, ORSISKL for Slice Butte, WACST for Jammer3, and WACASH for Doorstop).

event. While these differences are significant, it's important to
point out that late-season growth has a minor effect on total
annual diameter increment, so the overall impact of premature
growth cessation is likely not very strong. We also note the
difficulty of identifying a specific environmental factor (or factors)
responsible for premature growth cessation, as air temperature,
precipitation, and soil moisture are correlated with growing sites
in this experiment. We hope to better address this uncertainty
and define the range of late-season growth responses by repeating
similar mid- and late-season measurements across additional sites
and seasons in future years.

Previous models of diameter growth of young Douglas-fir
using electronic dendrometers at three sites of the Seed-Source
Movement Trial (Ford et al., 2017) indicated that under typical
growing conditions, cool temperatures (at high elevations) or short
photoperiods (at southerly latitudes) induce fall season diameter
growth cessation. In addition, Ford et al. (2017) found that an
unusual combination of high temperatures (>42°C for more than
1 day) during long photoperiods (>15 h) near the summer solstice
in 2015 resulted in a cessation of diameter growth for the remainder
of the season. This 2015 event was similar in severity (but shorter
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in duration) to the 2021 heat dome event, and it occurred at one of
our current study sites (Stone Nursery). Ford et al. (2017) reported
that provenances did not show differences in the proportion of trees
ceasing diameter growth after the 2015 heat event while provenance
was a significant factor in our analyses. Of the effect of the 2021 heat
dome.

The 2021 heat dome event provided a test of the Ford et al.
(2017) diameter cessation model, and it appears to be supported
by this new information. Across the sites evaluated in 2021 and
2022, trees at the Jammer 3 site showed the largest overall late-
season diameter growth and the smallest growth reduction relative
to 2022. This site did not reach the growth cessation temperature
threshold predicted by Ford et al. (2017) (e.g., 1 day at 42°C),
and it accumulated additional late-season diameter growth as
predicted. It's important to note that the high air temperature at
Jammer may have been ameliorated by the 10.3 cm of precipitation
during June 2021, as higher soil moisture (Table 3) can enable
evapotranspiration and foliar cooling (Wiegand and Namken, 19665
Taiz et al, 2022). The Buckhorn2 site exceeded the threshold
temperature for growth cessation on 1 day, and it showed a
significant deficit in annual diameter growth relative to the 2022

frontiersin.org


https://doi.org/10.3389/ffgc.2023.1173707
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/

Harrington et al.

10.3389/ffgc.2023.1173707

1.0

| mCASIERRA COWACST
B ORCSTS O WACASH
| @ ORSIsSL

Floras

0.8

0.6

It

0.0
1

Stone Nursery Evans Creek

i

’ 1 b
0 :

He ]

1.0

Nortons

0.8
'}

0.4

Diameter Growth (cm)
02

Slice Butte Soda320

p
i

1.0

Jammer3

04

Buckhorn2

T T T
) R G
(\(\g ‘\(\g . &(\ﬂ(\

=N &0
\/’b\'e @0‘\\;

T T
B

T

<
< <
& o o=

20

T
&
o

&

T
69‘"\(\9 %\)«\«\e‘

T

P
=
(&x\‘!

T
et
%\)«\6\ NN
?/’b

Q/’b‘\\;

(e
o s

Growth Interval

FIGURE 5

Diameter growth rates (and 95% confidence intervals) in each growth interval in 2022 by planting site and provenance. Figure panels are arranged
vertically from south to north and horizontally from coast to low-, to high-elevation inland sites

season The Buckhorn2 site had similar soil moisture to the
Jammer3 site, adding evidence that high threshold air temperature
or vapor pressure deficit (rather than soil water availability) is
a trigger for premature growth cessation. The Stone Nursery
and Evans Creek sites each exceeded the threshold temperature
for growth cessation on two consecutive days, and these sites
showed the largest diameter growth deficits relative to 2022 values,
adding less than 0.1 cm diameter growth in the late season.
These sites had substantially lower soil moisture than the Jammer3
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or Buckhorn2 sites, which likely amplified the diameter growth
cessation response.

Many European tree species experienced stem shrinkage but
not growth reductions after the late July 2018 heat wave (

); the authors suggest most trees were no longer actively
growing that late in the season. The 2021 Pacific Northwest heat
event appears to have reduced diameter growth in Douglas-fir, and
the magnitude of the reduction in growth varies in a manner that
corresponds to the duration of exposure to high temperatures (e.g.,
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FIGURE 6

Early season growth (Spring and Early Summer) in 2022 versus the
percentage of trees per site coded as having moderate to severe
Rhabdocline in 2015 based on surveys by ( ). The
Nortons site is indicated with a triangle.

>42°C). Near-complete diameter cessation occurred in specific
site-source combinations that experienced the greatest heat (Evans
Creek, Stone Nursery), although trees at these sites may have been
near the end of their typical growing season, given the seasonally
limited soil water at these sites. We observed that growth at coastal
sites was more uniform across the growth periods than at interior
sites. This is consistent with the observation by ( )
that cambial growth of Pinus taeda was fairly constant across the
season if soil moisture deficits did not develop.

The effect of drought or a heat wave is likely to vary based on
species, genotype, and time during the growing season. Drought in
central Europe in 2015 had a surprisingly small overall effect on
annual growth of Picea abies ( ) as stem
growth increased following drought due to the utilization of non-
structural carbohydrates (i.e., photosynthesis and stem growth were
decoupled, ).

( ) suggested that only early season drought is likely to
impact current year growth, while drought or heat later in the
season may reduce wood density due to changes in the formation,
filling, and lignification of secondary cell walls. If early season
heat or drought limits the amount or proportion of latewood
produced this could result in a detrimental carry over effect as
latewood with small lumen size plays a critical role in limiting
embolism in the xylem and maintaining water conductance under
hot and dry conditions ( ); that is, narrow
latewood bands associated with one or more stress years could
impact growth or survival in future years. Genotypes that are
adapted to relatively dry growing seasons may be less susceptible
to damage from droughts but also exhibit slower growth, even
under favorable conditions ( ).
Thus, it would be of value to determine the effects of the timing
and severity of heat and drought events on production of latewood
or specific wood anatomical characteristics by different genotypes,
especially given the potential for cumulative effects of multiple (and
contrasting) heat events on these sites in 2015 and 2021. Vascular
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growth is strongly regulated by hormone synthesis and transport
and much needs to be learned as to how these factors are impacted
by climatic extremes during different stages of vascular cell division,
expansion, and cell wall formation ( ). Presumably
differences in phenology in different genotypes would result in
different hormone levels and impact the resulting number of cells
and characteristics during the various stages of vascular growth.
The poor growth performance of trees from the California
Sierra (CASierra) provenance on moist/cool sites appears to be
associated with the presence of Rhabdocline needle cast disease
on those sites ( ). The foliar disease Swiss
needle cast (SNC) was also present at moist/cool sites, but the high
susceptibility of this provenance to Rhabdocline masked symptoms
of SNC infections, making it difficult to assess SNC infection
rates in this source. Rhabdocline disease results in chlorotic,
splotched foliage and substantial loss of foliage older than the
current year ( ). Given the general susceptibility of the
CASierra provenance to Rhabdocline, we were surprised at how
well it performed at the coastal Nortons site (and Buckhorn2,
to a lesser degree). Rhabdocline releases ascospores in the late
spring and early summer, coinciding with Douglas-fir budburst
and shoot elongation. Ascospores infect the new growth and
symptoms progress through the growing season, and infected
needles are usually cast the following spring or summer. This
results in reduced foliage area to support diameter growth (
) shows that the Nortons
site has extended periods of late spring needle moisture and

). Basic climate information (

cool temperature, and these conditions should favor Rhabdocline
dispersal and infection. Interestingly, Rhabdocline infection levels
were lower at Nortons in a 2015 survey, and foliage loss was less
). Thus,
it is not obvious based on climate information why Rhabdocline

severe than at other cool/moist sites (

infection levels were lower at Nortons than at the other moist sites
but the lower infection levels may explain why the CASierra trees
grew better on this site than at the other moist sites.

It has been shown with branches from a healthy 10-year-
old Douglas-fir plantation in western Washington State that
photosynthate from current year needles primarily is translocated
to expanding new foliage and transport to the stem occurs from
older needles ( ). Based on this information we would
expect that trees with almost no older needles, such as those with
severe needle cast disease, would not support measurable diameter
growth. However, relative source-sink relationships can vary with
changes in conditions. For example, translocation of photosynthate
can be altered or even reversed by girdling or defoliation (

i ). In addition, photosynthetic rates
can increase in non-shaded needles when a portion of the crown
is shaded (
photosynthetic rates could be increased in current year foliage

). Thus, we could speculate that

when older foliage is damaged and that the changes in source-sink
relationships could result in photosynthate being transferred to the
cambium early in the growing season to support diameter growth
when some physiological conditions exist. In addition, source-sink
relationships (CO; and wood production) can be decoupled at time
scales ranging from a few hours to months or years (

); thus, under some circumstances,
not completely understood, growth may be higher than anticipated
given the stress factors present as a particular time.
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FIGURE 7
Diameter growth in each growth period for each provenance and planting site. The three coastal sites are shown with dashed lines.

TABLE 4 Results of analysis of variance on diameter growth rates.

| P-Value | | P-Value | | P-value | | P-Value
Site 8 252 <0.001 9.6 <0.001 21.7 <0.001 29.1 <0.001
Provenance 4 8.4 <0.001 50.6 <0.001 16.7 <0.001 8.4 <0.001
Site x 32 1.2 0.2147 4.7 <0.001 2.3 <0.001 5.0 <0.001
Provenance
Residual 497

Each growth interval was evaluated separately.
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TABLE 5 Mean daily diameter growth rates at the nine planting sites
during each of four growth intervals.

Growth rate (mm/day)

i Early Late Early Summer—
ellgle] spring summer Fall

Floras 0.036¢d 0.083cd 0.067cd 0.043a
Stone 0.077a 0.117a 0.024e 0.011cd
Nursery

Evans 0.052bc 0.114a 0.046de 0.006d
Creek

Nortons 0.062ab 0.085bcd 0.100a 0.019bc
Slice Butte 0.042cd 0.107abc 0.055¢d 0.004d
Soda320 0.032d 0.108ab 0.072¢ 0.004d
Jammer 0.031d 0.078d 0.103a 0.022b
Buckhorn 0.035d 0.112a 0.074bc 0.009cd
Doorstop 0.014e 0.128a 0.099ab 0.013bcd

Values followed by different letters are significantly different at a = 0.05 level. The
sites belonging to the highest-value group (with a suffix including “a”) in each growth
interval are in bold.

TABLE 6 Mean daily diameter growth rates for the five provenances
during each of four growth intervals.

Growth Rate (mm/day)

Provenance Late

spring
CASIERRA 0.030¢ 0.052d 0.040b 0.009¢
ORCSTS 0.039bc 0.111bc 0.085a 0.013bc
ORSISL 0.049ab 0.103c¢ 0.078a 0.017ab
WACST 0.043ab 0.127a 0.079a 0.021a
WACASH 0.050a 0.122ab 0.074a 0.012bc

Values followed by different letters are significantly different at o = 0.05 level. The
sources belonging to the highest-value group (with a suffix including “a”) in each growth
interval are in bold. CASierra, California Sierra Mountains; ORCSTS, Oregon coast south;
ORSISL, Oregon Siskiyou Mountains low elevation; WACST, Washington coast; WACASH,
Washington Cascade Mountains high elevation.

Initiation of cambial growth in Douglas-fir does not have
an obligate chilling requirement; however, initiation of growth is
enhanced by accumulation of chilling hours (Harrington et al,
20105 Ford et al., 2016). The Stone Nursery site experiences winter
conditions cold enough to accumulate substantial chilling, but
also accumulates heat units rapidly in the spring; thus, it is not
surprising that all the provenances generally grew well at this site in
the initial growth interval (Table 5) and that it showed the highest
absolute growth rate for the early growth interval of any of our test
sites. Cambial initiation has been shown to be synchronous within
populations but to differ across three sites (400-1,200 m elevation)
for Picea abies (Gricar et al, 2014) and to be synchronized in
the mountains but more variable in the lowlands for Pseudotsuga
menziesii (Emmingham, 1977); initiation was synchronized across
Pinus taeda families within 1 year but started 1-2 weeks later
2006). The range in date of
diameter growth initiation at a particular site was only a few days

the following year (Emhart et al,

for Pseudotsuga menziesii seed sources as measured using electronic
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dendrometers as opposed to several weeks for date of budburst
(Gould et al., 2012).

Tree growth rates have been shown to peak near the time of
the summer solstice in other studies (Emmingham, 1977; Dow
etal, 2022). Although our measurements were not detailed enough
to test the concept that photoperiod or change in photoperiod
impact cambial growth rates, we did observe that growth rates
appeared to peak in early to mid-summer for our inland sites,
but growth rates were much more similar across the coastal
sites with two or even three growth periods having similar
growth rates during the season. Thus, as suggested by Cregg
et al. (1988), the ability to continue diameter growth during
the summer in temperate regions may be mostly limited by
soil moisture deficits as opposed to declining photoperiod or
temperature.

Neither of the null hypotheses related to diameter growth
patterns across sites or seed provenances that we tested were
supported, as indicated by significant effects of site, provenance,
and their interactions in analysis of variance. The differences
in growth patterns by provenances across sites is interesting
and indicates that it may be difficult to predict growth rates
under novel climates for provenances even if we have specific
information from planting sites but not about growth rates of
specific seed sources under varying environmental conditions. For
example, moving the inland provenances WACASH or ORSISL
to coastal climates resulted in surprisingly good growth rates
in the third growth interval (early summer) on these milder
sites. These provenances may be able to continue to grow
in diameter into the summer-fall season if soil moisture and
temperature are permissive. Differences in seasonal variation
in basal area increment for five southern pine families was
primarily limited to short time periods in the spring and fall
but these differences added up to result in larger stem sizes
over multiple years (Emhart et al, 2006). The differences in
growth patterns across the season may indicate that growth
rates in the future may depend on how individual provenances
respond to several different environmental factors. Some sources
may be more strongly influenced by some environmental factors,
such photoperiod, soil moisture, or air temperature, than others.
Having several diverse sites and multiple seed sources should
help researchers tease out the important factors associated with
control of diameter growth and future growth and survival. In
addition, having growth at several intervals during the growing
season as opposed to having only annual growth rates may allow
better understanding and prediction of how specific genotypes
may respond to novel climates. Although assisted migration
recommendations for seed lots and planting sites usually strive to
optimize the climatic “match” of contemporary and future climates
(e.g., using temperature and aridity; St. Clair et al., 2022), the
good growth rates of WACASH and WACST when moved to
more southerly sites (Figure 5) shows a wide range of genotypes
should be considered for future trials. These results also show
that across the latitudes used in our study sites (42°N to 47°N),
photoperiod appears unlikely to be an important factor in diameter
growth.

Previous reports have criticized the use of dendrometer bands
(and manual measurements) as not separating differences in
vascular cambial growth from that of phloem and bark and not
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accounting for changes in water content of stems (c.f., Callado
et al,, 2013); they suggested more information on cambial growth
could be gained from histological studies which may help in
understanding the factors important in cambial growth. However,
histological studies involve stem wounding, which may not be
suitable to research sites with relatively few trees per genotype
and studies that involve repeated wounding are generally limited
to stems larger than 20 cm. In addition, histological studies
are time intensive and require anatomical knowledge and access
to laboratory equipment such as high-power microscopes to
interpret the resulting slides. Our use of repeated measurements
with a diameter tape does not permit detailed information on
cambial initiation or cessation or on anatomical characteristics
but with our relatively fast-growing species it allowed us to
sample several genotypes at multiple locations in a way that we
would not have been able to afford using a histological approach.
Others have also used repeated measurement of trees (Embhart
et al., 2006) and tree coring to look at variables such as total
year and latewood growth over multiple years (Ivkovich et al,
2002).

Electronic dendrometry is preferable to manual measurements
for revealing fine details of cambial phenology (Zweifel et al., 2021)
and their relationship to site environmental measurements
(c.f, Etzold et al, 2021). The recent availability of lower
cost dendrometers will expand the opportunity to gather
fine-grained data and test hypotheses on cambial growth.
Nevertheless, we show that careful manual measurements
can be used to answer general questions of diameter growth
phenology when working with a fast-growing species such as
P. menziesii. In addition, manual measurements by trained
and motivated volunteers enables data collection at a large
numerical and geographic scale, and at a far lower cost
than electronic dendrometers. Several reports have suggested
that tying periodic growth measurements to environmental
factors is best done with long-term monitoring (Callado et al.,
2013; Pumijumnong and Buajan, 2013) to better understand
cambial phenology under a broader range of conditions.
We obtained partial year data following a heat event and
additional data the subsequent year, and these results allow us
to observe how moving genotypes to different environments
alters cambial phenology. Long-term observations with diverse
approaches (microscopy; electronic dendrometry; manual
dendrometry) would enable the clearest understanding of
how genotype and environment interact to result in cambial
growth, and how cambial phenology will change under the novel
environmental conditions that are likely occur with global climate
change.
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