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Abstract

Afforestation of pasture sites results in a net reduction in atmospheric CO,. Coast redwood
(Sequoia sempervirens) is well suited to carbon forestry due to its rapid growth and long-
lived decay-resistant heartwood. We sought to identify redwood cultivars (clones) suitable
for afforestation and rapid growth on pasture sites. Our common garden experiment repli-
cated at three sites tested performance of 32 cultivars and a commercial seedlot. After four
growing seasons, the tallest cultivar on the two more productive sites measured 6.1 m and
5.2 m and average heights were 3- and twofold that of the least productive site. Seedling
heights ranked intermediate, being outperformed by >50% of the cultivars. Height growth
differed significantly among cultivars. Compared to the seedlings, the top three cultivars
averaged 15-18% greater height after four growing seasons at each site. This translated
to stemwood volume gains of 106% at the best site and 68% at the second best site. There
was relatively low—ryet statistically significant—G X E interaction, indicating that redwood
cultivars can be expected to rank consistently for growth across a range of different pas-
ture sites. However, there may be minor benefits to specific cultivar-site matching espe-
cially under suboptimal conditions such as under partial shade on poorer sites. Overall, our
results demonstrate the potential of elite cultivars for rapid afforestation of pasture sites.
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Introduction

The health, productivity, and value of wood-producing forests is being enhanced by tree
improvement programs throughout the world (Libby 1973). These programs deliver
improved planting stock for reforestation of harvested sites (Zobel and Talbert 1984), affor-
estation of non-forest sites (Maclaren 2002), and enrichment planting activities (Franzel
et al. 1996) while maintaining genetic diversity (Burdon and Wilcox 2007). Sophisticated
tree improvement programs employing selective breeding and seed orchards can produce
seed for nursery stock with improved characteristics and greater genetic diversity than nat-
urally-regenerated stands (Kitzmiller 1990).

Some tree species do not produce a reliable supply of viable seed, so alternative sources
of material for outplanting must be sought. Along their narrow range in north coastal Cali-
fornia, mature coast redwood (Sequoia sempervirens) trees produce seed annually, but only
in small amounts, between infrequent mast years that can be 25 years apart (Olson et al.
1990). Seed orchards with low annual seed yields cannot be expected to reliably produce
enough seed for large-scale nursery production. Additionally, commercial seed collections
from plus trees within natural stands are infrequent, because mast years are rare events, and
this seed must be stored for decades to guarantee ongoing supply of nursery seedling stock.
Another related problem faced by seedling nurseries is that redwood seed has low viability,
and stored seed gradually loses viability (Olson et al. 1990).

Vegetative propagation methods can be used to quickly produce and deploy planting
stock of selected genotypes for research experiments or for operational tree planting (Libby
1974). One such propagation method being adopted throughout the redwood region is
vegetative propagation of tissue culture redwood cultivars (Karnosky 1981; Rydelius and
Libby 1993). These plantlets are transplanted from small containers into larger contain-
ers in shade houses or bare-root nursery beds to produce 1- or 2-year-old redwood plant-
ing stock suitable for outplanting (Lehar 1997). Bringing a new cultivar into tissue culture
nursery production for commercial deployment in reforestation is time-consuming and
expensive, especially for redwood which regularly experiences losses to Botrytis fungal
infection (Bill Morrison, personal communication). At the outset, promising cultivars may
be rejected from the program because they do not reproduce well or exhibit problems with
rooting, vigor, health, or growth habit in the nursery. Then, the tissue culture process must
be adjusted, refined, and tailored to meet the individual characteristics of a new cultivar.
Only then can the cultivar be reproduced efficiently at large scale. Promising cultivars must
also be field tested in multiple environments (Aimers-Halliday and Burdon 2003). Ide-
ally the growth, form, and wood properties of each cultivar would all be assessed before
deployment as ‘production cultivars’ for operational tree planting (Burdon et al. 2017).

Typically, nursery stock is field tested by planting replicated common garden experi-
ments along different site quality and climate gradients (White et al. 2007). Redwood cul-
tivars have not been tested this way in California, except within undisclosed forest industry
test plots and a single range-wide test of 180 cultivars planted at an extremely hot and dry
site outside of redwood’s natural range, 34 km east of the Pacific Ocean and San Fran-
cisco with annual precipitation of only 497 mm (Kuser et al. 1995). Abroad, redwood cul-
tivars have been tested on a range of forest and pasture sites (Meason et al. 2016; Kl4psté
et al. 2020). The objective of our study was to field test multiple production cultivars to
assess their potential for rapid afforestation in California on pasture sites that were histori-
cally cleared of redwood forest for agriculture or other land uses. Specifically, we sought
to quantify the performance, genetic variation, and genotype-by-environment interaction
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(GXE) of redwood cultivars grown on different converted pasture sites. Information on
performance of individual cultivars and the importance of cultivar-site matching would
help guide future afforestation decisions, the collection and field testing of new cultivars,
and future research.

Materials and methods
Site description

Three trial sites were selected to represent a range of conditions and ownerships. The Men-
docino Redwood Company site (MRC) is located at Greenwood Ridge east of Elk, Cali-
fornia. The MRC site is a fertile broad ridgetop that receives ample sunlight and coastal
fog allowing for rapid growth of planted redwoods. The soils are deep along the ridge but
become shallower towards the edges of the trial area causing a visible limitation to red-
wood growth and introducing within-site variability. The Soper-Wheeler Company site
(SW) at Camp 19 is a relatively uniform site on a gentle east-facing slope. The SW site
is further from the Pacific Coast and therefore receives less coastal fog than the MRC site
during the dry summer months (Fig. 1, Table 1). The MRC and SW sites have a long his-
tory of grazing after conversion from redwood forest to pasture approximately 100 years
and 90 years before installation of our experiment, respectively. The Jackson Demonstra-
tion State Forest site (JDSF) at Camp 20 is the furthest inland location, situated within
a small opening on a steep north-facing slope. The site was cleared of forest for logging
camp housing around 80 years prior to installation of our experiment and appears to have
lost its mineral A-horizon soils and has a modified hydrology and poor drainage. The tall
forest surrounding this site casts shade across the site for extended periods. Therefore, the
JDSF site is considered to test cultivar performance in partial shade under group selection
silviculture on a relatively poor site. The three sites have a mild Mediterranean climate
with cool wet winters and warm dry summers. The coastal MRC site is slightly wetter and
warmer than the two sites further inland (SW, JDSF), however the three sites have similar
temperature and precipitation regimes: summer high temperatures are similar for the three
hottest months (July, August and September), vapor pressure deficit is greatest in Septem-
ber, and June—September are the driest months before winter storms begin in October fol-
lowed by 81-82% of annual rainfall concentrated between November and March (Table 1).

Experimental design

Each site was divided into five blocks, and further subdivided into four interlocking rep-
licates per block. Each replicate comprised individual-tree plots. The randomized block
design would be preserved over successive thinnings to eventually leave one replicate per
block with all cultivars represented and evenly spaced. In February 2016, each site was
auger planted. Two sites were planted at 3.05%3.05 m spacing with 680 redwoods per
site surrounded by two-tree buffer rows. The third site was planted with 480 redwoods at
narrower rectangular spacing due to space limitations. To increase precision of estimates
for seedlings from a single ‘control’ seedlot (095-10-09 Mendocino), two seedlings were
included in each replicate along with one ramet per cultivar, for a total of 40 seedlings and
20 ramets per cultivar at each site (Table 2).
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Fig. 1 Site location map—three redwood cultivar trials in Mendocino County, California: MRC =Mendo-
cino Redwood Co. (coastal), SW =Soper-Wheeler Co. (inland), JDSF=Jackson Demonstration State Forest
(inland, part shade)

The styro-15 containerized 1-0 redwood planting stock was produced by Sequoia
Orchids nursery in Humboldt County, California. The cultivars were produced by tissue
culture from an assortment of cultivars originating from plus trees throughout northern
California that were known to propagate well. These cultivars were selected by industry
or state foresters on an ad hoc basis when they encountered a well-formed redwood with
exemplary growth relative to neighboring trees in naturally-regenerated redwood-domi-
nated stands throughout southern Humboldt, Mendocino, and Sonoma counties. This ongo-
ing process of collection, propagation, and testing occasionally culminates in the adoption
of new cultivars as ‘production cultivars’. We designed our experiment to accommodate
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Table 1 Site description—geographic information and weather data (30-year normals; www.prism.orego
nstate.edu) for three redwood cultivar trials in Mendocino County, California: MRC =Mendocino Redwood
Co. (coastal), SW =Soper-Wheeler Co. (inland), JDSF=Jackson Demonstration State Forest (inland, part
shade). Latitude and longitude in decimal degrees

Trial number 1 2 3
Site ID MRC SW JDSF
Location Greenwood Ridge Camp 19 Camp 20
Latitude (N) 39.123091 39.352916 39.353786
Longitude (W) 123.618325 123.615553 123.555458
Elevation (m) 363 111 114
Distance to Pacific Ocean (km) 8.1 16.4 21.5
Annual precipitation (mm) 1224.7 1170.0 1167.3
July-Sept. mean temperature (°C) 18.6 18.3 18.4
July-Sept. max. temperature (°C) 272 26.8 26.7
Max. vapor pressure deficit (kPa) 2.60 2.54 2.52
Table 2 Trial size —number of = m;) (gjte D) MRC (1) SW(2) IDSF(3)
redwood cultivars at each trial
(bold, diagonal) and number of MRC (1) 32 32 oY)
cultivars in common between
pairs of trials (above, diagonal) SW(©) 32 22
JDSF (3) 22
No. ramets planted 640 640 440
No. seedlings (095-10 seedlot) 40 40 40

No. ramets includes all cultivars combined (N=20 ramets per cul-
tivar), excluding trees in 2-row buffer at each site: MRC=Men-
docino Redwood Co. (coastal), SW==Soper-Wheeler Co. (inland),
JDSF =Jackson Demonstration State Forest (inland, part shade)

the majority of production cultivars currently being propagated and deployed at a commer-
cial scale for reforestation in the region (i.e., southern Humboldt, Mendocino, and Sonoma
counties). The control seedlot was a recent collection from multiple open-pollinated plus
trees exhibiting good form and superior growth relative to neighboring trees in naturally-
regenerated redwood-dominated stands throughout central Mendocino County.

Analysis

Tree size data were collected for mixed-effects analysis of performance, genetic variation,
and G XE of redwood cultivars within and among test sites. Tree height was measured in
year 3 and year 4 at all sites using a telescoping height pole. Diameter at 1.37 m breast
height (DBH) was only measured in year 4 at two sites where trees surpassed breast height
(MRC, SW) by averaging two caliper measurements taken at right angles. Stemwood vol-
ume (cm®) in year 4 was approximated as DBH”x height (cm) for all trees at MRC and SW
sites.

Tree records excluded from the analysis included data for ‘filler trees’ replanted after
the first growing season on site to replace early mortality, using the same cultivars or
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seedlings held in reserve at the nursery. A small number of redwoods from the original
2016 planting were also excluded from analysis, being designated as ‘runts’ that may be
suffering from such problems as topophysis or maturation effects such as plagiotropism
(Power et al. 1988), inhospitable microsite, or damage/disturbance that impacted their per-
formance. These redwoods were either coded as visibly damaged during field assessments,
or screened from the data when exhibiting < 90% of the height of the next smallest ramet of
the particular cultivar at a particular site. Runts accounted for 3% of redwoods (n=53/1778
incl. n=3 seedlings) in the year 3 data, and 3.4% (n=56/1626 incl. n=5 seedlings) in year
4. For comparison, data were also prepared for analysis after more severe culling of small
individuals (i.e., with size <95% of the next smallest ramet) from the dataset.

The cleaned data were prepared for mixed-effects analysis with and without seedling
control data. Without seedlings, the mixed-effects analysis of cultivar data was used to
extract genetic parameters for each trait at year 3 (height) and year 4 (height, diameter, vol-
ume) separately for each site. The fixed effect was Block, and random effects were Cultivar,
interaction of Cultivar X Block, and random error. Genetic parameters were calculated as
follows: redwood cultivar total genetic variance (002) was the mixed-effects analysis vari-
ance component for Cultivar (random effect) originating from analysis of non-standardized
data, and also from analysis of data standardized by block s.d. for subsequent calculation of
individual-tree broad-sense heritability (H?), the ratio of af to total phenotypic variance
(alf; ie., sum (gf variance components); repeatability of clonal means (Hf) was
o-f / (0'3 + % + :,—”> where ofb and 0'3 are the variance components for the interaction of
Cultivar x Block, and for random error, respectively, N, is the number of cultivars, and N,
is the harmonic mean number of ramets per cultivar; coefficient of genetic variation (CGV)
was the ratio of o-f to the mixed-effects analysis constant (u) representing the average stand-
ardized value across all blocks. Standardization of data involved dividing individual obser-
vations by the standard deviation for that trait at each block at each site to equalize vari-
ances across blocks and sites and avoid scale effects that can cause GXE (White et al.
2007). Broad-sense genetic correlation (r;) between tree height and diameter was calcu-
lated for cultivars (not seedlings) at MRC and SW sites individually, and for both sites
combined.

Mixed-effects analysis of the cultivar data for all three sites combined gave genetic
parameters for height measured in year 3 and year 4. For comparison of results with and
without the JDSF site with poor soils and partial shade, this analysis was then repeated
using data for the two best sites, excluding the JDSF site, for each trait at year 3 (height)
and year 4 (height, diameter, volume). Fixed effects were Site and Block. Random effects
were Cultivar, interactions of Cultivar X Site and Cultivar X Block (nested within Site),
and random error. The variance components for each of these mixed-effects analyses of
standardized data revealed proportions of variance attributed to genetics and the envi-
ronment. To elucidate G XE interaction we examined the Cultivar X Site interaction term
and individual pairwise tests measuring how much better or poorer genotype j performed
in environment (i.e., site) i than is expected based on its average performance across all
environments.

Finally, the mixed-effects analyses of standardized data were repeated with seedlings
included as the latent category of the Cultivar variable to produce rankings of individual
cultivars and to quantify genetic values (i.e., genetic gains) of individual cultivars rela-
tive to the constant (intercept) representing the ‘control’ seedlot. Data were analyzed using
the mixed-effects model function in Minitab 19 with variance estimation through restricted
maximum likelihood, Kenward-Roger degrees of freedom for fixed effects, and best linear
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Table 3 Summary statistics—redwood cultivar height and diameter (DBH) three or four years after plant-
ing. N=no. live ramets assessed

Trait Trial Site ID Year Mean s.d Min Max N
Height (cm) 1 MRC 3 237.0 57.8 97.5 432.8 619
4 380.9 74.2 171.0 610.0 621
2 SW 3 237.5 45.2 119.0 356.0 623
4 343.8 55.5 175.0 520.0 495
3 JDSF 3 85.2 23.7 38.0 166.0 328
4 114.0 37.2 44.0 245.0 322
Diameter (mm) 1 MRC 4 45.8 19.9 3.0 117.0 621
2 SW 4 423 15.4 5.0 89.0 495

Seedling data not included. MRC =Mendocino Redwood Co. (coastal), SW =Soper-Wheeler Co. (inland),
JDSF =Jackson Demonstration State Forest (inland, part shade)

Table 4 Genetic parameters—redwood cultivar total genetic variance (o-f) non-standardized (ns) and for
data standardized by block s.d., individual-tree broad-sense heritability (H?), repeatability of clonal means
(Hg), and coefficient of genetic variation (CGV) for height and diameter (DBH) traits three or four years
after planting.

Trait Trial  SiteID  Year  ¢%(ns) o’ H? H? CGV (%) N,
Height (cm) 1 MRC 3 845.6 0.26 0.26 0.87 6.2 19.3
4 1428.1 0.27 0.27 0.88 5.1 19.4
2 SwW 3 1069.3 0.52 0.52 0.95 9.9 19.4
4 1684.4 0.56 0.52 0.94 8.9 14.4
3 JDSF 3 62.3 0.21 0.21 0.80 43 14.5
4 94.5 0.14 0.14 0.71 33 14.2
Diameter (mm) 1 MRC 4 89.5 0.24 0.24 0.86 10.2 19.4
2 SwW 4 87.7 0.39 0.37 0.90 13.4 144

N,=harmonic mean no. ramets per cultivar. MRC =Mendocino Redwood Co. (coastal), SW = Soper-
Wheeler Co. (inland), JDSF =Jackson Demonstration State Forest (inland, part shade)

unbiased predictions (BLUP) for predicted differences among cultivars and cultivar X site
interactions (Minitab, LLC; www.minitab.com).

Results

Height and DBH were greatest, on average, and most variable at the MRC site. The SW site
exhibited the most uniformity of tree height and DBH relative to the other sites, having low
variance relative to mean tree size (Table 3). Genetic parameters for height (i.e., individ-
ual-tree broad-sense heritability (H?), repeatability of clonal means (Hf), and coefficient
of genetic variation (CGV)) differed among sites but remained stable between year 3 and
year 4, except at JDSF where H? in year 4 was a third lower than H? in year 3. Tree DBH
was less heritable than height at each site where both were assessed in year 4 (Table 4).
Redwood cultivar broad-sense genetic correlations between height and diameter were high
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overall (r;=0.88) and individually at each site where DBH was measured (MRC r;=0.91;
SW r;=0.85). Age-age phenotypic correlations between year 3 and year 4 height were
similar among cultivars at MRC (r,3_,=0.92) and SW (ry,5_,=0.89), and highest at JDSF
("i3—4=0.97) where redwoods were small.

Variation among sites

Broad-sense heritability for tree height in year 3 was similar when calculated for combina-
tions of data for two sites (H? =0.31) or three sites (H? =0.26) (Table 5). These values were
similar to heritability for the MRC site alone (H?=0.26), which was unexpected because

Table 5 Genotype-by-environment (G XE) interactions—mixed-effects analysis of redwood cultivar vari-
ance components for height assessed three or four years after planting at the best site (MRC) and combined
at the two best sites (MRC, SW) or for all three sites (MRC, SW, JDSF); broad-sense heritability shown in
bold

Trait No. sites  Site ID Var. Component Var  Var.(%/100) SE Var P-Value
Yr-3 Height 3 MRC, SW, Cultivar 0.27 0.26 0.09 0.001
JDSF Cultivar X SITE 0.10 0.10 0.03 0.000
Cultivar x BLOCK(SITE) 0.03 0.03 0.02 0.026
Error 0.62 0.60 0.03 0.000
Total 1.02
2 MRC, SW  Cultivar 0.31 0.31 0.09 0.001
Cultivar X SITE 0.09 0.08 0.03 0.003
Cultivar x BLOCK(SITE) 0.02 0.02 0.02 0.142
Error 0.59 0.59 0.03 0.000
Total 1.01
1 MRC Cultivar 0.26 0.26 0.08 0.000
Cultivar x BLOCK 0.03 0.03 0.03 0.125
Error 0.71 0.70 0.05 0.000
Total 1.00
Yr-4 Height 3 MRC, SW, Cultivar 022 0.21 0.08 0.002
JDSF Cultivar X SITE 0.13 0.13 0.04 0.000
Cultivar x BLOCK(SITE) 0.06 0.06 0.02 0.003
Error 0.64 0.61 0.03 0.000
Total 1.05
2 MRC, SW  Cultivar 0.30 0.29 0.10 0.001
Cultivar x SITE 0.09 0.09 0.04 0.006
Cultivarx BLOCK(SITE) 0.05 0.05 0.02 0.009
Error 0.60 0.57 0.03 0.000
Total 1.04
1 MRC Cultivar 0.27 0.27 0.08 0.000
Cultivar x BLOCK 0.06 0.06 0.03 0.028
Error 0.68 0.67 0.04 0.000
Total 1.01

Var. =component variance; Var (%/100) =component variance as proportion of total variance. MRC =Men-
docino Redwood Co. (coastal), SW =Soper-Wheeler Co. (inland), JDSF=Jackson Demonstration State
Forest (inland, part shade)
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values for a single site are always biased upwards (White et al. 2007). In year 4, heritabil-
ity across three sites (H*=0.21) fell far lower than the year 3 estimates (H*=0.26) or the
year 4 estimates for only two sites (H>=0.29) or one site (H>=0.27). The low heritability
for year 4 height across three sites was consistent with the sharp decline in heritability at
JDSF between year 3 and year 4 shown in Table 4. We suspect that competing vegetation
and possibly belowground rodent activity at JDSF introduced variability in performance
which inflated environmental variation and thus moderated the genetic variance compo-
nent for all sites combined in year 4. This prompted us to exclude the data for JDSF, and
analyze data for the other two sites (MRC, SW) collectively. This analysis revealed that the
major impacts on survival (and presumably growth) at the SW site caused by rodent gir-
dling damage between year 3 and year 4 (roughly 75% were fully or partly girdled at SW;
21% died as a result) appeared to only cause a small decline in estimated heritability (from
H*=0.31100.29).

The Cultivar X Site interactions (afs) were low relative to the variance component due
to Cultivar (062) (Table 5), but remained significant overall (P <0.01) indicating that red-
wood cultivars were only exhibiting a modest level of GXE interaction for early height
growth across the range of trial sites. However, best linear unbiased predictions (BLUP)
of early height growth indicated that only two specific cultivars exhibited consistently
significant G X E interaction. These cultivars exhibited significantly below-average height
growth across all sites (BLUP for Cultivar), and significantly poorer performance at SW
than the other sites (BLUP for Cultivar X Site). No cultivar exhibited significantly above-
average height growth at any particular site. Furthermore, low variance component due
to Cultivar X Block interaction (o-fb) indicated that cultivar rankings did not change much
across the various blocks within a site. Unexplained variability in cultivar height ranged
from 57-70% (Table 5).

Genetic gains

The BLUP values for individual cultivars indicated that six cultivars exhibited significantly
above-average height growth (P <0.05) across two or three sites in year 3 or two sites in
year 4 (excluding JDSF data for year 4) (Table 6). Similarly, between 4 and 8 cultivars
exhibited significantly below-average height growth (P <0.05) across two or three sites in
year 3 or two sites in year 4 (excluding JDSF data for year 4). The genetic value or ‘genetic
gain’ for height of the top six cultivars averaged 11-13% above the constant value for all
cultivars tested at all sites. The top ranked cultivar for height in year 3 at two or three sites,
or height in year 4 at two sites, exhibited height growth gains of 13-15% relative to all cul-
tivars tested (Table 6). Individual cultivar rankings for height did not change much between
year 3 and year 4 at the two best sites despite widespread rodent damage and associated
mortality and loss of sample size at the SW site (Table 6).

When compared against all cultivars, the seedlings consistently had intermediate rank-
ings of #16-19 out of 33 at MRC and SW, or ranked #1213 out of 23 at JDSF (Sup-
plemental file, Table S1-S7). Different allocation of growth to height vs. diameter caused
some rankings to change for stemwood volume as opposed to height in year 4. For exam-
ple, the relatively tall and slender SW 01 ranked #1 for height but only #5 for DBH (Sup-
plemental file, Table S1). Several cultivars consistently exhibited significantly high or low
gains for height relative to seedlings across the two best sites (MRC, SW) between year 3
and year 4 (Supplemental file, Table S2). On average, after three growing seasons on site,
the top three cultivars for height were 21% taller than seedlings at MRC, and 16% taller
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than seedlings at SW and JDSF (Supplemental file, Table S3). After four growing seasons
on site, the top three cultivars for height were 18% taller than seedlings at MRC, 15% taller
than seedlings at SW, and 16% taller than seedlings at JDSF (Supplemental file, Table S4).
On average, after four growing seasons at MRC, the top three cultivars for stemwood vol-
ume had 106% more volume than seedlings (Supplemental file, Table S5). At the SW site,
the top three cultivars for stemwood volume had 68% more volume than seedlings after
four growing seasons (Supplemental file, Table S6). At JDSF, with much slower growth on
this north-facing slope surrounded by intact forest, the top performing cultivars were not
all exhibiting above-average performance at the other sites. Additionally, there were two
major unexplained rank changes at JDSF from year 3 to year 4: cultivar SW 01 fell from
rank #3 to #11 between year 3 and year 4, but was ranked #2 at MRC for height in year 4;
conversely, cultivar MRC 09 rose from rank #14 to #8 in year 4 at JDSF, but was ranked
much lower (#29 out 33) and exhibited significantly below-average height at MRC (Sup-
plemental file, Table S7).

Discussion

Our analysis revealed a broad range of BLUP values for performance among cultivars. This
finding was consistent with Meason et al. (2016) who also reported a wide range of per-
formance within a range-wide collection of cultivars. The 32 cultivars in our study were
‘elite’ production stock originating from plus trees and had been propagated by tissue cul-
ture at a commercial scale for several years. Therefore, it was surprising that roughly half
of all these cultivars averaged slower growth than a commercial seedlot collected from
multiple open-pollinated parent trees in naturally-regenerated stands. These seed were col-
lected from mature second-growth redwood across Mendocino County, centrally-located
in redwood’s natural range. Nevertheless, a small number of top-ranking cultivars already
exhibited statistically-significant gains in height, diameter, and stemwood volume above
the redwood seedlot after outplanting only 3—4 years earlier. The relatively high propor-
tion of total variation in year 3 or year 4 height across three sites explained by cultivar
(21-26%, respectively) signals potential for gains in height growth and stemwood volume
production in young trees via selection and deployment of superior cultivar planting stock.
Kuser et al. (1995) reported much lower proportion of total variance explained by genotype
(9.9%) in a range-wide collection tested across a broader geographic range, with the major-
ity of variation (79%) attributed to random experimental error. However, it was not clear
if their method of data analysis and results were comparable to our mixed-effects analytic
approach including Cultivar X Site and Cultivar X Block interactions (White et al. 2007).
In terms of heritability—the proportion of phenotypic variation explained by genotype—
Meason et al. (2016) reported a higher average, but similar range of heritability estimates
for DBH (0.35 and 0.52) among a range-wide collection of redwood cultivars at two test
sites in New Zealand compared to our estimates of 0.24 and 0.39 from two test sites in
Mendocino County, California. These relatively consistent and large heritability estimates
for DBH also suggest that fruitful gains can be made by selecting and propagating cultivars
exhibiting superior growth. However, in an expanded study of redwood cultivars at four
divergent test sites across New Zealand, heritability for DBH was much lower, ranging
from 0.09 to 0.25 (Kl14pste et al. 2020).

Volume gains in excess of 100% for the best-performing cultivar is consistent
with data presented by Lehar (1997) for ‘elite’ redwood cultivars tested throughout
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Humboldt County, California. However, these gains are only for young trees, and we
caution against extrapolation of the reported individual-tree volume gains to predict
gains at the stand level over longer time periods because gross overestimates may occur
in the absence of competition or in the presence of less thrifty nearest neighbors (Bur-
don 2010). In our study, prior to the onset of canopy closure, we also estimated high
genetic gains for DBH at year 4 among the top performing cultivars (33% gain for top
10%, and 28% gain for top 20% of cultivars). These gains vastly outsized modest gains
reported for DBH at age 10 among redwood cultivars planted at similar spacing and
presumably enduring more competition at this advanced age (gains of 4.6% and 3.8%
for the top 10% and 20% of cultivars, respectively; Meason et al. 2016). The above-
and below-average performance of cultivars tested in experiments like ours that employ
individual-tree plots can be exaggerated when compared against performance when
surrounded by ramets of the same cultivar (Stanger et al. 2011). Therefore, in addi-
tion to clonal tests with individual-tree plots, we recommend establishment of large-plot
genetic gain trials where blocks of the same redwood cultivar are monitored for pro-
ductivity per hectare under competition (Burdon et al. 2017) or experiencing different
silvicultural prescriptions (Roth et al. 2007). Also recommended is genetic testing for
any inbred cultivars (Burdon and Klapst€ 2019). This may be exaggerating differences
in performance among cultivars and inflating G X E by disproportionately poor perfor-
mance of cultivars with some degree of inbreeding under suboptimal conditions (Berrill
and Libby 2017; K14psté et al. 2020).

The 32 redwood cultivars we tested originated from multiple ownerships spanning
three California counties (Humboldt, Mendocino, Sonoma), but exhibited modest G XE,
meaning their rankings and performance relative to each other was somewhat consistent
or ‘buffered’ across the test sites. This was surprising because high GXE is common for
growth traits, especially relative to wood properties and form traits (Li et al. 2017). There-
fore our modest G XE for early growth may indicate that our experiment did not cover an
adequately broad range of environments. Although site quality and performance differed
among sites, our study was centrally located within the natural range of redwood, and had
limited geographic scope relative to redwood’s current range which spans a broad latitudi-
nal gradient (Olson et al. 1990). Therefore, we recommend implementation of additional
test sites at more extremes of climate and site quality, inside and outside redwood’s natu-
ral range, using the same cultivars for comparison. Given redwood’s sensitivity to under-
story light (Berrill et al. 2018, 2021), testing of cultivars in partial shade under different
overstory densities is also recommended. Nevertheless, our high clonal repeatability and
modest G XE is consistent with studies of redwood grown at much different, distant loca-
tions (Meason et al. 2016; Kl14pste et al. 2020). Meason et al. (2016) assessed a range-wide
collection of redwood cultivars for DBH at two test sites in New Zealand, reporting low
G XE in accordance with similar cultivar rankings at both sites. Klapsté et al. (2020) stud-
ied performance of redwood across a broader geographic range and range of site conditions
at four test sites throughout New Zealand, but also did not detect strong GXE for DBH
among redwood cultivars. Collectively, these findings suggest that redwood may have rela-
tively low G X E which would give forest managers a wider range of choices for field-tested
planting stock with broad adaptation (Li et al. 2017). We expect that top ranked cultivars
should perform well across the range of site conditions represented in our experiment, but
that unexplained variability (i.e., random error) can be expected. Given the limited total
number of production cultivars available, the advantage of broad adaptation could translate
into deployment of a genetically-diverse set of well-adapted cultivars for outplanting at any
site instead of a single cultivar (Libby and Rauter 1984).
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It is unclear whether the rapid growth on the best site (MRC) was leading to higher
gains in stemwood volume (top 3 cultivars 106% gain), or whether variability introduced by
rodent damage and mortality at the SW site before the year 4 measurement artificially low-
ered estimates of volume gain (top 3 cultivars 68% gain). Consistency in cultivar rankings
before and after the rodent disturbance at SW suggested that the disturbance had not com-
promised the experiment. Two major rank shifts at JDSF between year 3 and 4 suggested
that climate or environmental factors were unevenly impacting cultivar performance data.
Climate remained approximately constant at JDSF except annual precipitation (October-
September) which was 28% below-average in year 3 (2018), and 45% and 22% above-aver-
age in year 2 (2017) and year 4 (2019), respectively (www.prism.oregonstate.edu). Two
environmental factors may have unevenly impacted cultivars by altering microsite condi-
tions: belowground rodent activity such as tunneling, and heightened grass competition in
year 4. Rodent tunnels were visible and rodents were trapped regularly, while grass was
only mowed once in year 4 at JDSF. We expect lessened importance of any such microsite
differences with advancing tree size as tree roots exploit broader areas, but the opposite has
been demonstrated in Pinus radiata clones (Galant et al. 2019), so we recommend con-
tinued monitoring to later ages. Having 20 replicates per cultivar at each site allows for
planned future thinning, but at SW this redundancy may also have buffered against major
losses suffered between year 3 and 4. We recommend light thinning at SW to even out
spacing where patches of redwoods escaped lethal damage. The first thinning could also
be implemented at MRC where tree crowns are almost touching four years after planting at
3% 3 m spacing. In our experimental design, we also provided for a second future thinning
when trees are larger and have formed heartwood, to allow for wood properties testing on
cut stems of all cultivars and the Mendocino seedlot. This may cause a change in rankings
once key wood properties are considered because wood quality traits can be negatively
impacted when selecting for rapid tree growth (Burdon and Moore 2018). Before that time,
we recommend pruning of lower branches followed by repeat assessment of epicormic
branching along the pruned bole (O’Hara and Berrill 2009; Berrill and Libby 2017). Epi-
cormic branching after pruning redwood for clearwood is counterproductive (Cown et al.
2013). Pruning may be advisable when seeking to maximise returns and grow valuable
timber grades, especially on shorter rotations designed to capitalize on the potential for
rapid growth and carbon sequestration of ‘elite’ redwood cultivars on pasture sites.

In summary, many of the redwood cultivars exhibited spectacular early growth when
outplanted for afforestation of pasture sites. Substantial differences in performance among
cultivars signaled potential for selection and deployment of ‘elite’ cultivars for rapid car-
bon sequestration and timber production. Inconsistent rankings between the poorer site in
partial shade and the other two sites suggested need for experimentation regarding cultivar-
site matching for afforestation of poor sites and also for underplanting within partially-
shaded openings or multiaged stands. However, modest G X E was indicative of relatively
stable performance rankings across different test sites, albeit with considerable unexplained
variability in performance for any cultivar. This was suggestive of broad adaptation and
hence lower importance of cultivar-site matching, giving forest managers the flexibility to
deploy a suite of elite redwood cultivars for afforestation across a range of locations and
conditions.

Supplementary Information The online version contains supplementary material available at https://doi.
0rg/10.1007/s11056-021-09841-6.

Acknowledgements Chad Lake and his team at Sequoia Orchids Nursery produced planting stock. Tree
planting was performed by Great Tree Tenders (Alfonso Gallegos). Field measurement assistance was

@ Springer


http://www.prism.oregonstate.edu
https://doi.org/10.1007/s11056-021-09841-6
https://doi.org/10.1007/s11056-021-09841-6

New Forests

provided by Tyler DiBartolo, Ethan Donoghue, and Connor Kennedy. Noah Begin created site location map.
Helpful suggestions from two anonymous reviewers and the Associate Editor much improved the manu-
script. Funding for this project was provided by the California Department of Forestry and Fire Protection as
part of the California Climate Investments Program.

Funding Funding for this project was provided by the California Department of Forestry and Fire Protection
as part of the California Climate Investments Program.

Data availability The datasets generated during and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Conflict of interest There are no conflicts of interest.
Ethical approval Not applicable.

Informed consent All authors consent to the publication of this research.

References

Aimers-Halliday J, Burdon RD (2003) Risk management for clonal forestry with Pinus radiata—analysis
and review 2 technical and logistical problems and countermeasures. NZ J For Sci 33(2):181-204
Berrill JP, Libby WJ (2017) Comparing growth and form of coast redwood selfs and outcrosses at the UC
Russell Research Station, California. In: Standiford RB, Valachovic Y (tech cords) Proc. of Coast
redwood science symposium—2016: Past successes and future direction. USDA Forest Service Gen.
Tech. Rep. PSW-GTR-258. Albany, CA, pp 229-240, 446

Berrill JP, Schneider KA, Dagley CM, Webb LA (2018) Understory light predicts stump sprout growth in
mixed multiaged stands in north coastal California. New For 49(6):815-828

Berrill JP, Webb LA, DeYoung KL, Dagley CM, Bodle CG, Simpson SM (2021) Development of redwood
regeneration after conifer partial harvest and hardwood management. For Sci 67(1):72-82. https://doi.
org/10.1093/forsci/fxaa031

Burdon RD (2010) Wood properties and genetic improvement of radiata pine. NZ J For 55(2):22-27

Burdon RD, Klapsté J (2019) Alternative selection methods and explicit or implied economic-worth func-
tions for different traits in tree breeding. Tree Genet Genomes 15:79

Burdon RD, Moore JR (2018) Adverse genetic correlations and impacts of silviculture involving wood prop-
erties: analysis of issues for radiata pine. Forests 9:308

Burdon RD, Wilcox PL (2007) Population management: potential impacts of advances in genomics. New
For 34:187-206

Burdon RD, Libby WJ, Brown A (2017) Domestication of radiata pine. Springer, Berlin

Cown D, Marshall H, Silcock P, Meason D (2013) Sawn timber grade recovery from a planted coast red-
wood stand growing in New Zealand. NZ J For Sci 43(8):1-11

Franzel S, Jaenicke H, Janssen W (1996) Choosing the right trees: setting priorities for multipurpose tree
improvement. ISNAR Research Report No. 8. The Hague: International Service for National Agricul-
tural Research. Available online at www.worldagroforestry.org Last accessed: Feb 22, 2020

Gallart M, Love J, Meason DF, Coker G, Clinton PW, Xue J, Jameson PE, Klapst¢ J, Turnbull MH (2019)
Field-scale variability in site conditions explain phenotypic plasticity in response to nitrogen source in
Pinus radiata D. Don Plant Soil 443:353-368

Karnosky DF (1981) Potential for forest tree improvement via tissue culture. Bioscience 31(2):114-120

Kitzmiller JH (1990) Managing genetic diversity in a tree improvement program. For Ecol Manag
35(1-2):131-149

Klapsté J, Meason D, Dungey HS, Telfer EJ, Silcock P, Rapley S (2020) Genotype-by-environment inter-
action in coast redwood outside natural distribution - search for environmental cues. BMC Genet
21(15):1-14

Kuser JE, Bailly A, Franclet A, Libby WJ, Martin J, Rydelius JA, Schoenike R, Vagle N (1995) Early results
of a rangewide provenance test of Sequoia sempervirens. In: Palmberg-Lerche C, Souvannavong O,
Hansen CP (eds) Forest Genetic Resources No. 23. FAO, Rome, pp 21-24

@ Springer


https://doi.org/10.1093/forsci/fxaa031
https://doi.org/10.1093/forsci/fxaa031
http://www.worldagroforestry.org

New Forests

Lehar G (1997) Propagation of coast redwood (Sequoia sempervirens) and river red gum (Eucalyptus cama-
dulensis) for clonal forestry. Pp. 198-200 in: Landis TD, South DB (tech. coords.). National Proceed-
ings: Forest and Conservation Nursery Associations, 1996. USDA Forest Service PNW-GTR-389.
Portland OR

Li Y, Suontama M, Burdon RD, Dungey HS (2017) Genotype by environment interactions in forest tree
breeding: review of methodology and perspectives on research and application. Tree Genet Genomes
13(60):1-18

Libby WJ (1973) Domestication strategies for forest trees. Can J For Res 3:265-276

Libby WJ (1974) The use of vegetative propagules in forest genetics and tree improvement. NZ J For Sci
4(2):440-447

Libby WJ, Rauter RM (1984) Advantages of clonal forestry. For Chron 60:145-149

Maclaren P (2002) Internal wood quality of radiata pine on farm sites—A review of the issues. NZ J For
47:24-28

Meason DF, Kennedy SG, Dungey HS (2016) Two New Zealand-based common garden experiments of the
range-wide ’Kuser’clonal collection of Sequoia sempervirens reveal patterns of provenance variation
in growth and wood properties. New For 47(4):635-651. https://doi.org/10.1007/s11056-016-9535-7

O’Hara KL, Berrill JP (2009) Epicormic sprout development in pruned coast redwood: pruning severity,
genotype, and sprouting characteristics. Ann For Sci 66(4):1-9

Olson DF, Roy DF, Walters GA (1990) Sequoia sempervirens (D. Don) Endl. redwoods. In: Burns RM,
Honkala BH (Tech, Coords.) Silvics of North America, vol 1. USDA Forest Service, pp 541-551

Power AB, Dodd RS, Libby WJ (1988) Cyclophysis and topophysis in coast redwood stecklings. Silvae
Genet 37(1):8-14

Roth BE, Jokela EJ, Martin TA, Huber DA, White TL (2007) Genotype X environment interactions
in selected loblolly and slash pine plantations in the southeastern United States. For Ecol Manag
238:175-188

Rydelius JA, Libby WJ (1993) Arguments for redwood clonal forestry. In: Ahuja MR, Libby WIJ (eds)
Clonal Forestry II: conservation and application. Springer, Berlin, Heidelberg, pp 158168

Stanger TK, Galloway GM, Retief ECL (2011) Final results from a trial to test the effect of plot size on
Eucalyptus hybrid clonal ranking in coastal Zululand, South Africa. South For 73(3-4):131-135

White TL, Adams WT, Neale DB (2007) Forest genetics. CAB International, Cambridge, p 500

Zobel B, Talbert J (1984) Applied forest tree improvement. John Wiley & Sons, New York NY, p 505

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

@ Springer


https://doi.org/10.1007/s11056-016-9535-7

	Performance and genetic analysis of coast redwood cultivars for afforestation of converted grassland in California
	Abstract
	Introduction
	Materials and methods
	Site description
	Experimental design
	Analysis

	Results
	Variation among sites
	Genetic gains

	Discussion
	Acknowledgements 
	References




