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Abstract

Afforestation can help address climate change and biodiversity loss. Iceland is a valu-
able case study to assess afforestation at extreme locations at high latitudes (63—68°N).
We used a~23-year dataset of a provenance trial from the Icelandic Forest Service (now
Land & Forest Iceland) to determine the best spruce species (Picea spp.) and provenances
for afforestation. Sites were either frost-prone or protected (i.e., non-frost-prone) loca-
tions, and the latest height and survival data were assessed from six sites (out of nine)
in 2018. Provenances were mainly from three spruce species from southwestern Canada
and southern Alaska (53—61°N). Sitka spruce (Picea sitchensis) and its hybrids or intro-
gressants with white spruce (P. glauca) survived and grew well in protected areas (=60%
and >275 cm), while white spruce and its hybrids or introgressants with Sitka spruce
performed better in frost-prone areas (=55% and =285 cm, based on combined frost-
prone sites). The only provenance suitable for both frost-prone and protected places was
a Sitka/Lutz spruce (P. x [utzii) introgressant from Iniskin Bay, Alaska. Additional genetic
research would help guide afforestation in harsh areas at high latitudes (a distributional
limit of many tree species) and inform forest management about novel environments and
sustainable practices. Climate change should also be considered for afforestation efforts.
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Introduction

Afforestation is one nature-based solution to slow down climate change, restore biodiver-
sity and ecosystem services, provide jobs, and address Sustainable Development Goals
(SDGs) (FAO and UNEP 2020; United Nations 2022; IUCN 2023). For example, Ethiopia
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established the Green Legacy Initiative in 2019 where they created 120,000 nurseries and
>700,000 jobs to plant 25 billion seedlings within four years to fight deforestation and
improve land conditions (United Nations 2023). Although expanding forest cover is rela-
tively easier at lower latitudes with warmer climates, such efforts are equally important at
higher latitudes. Iceland, a Nordic country with a nascent forestry sector, is an ideal case
study to look at afforestation in novel locations at high latitudes (=63°N). Additionally,
Iceland’s short growing season due to extreme weather and harsh environmental conditions
(Thoérhallsdottir 1998; Gretarsdottir et al. 2004) allows for research on performance limits
of tree species.

Downy birch (Betula pubescens Ehrh.) covered at least 20% of Iceland prior to Norse
settlement (874 CE) (Jonsson 2004). Overharvesting and sheep grazing led to deforesta-
tion (Jonsson 2004) and currently, Iceland has 1.5% native and 0.4% non-native woodland
cover (Eysteinsson 2017). Free-range sheep grazing hinders seedling survival. Moreover,
volcanic eruptions and soil erosion has led to degraded lands with nutrient loss (Arnalds
2008; Greipsson 2012). Presently, 37% of Iceland is extremely eroded (Marteinsdottir and
Stefansson 2020). Native biodiversity and forest cover expansion are limited by Iceland’s
geographical isolation and high latitude, as well as unsustainable land management prac-
tices (e.g., sheep grazing) (Kristinsson 1975; Marteinsdottir et al. 2017).

Given that downy birch is the only native tree that forms forests in Iceland, using non-
native trees (e.g., conifers) can help increase forest cover faster (Blondal 1987; Eddudéttir
2016). Additionally, most birches in Iceland struggle to grow into trees with a vertical form
and grow as shrubs instead (Bragason 1995). Since 1899, there have been experimental plant-
ings with non-native tree species sourced from various countries, including white spruce
(Picea glauca (Moench) Voss), Engelmann spruce (Picea engelmannii Parry ex Engelm.),
Norway spruce (Picea abies (L.) H.Karst.), mountain pine (Pinus mugo Turra), bristlecone
pine (Pinus aristate Engelm.), Siberian stone pine (Pinus sibirica Du Tour), balsam fir
(Abies balsamea (L.) Mill.), subalpine fir (4bies lasiocarpa (Hook.) Nutt.), European larch
(Larix decidua Mill.), Siberian larch (Larix sibirica Ledeb.), common osier (Salix viminalis
L.), gray alder (4/nus incana (L.) Moench), silver birch (Betula pendula Roth), and balsam
poplar (Populus balsamifera L.) among others (Bragason 1995). Forest activities mainly
used a trial-and-error approach until 1967 when the Icelandic Forest Service (now Land &
Forest Iceland) started more structured research (Bragason 1995; Eysteinsson 2017). This
led to identifying larches (Larix spp.), spruces (Picea spp.), pines (Pinus spp.), cottonwoods
(Populus spp.), alders (Alnus spp.), and willows (Salix spp.) as the species with the highest
survival, most of which came from North America except the larches. Current afforestation
efforts have been most successful with Siberian larch, lodgepole pine (Pinus contorta Doug-
las ex Loudon), Sitka spruce (Picea sitchensis (Bong.) Carr.), black cottonwood (Populus
trichocarpa Torr. & A. Gray ex Hook.), and alder (Blondal 1987). Establishing conifer for-
ests can also lead to a sustainable timber industry and increase carbon sequestration (Nijnik
et al. 2013; Snorrason and Brynleifsdottir 2018), but this can be expensive to implement
(e.g., research and nursery costs). To guarantee afforestation success, selecting appropriate
species, provenances, and locations are essential. Afforestation in Iceland would contribute
to the country’s aim of carbon neutrality by 2040 (Government of Iceland 2020).

Severe frost throughout Iceland in April 1963 significantly damaged numerous tree spe-
cies and led to new collections of conifer seeds (e.g., Pinus spp. and Picea spp.) gath-
ered abroad for growing experiments related to frost hardiness (Ragnarsson 1964; Blondal
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2004). In particular, Alaskan and Canadian sources at high latitudes with proximity to the
ocean were chosen because they were more likely to be frost resistant and from a climate
most similar to Iceland all year round. For example, the Icelandic Forest Service collected
seeds from the Yukon, Canada and Alaska, USA in 1985. Furthermore, Dr. John Alden, a
forest geneticist from the United States Forest Service in Alaska, gathered conifer seeds
from 1988 to 1990 consisting of provenances and single-tree progeny that were later used
in Iceland. In 1995-1996, a country-wide provenance trial was established to assess the
growth of spruces at numerous sites in Iceland (Fig. 1) using origin seeds from a wider
geographical distribution. These sites were either protected (i.e., less radiative frost during
the active growing season) or frost-prone and were monitored every 1—4 years. Frost-prone
sites in Iceland had a high likelihood of tree surfaces reaching freezing temperatures causing
growth damage from ice crystals (hoar/radiation frost), particularly during cool nights with
clear skies and low winds common in the fall and spring (Sakai and Larcher 1987; Geiger
et al. 2003; Duong 2023).

Differences at the sites were detected for survival and growth between provenances and
sites at the 4-year and 10-year marks (Jonsson 2000; Sigurgeirsson et al. 2006). When trees
were <4 years, white spruce and Lutz (Picea x lutzii Little) showed greater frost damage
resistance (particularly in fall) and grew taller than Sitka spruce. Whereas when trees were
>10 years, Sitka spruce had notable advantage in protected areas and Lutz spruce survived
better at frost-prone sites (Sigurgeirsson et al. 2006). Given these previous results, the aim
of this research is to evaluate the survival and growth of spruces for afforestation around
Iceland under different environmental conditions using long-term data (~23 years from site
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Fig. 1 Provenance trial spruce planting sites (1995-1996) used for provenance survival and growth analy-
ses. Note that only six of the nine sites were used for this study (Table 1). Source: Based on Fig. 3.1.1 in
Duong 2023
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planting) collected in 2018 from six sites. We identify spruce provenances and species that
are most suitable in protected and frost-prone areas. At the ~23-year mark, we expect the
same species performance seen at the 10-year mark. Although the Icelandic Forest Service
is conducting research on other tree species that grow well in Iceland (e.g., downy birch,
lodgepole pine, Siberian larch, and black cottonwood), they are beyond the scope of this
study. Our research on spruces may lead to more sustainable afforestation in harsh areas
at high latitudes (=63°N) and help with the allocation of scarce resources. Furthermore,
evaluating long-term spruce growth elucidates their distributional limits in novel habitats
and their ecology within varying environmental conditions (e.g., protected and frost-prone).

Materials and methods
Site locations and experimental design

In 1994, seeds that were mostly from a project involving Nordic Forest Research and Dr.
Alden (in Alaska) were grown into seedlings at a nursery and then planted (1995-1996)
at 16 sites throughout Iceland (Skulason et al. 2004; Sigurgeirsson et al. 2006). Only nine
of 16 sites were viable for data analysis (Fig. 1) because they had sufficient survival and
height measurements (Duong 2023). We compared spruce growth at six of these nine sites
(Table 1) with data collected from one growing season in 2018 (22—23 years from site plant-
ing). These six sites captured a typical protected site and the variability of frost-prone sites
in Iceland as well as having overlapping provenances (Duong 2023). The species planted
were Sitka spruce (P. sitchensis), Lutz spruce (P. x lutzii), white spruce (P. glauca), Engel-
mann spruce (P. engelmannii), black spruce (P. mariana (Mill.) Britton, Sterns & Poggenb.),
Sakhalin spruce (P. glehnii (F.Schmidt) Mast.), and Serbian spruce (P. omorika (Panci¢)
Purk.) (Table 2). Fertile introgressants of Lutz spruce (backcrosses to Sitka and white
spruce) were also planted, and they are identified with the following notation: predominant
species/secondary species (e.g., Lutz/white; Lutz/Sitka; white/Lutz; Sitka/Lutz). Pure spe-
cies and introgressants were determined by (a) Dr. Alden with needle and cone morphology
and (b) measuring the content of species-specific mitochondrial DNA with restriction frag-
ment length polymorphism markers that showed to be either Sitka spruce or white spruce
(see Sigurgeirsson et al. 1992).

Each site had a layout of 8—10 blocks where each block consisted of multiple rows of
provenances (18—49) (Table 1) (Duong 2023). Blocks were randomized and every row had
10 seedlings from one provenance except for Laekur, a smaller and steeper area, which had
seven seedlings per row. Rows were two meters apart with a two-meter distance between
each seedling within a row. Overall, provenances consisted of 10 or more half-sib families
and each progeny had a known maternal parent except for provenances from Iceland and
species that were not comprised of Sitka, white, or Lutz spruce, which were from bulk
seedlots (Duong 2023).

For the first analysis (Analysis 1), we compared Mosfell (frost-prone) and Holtsdalur95
(protected) (Table 1), typical sites present in Iceland, given their number of shared prov-
enances (39) and higher amount of spruce species and introgressants (10) (Duong 2023).
Frost-prone sites are usually flat, whereas protected sites tend to be sloped. At the end of
summer and in early fall, there is more risk for radiation frost in flat landscapes. Mosfell
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Table 1 Study sites in Iceland. Approximated coordinates using Google Maps (2019). Table copied from

Duong (2023; Table 3.1.1), which includes data from Jonsson (2000)

Site Site Description

Layout

Holtsdalur95
(63°45°N 18°14°W)

- Valley in Southeast Iceland

- Long steep slope

- Sheltered from wind

- Proximity to the ocean
Exposure to moisture with salt

- High level of precipitation
Low risk for frost
Longer growing season

Mosfell - South Iceland
(64°07°N 20°39°W) - Drained peatland
- Very flat

- No wind protection
- Further from the ocean than Holtsdalur95
- Thick layer of grasses
Isolates soil temperature from surface area
Prone to frost
Shorter growing season
- South Iceland
- Former farmland that use to be a marsh
- Flat with thick layer of grasses
Open to grazing
- Black cottonwood (Populus trichocarpa) experimental
plot nearby
- Northeast Iceland
- Drained swamp
Upper flat portion that sometimes floods
Slightly sloped lower portion
- Patches of thick grasses

- Northeast Iceland
- Flat drained moorland

Sandlaekjarmyri
(64°02°N 20°22°W)

Hofoi
(65°14°N 14°23°W)

Raudholt
(65°31°N 14°18°W)

Lakur
(66°00°N 22°56°W)

- Northwest Iceland (West Fjords)
- Drained grassy swamp
- In a narrow fjord just above sea level

—8 blocks

—40 provenances/block
(All spruces)

—10 seedlings/prov-

enance row

—10 blocks

—49 provenances/block
(44 spruces, 5 pines)

—10 seedlings/prov-

enance row

—8 blocks

—32 provenances/block
(All spruces)

—10 seedlings/prov-

enance row

—8 blocks

—30 provenances/block
(25 spruces, 5 pines)

—10 seedlings/prov-

enance row

—8 blocks

— 18 provenances/block
(14 spruces, 4 pines)

—10 seedlings/prov-

enance row

—10 blocks

—27 provenances/block
(All spruces)

—7 seedlings/prov-

enance row

(drained peatland) was in the southern interior of Iceland on flat ground, while Holtsdalur95
was on a mountain slope in a valley in the southeast (Fig. 1; Table 1) (Duong 2023). Most
of the provenances from these sites were Canadian or Alaskan white, Sitka, or Lutz spruces,
however other species included first-generation Icelandic Sitka spruces, a first-generation
Serbian spruce from Norway, Engelmann spruces from Canada and Colorado, a Japanese
Sakhalin spruce, and an Alaskan black spruce (Table 2).

In our second analysis (Analysis 2), we compared spruce growth at five frost-prone sites
vulnerable to radiation frost (late summer/early fall) (Duong 2023). These sites (Leakur,
Hofoi, Sandlekjarmyri, Mosfell, and Raudholt) shared 14 Alaskan spruce provenances
(Fig. 1; Table 1). The provenances were either white spruce, Sitka spruce, Lutz spruce,
Lutz mixed with white spruce (Lutz/white), or Sitka mixed with Lutz spruce (Sitka/Lutz)
(Table 2).
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Table 2 Spruce provenances. Origin refers to where the provenance seeds were collected; most came from
the native range of the species, but not all. Coordinates and elevations were based on Jonsson (2000) and
Skulason et al. (2004), but some were approximated with Google Maps (2019) (“coordinates and Beleva-
tions). *Provenance 32 were first-generation clones from Iceland grafted onto new rootstocks in a seed or-
chard in Taraldsey, Norway; seeds were then grown in Iceland. **These provenances have seedlings from
two sources (i.e., 17418 and 22+26). This table was copied from Duong (2023; Table A.1)

Provenance Species Origin Latitude (°N) Longitude Ele-
Number (°W) vation
(m)
1 Picea sitchensis Chiniak, Alaska 57°36°-37" 152°10°-18 10-30
2 Picea sitchensis Duck Mountain, Alaska 58°12’ 152°31° 50-80
3 Picea sitchensis / Picea  Iniskin Bay, Alaska 59°41° 153°23° 8-100
x lutzii
4 Picea sitchensis / Picea  Chinitna Bay, Alaska 59°49° 153°02°- 05" 5-20
x lutzii
5 Picea sitchensis Port Chatham, Alaska ~ 59°11° 151°43° 30
6 Picea sitchensis Homer, Alaska 59°38” 151°28°—34" 5-30
7 Picea x lutzii / Picea Ninilchik, Alaska 59°58°-59>  151°33°-35> 91—
glauca 122
8 Picea glauca Kenai, Alaska 60°35°—-40" 151°17°-20" 20-30
9 Picea sitchensis Resurrection River, 60°09°— 11> 149°27° - 32’ 15-61
Alaska
10 Picea sitchensis Nash Road, Alaska 60°05°—- 08" 149°20°-24* 3-61
12 Picea x lutzii / Picea Cooper Lake, Alaska 60°21° 149°41° - 44> 396
sitchensis
13 Picea x lutzii / Picea Moose Pass, Alaska 60°15°—-24"  149°21°-22°  145-
sitchensis 213
14 Picea glauca / Picea Hope, Alaska 60°54° 149°36°-37" 30-69
x lutzii
15 Picea x lutzii Hope Road, Alaska 60°54° 149°36°-37"  30-69
17+18 **  Picea sitchensis Portage to Girdwood, 60°47°—-51°  149°44°-55*  23-76
Alaska
19 Picea sitchensis Valdez, Alaska 61°04° 146°11° 31
208 Picea sitchensis Cordova, Alaska 60°32’ 145°45° 122
21 Picea sitchensis Icy Bay, Alaska 60°03” 142°13° 8
22426 **A Picea sitchensis Haines Highway, 59°14° 135°28’ 758
Alaska
23 Picea sitchensis Discovery Bay, Alaska  58°15° 152°17° 30
24 Picea x lutzii Snug Harbor, Alaska 60°26° 149°42° 250
25 Picea x lutzii Knik River, Alaska 61°35° 149°15° 10
28 Picea sitchensis Dyea, Alaska 59°27° 135°19° 6
29 Picea sitchensis Yakutat, Alaska 59°31° 139°40° 8.5
30 Picea sitchensis Cordova, Alaska 60°32° 145°45° 8
318 Picea sitchensis Tatitlek, Alaska 61°00° 146°40° 488
32 % Picea sitchensis Taraldsey, Norway
338 Picea sitchensis Sitka, Alaska 57°00° 135°30° 152
3478 Picea sitchensis Artinsbrekka, Iceland ~ 64°07° 21°50° 8
3548 Picea sitchensis Tumastadir, Iceland 63°44° 20°03’ 100
36%8 Picea sitchensis Stalpastadir, Iceland 64°31° 21°26° 200
45 Picea sitchensis Phantom Road, Canada 53°24° 132°19° 244
46 Picea sitchensis Queen Charlotte, 53°21° 132°15° 167
Canada
47 Picea sitchensis Porcher Island, Canada  54°03’ 130°20° 427
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Table 2 (continued)

Provenance Species Origin Latitude (°N) Longitude Ele-
Number (°W) vation
(m)
48 Picea sitchensis Rennell Sound, Canada 53°20° 132°18° 475
5548 Picea glehnii Hokkaido, Japan 43°16° 142°37°E 700
56M B Picea omorika Ringsaker, Norway 60°54° 10°44’E 200
578 Picea engelmannii Rio Grande, Colorado  38°00” 105°00” 2286
58A-B Picea engelmannii Bluejoint Mountain, 49°33° 118°31° 2200
Canada
60 Picea mariana Soldotna, Alaska 60°30° 151°00° 25

Data analysis

In Analysis 1, we compared protected (i.e., non-frost-prone) versus frost-prone sites regarding
height and survival of common provenances (Duong 2023). A linear model was used for height
and a generalized linear model with a logistic regression for survival (with factors as block and
provenance for both models) (stats package 3.6.3 from R Foundation 2020). The logit link was
used with the binomial survival data (dead=0, alive=1). The default (family link) was used
for the height data (Duong 2023). The RStudio interface (RStudio Desktop 1.2.5042) with R
software (R 3.6.3) was used to analyze the data (RStudio 2020; R Foundation 2020).

In Analysis 2, we focused on frost-prone sites and compared common provenances for
survival and height (Duong 2023). Our five frost-prone sites had very different environmen-
tal conditions (Table 1). Preliminary analyses of variance (ANOVAs) and Pearson correla-
tions indicated that four of them (Mosfell, Sandlaekjarmyri, Raudholt, and H5{di) could be
combined as one frost-prone category, capturing the variability of frost-prone sites across
Iceland (Type III ANOVAs (p<0.001); Pearson (0.853 <1y,0,<0.939, p<0.001) (Duong
2023). The fifth site, Lakur, was kept separate for this analysis, because it had very low
correlation to the other four sites (Pearson (Iy;gn<0.229, p<0.001). We used car package
3.0-11 (Fox et al. 2021) for all ANOVAs, and the factors were provenance, site, and block
nested within site. Pearson correlations were done with the Hmisc package 4.4-1 (Harrell
and Dupont 2020) and stats package 3.6.3 (R Foundation 2020) (Duong 2023).

For both analyses, survival and height estimated marginal means were calculated using
emmeans package 1.6.2-1 for every provenance (Lenth 2021). Given the large sample size
(n=7020 trees for Analysis 1; n=5740 trees for Analysis 2), pairwise comparisons of the prove-
nances (alpha level =0.05) were used to create significant groupings (multcomp package 1.4—17
(Hothorn et al. 2021)). For every provenance, survival rate came from the number of surviving
trees at each site, and then mean height was calculated from these trees (Duong 2023).

Results
Frost-prone and protected sites: Mosfell and Holtsdalur95 (Analysis 1)
Overall, there were significantly higher mean survival rates at Holtsdalur95 (>60%) than

at Mosfell (<60%) (Fig. 2). Sitka spruce and introgressants (mainly Sitka with some Lutz
spruce) had the best survival (>74%) (Fig. 2) at Holtsdalur95, the protected site (Duong
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2023). For example, provenance 3 (Iniskin Bay, Alaska) had a significantly better survival
(94+3%) than the lowest ten survival rates (<67%) (Fig. 2; Table 2).

At Mosfell, the frost-prone site, black spruce survived the best followed by Sitka and
introgressants (mainly Sitka with some Lutz spruce) (>60% survival) (Fig. 2) (Duong
2023). Provenance 60 (black spruce; Soldotna, Alaska; 87+3% survival) and provenance
32 (Sitka spruce; Iceland/Taraldsey, Norway; 7614%) stood out with significantly greater
survival compared to 65% of the other provenances (Fig. 2; Table 2). Provenance 32 came
from a seed orchard in Taraldsey, Norway established in the late 1970s with plus-tree clones
selected from Iceland.

The species pattern for the heights at Holtsdalur95 was like the one for survival rates
(Fig. 2) (Duong 2023). Sitka spruce and introgressants (mainly Sitka with some Lutz spruce)
were generally taller (Fig. 2). For instance, provenance 21 (Icy Bay, Alaska; 461£15 cm)
and provenance 28 (Dyea, Alaska; 459+14 cm) were significantly taller than 76% of the
other provenances (Fig. 2; Table 2). Although not significantly different, sometimes trees
that were mostly Lutz spruce (i.e., introgressant intermediates between Sitka and white
spruce) were higher than Sitka spruce (>354 cm) (Fig. 2) (Duong 2023).

Lutz spruce and introgressants mainly with Lutz spruce were significantly taller
(>216 cm) than the majority of Sitka spruces at Mosfell (Fig. 2) (Duong 2023). The heights
for provenance 7 (Ninilchik, Alaska; 277412 cm) and provenance 12 (Cooper Lake, Alaska;
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Fig. 2 Mean survival rates and heights of the provenances in 2018 for Analysis 1. (a) and (b) are Holts-
dalur95; (c) and (d) are Mosfell. Significant groupings and standard errors are shown. Two provenances
are significantly different for survival and/or height if they do not share any of the same letters, e.g.,
provenances 19 and 55 in (a). Conversely, survival and/or height for two provenances are not significantly
different if they have a letter in common, e.g., provenances 14 and 55 in (a) share a “b”. Provenances
45, 46, and/or 48 were removed from Mosfell because of too much variability in survival and/or height.
Otherwise, all 39 provenances are presented. Spruce species: PS=Sitka, L=Lutz, PM=black, PO=Ser-
bian, PE=Engelmann, PGh=Sakhalin, PS/L=Sitka mixed with Lutz, PG/L=white mixed with Lutz, L/
PS=Lutz mixed with Sitka, and L/PG=Lutz mixed with white. Note that PS/L, PG/L, L/PS, and L/PG
are all introgressants. This figure is modified from Fig. 4.1.1-4 in Duong (2023)
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271£14 cm) were significantly greater than 70% of the other provenances (Fig. 2; Table 2).
Overall, the trees at Holtsdalur95 were taller (>300 cm) than at Mosfell (<300 cm) (Fig. 2.)
(Duong 2023).

Frost-prone sites (five total) (Analysis 2)

The four sites that were combined into one frost-prone site were Mosfell, Sandlekjarmyri,
Rauoholt, and Hof0i. Sitka/Lutz survived well at frost-prone sites (>67%) (Fig. 3), although
this was only significantly different with 25% of the other provenances (Duong 2023). In
fact, the highest survival rates overall were the Sitka/Lutz trees from provenance 3 (Iniskin
Bay; Alaska; 70+2%) and provenance 4 (Chinitna, Alaska; 671+2%) (Fig. 3; Table 2). Trees
with any white spruce often had better survival (63—64+2%) over Lutz and Sitka spruces
and their introgressants, though not significantly. It is important to note that the survival of
Sitka spruce was variable (>60% or <55%) (Fig. 3) (Duong 2023).

Relative to the heights at frost-prone sites, most Sitka spruces grew significantly
shorter (<258 cm) than the other spruce species, except for Sitka/Lutz (Fig. 3) (Duong
2023). Whereas trees with any white spruce grew significantly taller (>328 cm) than trees
that were mostly Sitka spruce (<288 cm) (Fig. 3). For example, provenance 7 (Ninilchik,
Alaska; 328+8 cm) and provenance 8 (Kenai, Alaska; 33718 cm) were significantly taller
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than 75% of the other provenances (Fig. 3) (Duong 2023). However, trees with mostly white
spruce were not significantly higher (>328 cm) than trees with some Lutz spruce (<313 cm)
(Fig. 3).

At Lakur, a partially frost-prone site, only two provenances had significantly differ-
ent survival rates to three of the 13 other provenances (Duong 2023). Specifically, prov-
enance 2 (Sitka spruce; Duck Mountain, Alaska; 2415%) had a significantly lower survival
than provenances 5, 12, and 19, whereas provenance 19 (Sitka spruce; Valdez, Alaska;
6416%) had significantly higher survival than provenances 2, 20, and 8 (Table 2; Fig. 3).
Overall, trees that were mostly white spruce had poor survival (<38%), while trees with
some Lutz spruce had better survival (42-60+£6%) (Fig. 3). For height, pure white spruce
(provenance 8) grew significantly shorter (17917 cm) than 54% of the other provenances
(Fig. 3) (Duong 2023). Trees that were mostly white spruce grew <230 cm, whereas some
Sitka spruces grew somewhat taller (>265 cm) than most Lutz spruces and its introgres-
sants (<248 cm) (Fig. 3). However, none of these comparisons were significant. In general,
at Laekur, provenance 19 (Sitka spruce; Valdez, Alaska) had decent survival (64+6%) and
height (289£12 cm) (Fig. 3).

Discussion

After ~23 years of growth, Sitka spruce continued to perform the best at protected places
(i.e., non-frost-prone). The most suitable provenances for protected areas (Holtsdalur95) are
Sitka spruces and their introgressants originally from Alaska (provenances 3, 10, and 28) and
Iceland/Norway (provenance 32) (Duong 2023). However, for frost-prone sites, not only did
Lutz spruce perform well as it did at the 10-year mark, but so did white spruce, white spruce
introgressants, and black spruce. Alaskan provenances with black spruce (provenance 60) or
some white spruce (provenances 3, 4, 7, and 8) have the best survival and growth for loca-
tions that are flat with a risk of radiation frost (Raudholt, H6fdi, Sandlekjarmyri, Mosfell).
Moreover, provenance 19 (Sitka spruce; Valdez, Alaska) seems to be the best suited for
locations that are partially frost-prone (Leekur) (Duong 2023).

Average survival rates and height growths varied significantly among spruce prov-
enances and the ranking of the provenances differed within some sites (Duong 2023). It is
essential to consider survival and height together for afforestation at high latitudes (= 63°N)
in novel habitats. In Iceland, for instance, provenance 3 (Sitka/Lutz; Iniskin Bay, Alaska)
had both optimal survival (9413%) and growth (392114 cm) at protected sites (Holtsda-
lur95). Another important factor is a site’s potential exposure to radiative frost because
it has a strong influence on spruce performance (survival and growth). Sitka spruce can
survive better and grow faster when there is a lower risk of radiative frost. For example, at
Holtsdalur95, four provenances of Sitka spruce or its introgressants had significantly greater
survival than 11-26% of the provenances and taller height than 29-74% of the provenances.
These were provenances 3, 10 (Sitka spruce; Nash Road, Alaska), 28 (Sitka spruce; Dyea,
Alaska), and 32 (Sitka spruce; Taraldsey, Norway/Iceland). Increasing the number of pro-
tected sites would further confirm that Sitka spruce and its introgressants are best suited for
afforestation at high latitude protected sites.

At sites with radiative frost (i.e., frost-prone; e.g., Raudholt, H6fdi, Sandlekjarmyri,
Mosfell), provenance 3 and 4 (Sitka/Lutz spruce; Chinitna Bay, Alaska) were optimal for
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survival and height. The survival of provenance 7 (Lutz/white spruce; Ninilchik, Alaska) and
8 (white spruce; Kenai, Alaska) was slightly greater than some of the other provenances, but
they both showed significantly greater growth than 69% of the other provenances. Among
provenances 3, 4, 7, and 8, the common factor was white spruce (see Sigurgeirsson et al.
1992), making them the best spruce species in places with radiation frost. In addition, when
comparing the frost-prone site Mosfell with the protected site Holtsdalur95 (Analysis 1),
provenance 60 (black spruce; Soldotna, Alaska) had a significantly greater survival and
growth than 84% and 58% of the other provenances, respectively, in frost-prone areas.
Black spruce shows potential in frost-prone areas but needs further research as only one
provenance has been planted in our study sites. Overall, provenance 3 was the only one that
performed well in protected and frost-prone locations with significantly higher survival and
growth>26% of the other provenances. Provenance 3 is a Sitka/Lutz introgressant (pre-
dominantly Sitka spruce with a lower Lutz spruce component), which gives it Sitka spruce
traits to perform well in protected areas and white spruce traits from the Lutz to survive and
grow well in frost-prone sites (Duong 2023). Lutz spruce is a natural hybrid of white and
Sitka spruces in locations where their native ranges overlap or grow in proximity to each
other, especially between maritime and continental transition zones (Hamilton and Aitken
2013; Byrne et al. 2022). Additionally, introgressants also result from the backcrossing of
Lutz spruce with white or Sitka spruces (i.e., introgression) (Hamilton and Aitken 2013).
Genetic analysis of provenance 3 with other well-performing white and Sitka spruces would
help identify key traits beneficial for protected and frost-prone locations (Duong 2023).
For places that are partially frost-prone, Laekur provides important information on prov-
enances that can be grown in such areas, especially since the survival and height were
uncorrelated with the other frost-prone sites and were less than at Hotltsdalur95. Leekur is
a gently sloping site in a narrow fjord in northwestern Iceland relatively near the coast with
potentially more precipitation, making it a transitional site between protected and frost-
prone. Provenance 19 had the best survival and height, which were significantly greater
than 8-23% of the other provenances (Duong 2023). To accurately assess provenance per-
formance in different locations, some areas for afforestation may need to be classified as
partially frost-prone, especially with climate change impacting environmental conditions.
Understanding local environmental conditions is important for species and provenance
selection in afforestation. Protected places have ideal conditions for Sitka spruce, which are
similar to its native range, with high precipitation, low winds, and cool moderate tempera-
tures (Burns and Honkala 1990). They have the most growth within a year because new
needles and branches are less likely to be damaged by radiative frost (Duong 2023). Sites
with higher soil moisture also have more occurrences of frost heaving that white and black
spruces are more susceptible to because of their shallower and slower-growing roots (Burns
and Honkala 1990). Furthermore, Sitka spruce has better tolerance to salt, and this is ben-
eficial for places affected by sea spray (Burns and Honkala 1990; Sigurgeirsson et al. 1992).
However, in locations that are prone to frost (e.g., radiation frost), white spruces and their
hybrids and introgressants, including Lutz spruce, are best-suited, particularly for height.
The tissues of white spruces usually harden before those of Sitka spruces (Burns and Honk-
ala 1990; Murray et al. 1994; Sebastian-Azcona et al. 2019), reducing the risk of height
loss from autumn frost damage. They can maintain typical growth patterns with a shorter
growing season in sites susceptible to radiation frost and trees with more white spruce genes
seem to better withstand autumn frost events. These frost response patterns have been seen
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in spruce species in Iceland (Skualason et al. 2004). However, Lutz and white spruces are
more vulnerable to spring frost damage because they often bud and flush sooner than Sitka
spruce (Cannell and Smith 1983; Burns and Honkala 1990; Murray et al. 1994). On rare
occasions when spring frost causes tree damage, some white and Lutz spruces may die when
young, allowing some Sitka spruces to survive better in frost-prone areas (Duong 2023).
Autumn frost, however, is more problematic than spring frost given that it has a greater
effect on productivity (Samuel et al. 2007).

Sitka spruces <200 cm are noticeably impacted by fall frost damage at frost-prone sites.
These smaller trees end up losing their top growth and have difficulty growing taller (Mar-
quis et al. 2020). Once they reach the 200 cm threshold, Sitka spruces achieve stable height
growth similar to spruces with white and/or Lutz spruce. Although Sitka spruce provenances
with high survival (e.g., provenances 10 and 20) could be planted at frost-prone sites with
additional sheltering measures, it is more feasible to use provenances that already have good
survival and height.

Original latitude of the provenances, along with the species, plays a role in afforesta-
tion success. For example, in Iceland, the spruce provenances (Table 2) were largely from
the most northerly latitudes in their distribution range where their acclimation to an earlier
autumn frost provides greater frost hardiness (Cannell 1985; Lines 1987). Most of them
were from coastal Alaska which has a climate similar to southern Iceland. Provenances from
further south (e.g., <54°N in Canada, the continental United States, and Japan; Table 2) set
their buds much later in the fall than northerly provenances, exposing them more to poten-
tial frost damage and making them poor candidates for afforestation in Iceland (Mimura and
Aitken 2007; Skulason et al. 2018). In contrast, southerly provenances (Washington and
Oregon) of Sitka spruces perform better in Ireland than more northerly provenances (Can-
ada) largely due to similar climate conditions (Thompson et al. 2005). Currently, Alaskan
provenances already in Iceland are more suited for afforestation until Icelandic provenances
have more time to adapt to local environmental conditions and become available for further
research.

Climate change also needs consideration for afforestation, especially with Arctic amplifi-
cation leading to warming three times faster than the average global rate (Zhou et al. 2024).
To account for climate change, adaptation and migration (i.e., expansion of species range)
strategies are essential for long-term success (Aitken et al. 2008). This means it is neces-
sary to test provenances and species outside their environmental limits (e.g., temperature
and elevation). For example, controlled experiments focusing on thermal tolerance (e.g.,
heatwave and drought conditions) of spruces would contribute to selecting trees resilient
to climate change (Ouyang et al. 2023). Additionally, field research on assisted migration
can be conducted on the Icelandic sites from our study using data about growth cycles and
risk factors (e.g., life history events, pests, and frost) (Aitken et al. 2008; Sebastian-Azcona
et al. 2019). A warmer climate may lead to a longer growing season with a greater risk of
frost events (Marquis et al. 2020). Provenance selection, therefore, needs to examine the
benefits of using southerly provenances that thrive with the longer growing season or north-
erly provenances that are more tolerant to frost. Additional studies on genetic variability
among provenances can help identify more resilient candidates to climate change (Ledig
and Kitzmiller 1992; Mimura and Aitken 2007; Aitken et al. 2008). Moreover, locations
with natural hybridization and backcrossing of spruces (e.g., introgression zones) may yield
trees with resilient traits (Sigurgeirsson et al. 1992; Hamilton and Aitken 2013; Byrne et al.
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2022). Introgression zones have a diversity of genetic traits because of species divergence
28 million years ago in the genus Picea, temporal distribution of these species, and fertile
offspring from the crossbreeding of contemporary species (Sigurgeirsson et al. 1992; Ham-
ilton and Aitken 2013; Lockwood et al. 2013; Byrne et al. 2022).

In addition to climate change, implementing some of Brundu et al.’s (2020) guidelines
related to the use of non-native trees in forestry would reduce potential negative impacts
(e.g., invasive species, loss of ecosystems services) and address SDGs 13 and 15 (United
Nations 2022). Non-native monoculture tree stands can reduce biodiversity (e.g., insect
and plant communities), especially with improper forest management (e.g., too high tree
densities) (Wallace et al. 1992; Humphrey et al. 1999). Over time, ecosystem changes by
non-native trees (e.g., spruces raising soil acidity) may lead to an increase in generalist spe-
cies and a decline of specialist ones (Thuille and Schulze 2006; Buscardo et al. 2008; Quine
and Humphrey 2010). Sometimes, however, it may be necessary to have non-native trees
supplement forestry efforts that use native trees, especially if native tree species are less
abundant and/or unlikely to thrive in the face of changing environmental conditions (Duong
2023). Given this, monitoring and stakeholder collaborations are vital for planning the use
of non-native trees and to minimize their spread beyond planting boundaries (Brundu et al.
2020). Current forest management practices can easily achieve this. For example, in Ice-
land, the Forest Service is on a trajectory of sustainable forestry fueled by scientific research
using native and non-native trees, leading to economic advantages, social benefits, and envi-
ronmental improvements. Our study contributes to the feasibility of using non-native trees
(e.g., spruces) in novel habitats at high latitudes (e.g., Iceland) and provides a useful model
system to incorporate climate change into forest management.
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