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Aim: Climate change poses significant challenges for tree species, which are slow to
adapt and migrate. Insight into genetic and phenotypic variation under current land-
scape conditions can be used to gauge persistence potential to future conditions and
determine conservation priorities, but landscape effects have been minimally tested
in trees. Here, we use Pinus contorta, one of the most widely distributed conifers
in North America, to evaluate the influence of landscape heterogeneity on genetic
structure as well as the magnitude of local adaptation versus phenotypic plasticity in
a widespread tree species.

Location: Western North America.

Methods: We paired landscape genetics with fully reciprocal in situ common gardens
to evaluate landscape influence on neutral and adaptive variation across all subspe-
cies of P. contorta.

Results: Landscape barriers alone play a minor role in limiting gene flow, creating
marginal geographically-based structure. Local climate determines population per-
formance, with survival highest at home but growth greatest in mild climates (e.g.,
warm, wet). Survival of two of the three populations tested was consistent with pat-
terns of local adaptation documented for P. contorta, while growth was indicative of
plasticity for populations grown under novel conditions and suggesting that some
populations are not currently occupying their climatic optimum.

Main Conclusions: Our findings provide insight into the role of the landscape in shap-
ing population genetic structure in a widespread tree species as well as the potential
response of local populations to novel conditions, knowledge critical to understand-
ing how widely distributed species may respond to climate change. Geographically
based genetic structure and reduced survival under water-limited conditions may
make some populations of widespread tree species more vulnerable to local mal-
adaptation and extirpation. However, genetically diverse and phenotypically plastic
populations of widespread trees, such as many of the P. contorta populations sampled

and tested here, likely possess high persistence potential.
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1 | INTRODUCTION

The velocity of anthropogenically driven climate change poses sig-
nificant challenges for long-lived species, and the longevity of tree
species makes them particularly vulnerable to local extirpation. Tree
species persistence will depend on rapid adaptation to novel con-
ditions, long-distance dispersal to track ecological niche require-
ments, or acclimation via plasticity (Aitken et al., 2008). However,
rates of both evolutionary change (Etterson & Shaw, 2001) and mi-
gration (Davis & Shaw, 2001; de Lafontaine et al., 2018) for many
tree species are expected to lag behind the pace of climate change,
leaving individuals and ultimately populations, reliant upon plastic
responses as they become mismatched with local conditions (Aitken
et al., 2008; St Clair & Howe, 2007). Local persistence is most likely
in phenotypically plastic and genetically variable populations, as
these attributes provide the basis for response to change over both
short (i.e., fate of individuals in one generation) and long (i.e., pop-
ulation persistence across generations) timeframes (Benito Garzon
et al., 2011; Bontrager & Angert, 2019; Crispo, 2008). Thus, under-
standing the potential for long-lived tree species to persist through
rapid climatic and local environmental change requires insight into
the spatial distribution of phenotypic plasticity and genetic variation.
This information will be critical to predicting how species distribu-
tions may shift with climate change and in determining conservation
priorities for at-risk populations.

A species’ ability to respond to environmental change is strongly
influenced by the landscape conditions where a given population
occurs (Manel et al., 2003), and tree species distributed over het-
erogeneous landscapes likely consist of populations with highly dif-
ferentiated responses. Heterogeneity in the distribution of abiotic
and biotic factors has the potential to impede gene flow by creating
geographic barriers or a matrix of unsuitable habitat across which
dispersal cannot occur (Sork et al., 1999; Wang & Bradburd, 2014).
On one hand, isolated populations may be able to adapt to local con-
ditions more rapidly because non-adapted alleles no longer flow into
the population (Lind et al., 2018). Such populations may also lack the
genetic variation to respond to novel environmental selection, thus
increasing the risks of local extirpation (Aitken et al., 2008). When
landscape heterogeneity does not impede gene flow, selection
might instead favour increased plasticity or a generalist phenotype.
Species distributed across complex, climatically variable landscapes
are, consequently, subjected to one of two divergent evolutionary
pathways, resulting in either specialist populations that are highly
locally adapted or the evolution of highly plastic generalists that tol-
erate a wide range of conditions (Frank et al., 2017).

Widespread tree species provide a natural experiment for evalu-

ating population response to landscape heterogeneity and assessing

persistence potential to rapidly changing conditions, but the effect
of the landscape has been minimally tested in tree species (Bothwell
et al., 2017). Evidence of pollen-mediated gene flow over broad spa-
tial scales (e.g., ~100 km in Pinus sylvestris, Robledo-Arnuncio, 2011;
up to 3,000 km in Pinus banksiana, Campbell et al., 1999) suggests
that many widely dispersed, wind-pollinated tree species have the
potential to overcome the landscape conditions known to limit
gene flow in geographically-restricted plant species (Grossenbacher
et al.,, 2014). Despite the potential for high connectivity, geo-
graphically based phenotypic variation is common in tree species
(Savolainen et al., 2007). Spatially structured phenotypic variation in
the face of high gene flow may reflect local adaptation in response to
selection imposed by the environment (i.e., role of genetics, environ-
ment, and their interaction) or may be a product of high phenotypic
plasticity with no heritable genetic basis (i.e., based on environment
alone) (Benito Garzén et al., 2011; Kawecki & Ebert, 2004). While
plasticity is likely to decrease extirpation risk under rapid climate
change if it provides a mechanism by which individuals can pheno-
typically shift towards a new local optimum, it may also create vul-
nerability if the plastic response is suboptimal or lags behind local
environmental change and reduces the probability for directional
selection to support local persistence (Chevin et al., 2013; Chevin &
Hoffmann, 2017; Ghalambor et al., 2007). Without insight into the
influence of landscape complexity on genetic and phenotypic vari-
ability within and among populations, we lack the ability to deter-
mine the potential of tree species to evolve in response to ongoing,
rapid climate change and thus the ability to identify conservation
priorities for forest ecosystems.

Pinus contorta (Douglas Ex. Louden) is one of the most widely
distributed tree species in North America, and its occurrence across
a topographically and climatically heterogeneous landscape makes
it a consummate species for quantifying the influence of landscape
complexity on genetic and phenotypic variation. For this reason,
P. contorta is one of the most well-studied conifers in biogeograph-
ical (e.g., Strong, 2010; Wheeler & Critchfield, 1985; Wheeler &
Guries, 1982a, 1982b), forest productivity (e.g., Chuine et al., 2006;
McLane et al., 2011; Rehfeldt et al., 1999; Wang et al., 2010) and
evolutionary (e.g., Fazekas & Yeh, 2006; Godbout et al., 2008; Liepe
et al., 2016; Mahony et al., 2020; Yang & Yeh, 1995) research on
forest tree species. However, little is known about the influence
of climatically and topographically heterogeneous landscapes on
range-wide population genetic structure and population response
to novel landscape conditions in this and other widely distributed
tree species—information critical to evaluating local population per-
sistence under future conditions.

Here, we use P. contorta to evaluate—(a) the degree to which

landscape heterogeneity influences range-wide genetic connectivity
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and variability and (b) the magnitude of local adaptation versus phe-
notypic plasticity in climatically differentiated environments. We
paired landscape genetics with a fully reciprocal in situ common gar-
den study to ask: (a) what are the patterns of genetic differentiation
across the topographically and climatically heterogeneous range of
this widespread tree species? (b) is there evidence of local adapta-
tion in fitness components such as survival and growth? and (c) what
is the degree of phenotypic plasticity in fitness components? Our
study provides a unique perspective by pairing a range-wide land-
scape genetics assessment with a fully reciprocal common garden
trial to quantify the influence of landscape complexity on genetic
and phenotypic variation in a widespread tree species. Additionally,
rather than focusing on well-researched subspecies latifolia, the
most widespread and economically important subspecies, we sam-
pled and tested variation across the range of the species and includ-
ing all subspecies. Our research provides insight into the role of the
landscape in shaping population genetic structure in a widespread
tree species as well as the potential response of local populations to

FIGURE 1 Natural distribution of

the four subspecies of Pinus contorta

and sampling locations of this study
across western North America. Closed
black circles = sampling locations, black
trees = common garden locations,

blue = ssp. latifolia, red = ssp. contorta,
yellow = ssp. murrayana, brown = ssp.
bolanderi. Subspecies bolanderi is endemic
to Mendocino county, California, and
barely visible on this range-wide map; a
brown arrow indicates its distribution.
Subspecies mapped delineations were
digitized over Little's Pinus contorta map
(1971) based on best available information
from the U.S. Forest Service Forest
Inventory &amp; Analysis (FIA, Glenn
Christensen and John D. Shaw, personal
communication) and British Columbia
Ministry of Forests Biogeoclimatic
Ecosystem Classification (Will MacKenzie,
personal communication) records, as
individuals shapefiles do not exist for
each subspecies. Map projection is a USA
Contiguous Albers Equal Area Conic
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novel environmental conditions, knowledge critical to understanding
how widely distributed species may respond to rapid climate change.

2 | METHODS
2.1 | Study species

Pinus contorta occurs over 33 degrees of latitude from Baja California,
Mexico, to the Yukon Territory, Canada, and from sea level along
the Pacific to over 3,500 m in the Sierra Nevada of California, USA
(Critchfield & Little, 1927; Wheeler & Critchfield, 1985; Wheeler
& Guries, 1982; Figure 1). The species is divided into four subspe-
cies (ssp. bolanderi, contorta, latifolia, murrayana; Critchfield, 1957,
Figure 1). The most widespread subspecies (contorta, latifolia, mur-
rayana) are isolated from one another by ice fields, deserts, and
mountain ranges, while narrowly distributed bolanderi occurs only
in the edaphically unique dwarf forest ecosystem of Mendocino,

o Study Sites

A Gardens

Pinus contorta Subspecies

- contorta
[ latifolia

- murrayana
- bolanderi

Pingree Park:




BISBING ET AL.

Diversity and Distributions

WILEY

(ssnunuo))

0S
€¢
€0¢
174
99
14

16T
8¢

4

4%
097
€8T
(4%
ziee

€25C
009°C
959°C
6v0°€
TLET
STY'C
L0€°C
VLT
159°C
956°C

(w) uoneas|a
9Sesany

£L8C99€T-
C¢E0C9ET-
C¢T9S Ve~
TV6SvET-
798E V€T~
¢960°GET-
0199°CET-
£89€°GET-
86TTVCT-
LOTSVCT-
ceeevel-
909T¥CT-
656L°€CT-
00S/°€CT-
9LEL'ECT-
0092°€CT-
6100°0CT-

0/485°611-
TE€LE6TT-
9298811~
0041811~
62€8TT-
¥€08°L11-
CELEITT-
9CTL 911~
9911~
OVL9°9T1-
apnjiSuoT]

T0€C'89
€G¢€8S
8G€E'8S
0v€E™8S
S192°8S
885085
£B8€9'99
98¢T'LS
€E90 VY
c6eL’ty
¥96L'1v
L6ET'TY
£LS8C6E
8G9¢C6E
1€9C°6€
TTT€°6€
0£8L'8€

880¢€'8¢
STL8LE
ver8'LE
98YV1'9¢€
¢/88'S¢E
8L9€VE
061C'¥E
€561 V€
6108°€E
T66L°EE

apmpe]

oT

S
ot
ST
oT
ot
oT
ot
oT
ot
oT
(0
oT
(0
(0
(09
ot

(0
(0
(0]
(0
ot
(0
o1
0T
02
(024

(805 =N)
sa|dwes

eyse|y
eyse|y
eyse|y
eyse|y
eyse|y
eyse|y
eyse|y
eyse|y
uo8aiQ
uo8a10
eluiogled
eluioyl|ed
eluiogl|ed
eluiogl|e
eluiojlje
eluiogle

ejuloyied

ejuiojed
ejuioged
ejuiojed
eluioged
ejuiojed
ejuioyed
ejuiojed
ejuioyied
ejuojed
ejuoyed

uoi3es’07

led [euoneN Aeg Jape|n

3ied [euoljeN Aeg Jaioe|

Byse|y Jo a3e1s

neaunr jo ydnoiog pue A}

neaunr jo y3noiog pue A31D

4N sse8uo]

4N sse8uo|

4N sse8uo]

4N mejsnis

ds uo8ai0

dS eluioyed

dS elulojljed

dS eluioyed

dS elulojljed

dS eluiojijed

dS elulojljed

152104 |euoljeN aoye|
312404

|euonieN aqeAlol-3pjoquiny

>Jed [eUOIleN 9HWISOA

152404 |euoljeN oAu|

152404 |euolleN OAu|

352404 |euoljeN elonbag

159404 |euoljeN sa[a8uy

152404 |eUOljEN OUIpJeulag ues

152404 |eUOI}EN OUIpJEUIDg UEeS

>Jed 9135 OjuUIdE[ UES

sded 93e3S OjuIdel UBS

diysssumo aus

€T b3J030U0D
2T D1030U0D
1T b}4030U03
0T p}030U0D
6 D310}OU0D
g b34030U02
/ b34030U0D
9 D340}0U0D
G D}I0}OUOD
 b34030U02
€ D}I0JOU0D
Z D14030U0d
T D}40}OUO0D
€ Lapupjoq
T Mapupjoq
T Lapupjoq

1T bubAprinw

0T bupbAp.rinw
6 bubAprinw
8 bubAp.Linw
/ bubAprinw
9 bubApsinw
G bubApiinw
1 bubAviinw
€ bupAprinw
¢ buvApunw

T bubApiinw

apo)

way sd1a
Aeg sepunQg
Sog vv4d

Sog umopung
3og oquinf
8og Aeg

Sog 1jue|g
XS PIO
saunq pues
pJ04XQ Hod
saung emo|o].
julod spdlired
youey 3undsg
swweq uep
AwSAd awweq uep
yo|no ueissny

ssed Jayin

SMOpESA 131AS7
SMOpea|\ auwnjon|
SMOpE3|A Pa3001D
SMOpE3|A 90YSaloH
mopea|n 3ig

3|ppes uosmeq
uoidweyd

Nead XAuQ

SALIJ e UsppiH
SPIAIQ S,ueW[]SM

uoijed0 Suidwes

e3Se|y 1583Y3N0s

uo3aiQ pue
ejulojljed |e3seo)

epensN eulals

uoi8ay

p1403U02 *dss

luapupjoq “dss

pupbAvtinw “dss

saadsqng

uoi8aJ pue sapadsqns Aq uoijeso| Sujjdwes p3I03U0I snuld Yoea jo suonrdlosap olydesoes T 319VL



WILEY

Diversity and Distributions

BISBING ET AL.

98/°T
G967

0zL'T
60T°E
898°C
060°¢
61°C
9s0C
GT6T
0r9°C
€661
0¥0c
861
S1C'C
0297

z81'l
9S¥'T
6951

G598

68L
998
16T
€1CT
0L9

(w) uonneas|a
a8esany

OvLL'€0T—
€GE8°C0T-

€€G€E'S0T-
€005°90T-
T¢0¥' 90T~
E€LY90TT-
S61L°0TT-
0C69'T11-
V1/8°GTT-
9€9SVIT-
G610°GTT-
L¥88'ETT-
LS/V'0TT-
CIS8'TTT-
€0V ETT-

180911~
96SL°911-
68VELTT-

(AL TARA

[ATAA A
60€C°0ET-
C660°€ET-
T1STC'SET-
090/4'GET-

apnysuo’

686111
65981171

CLLEOY
C¢919'8¢€
6609°6E
C¢616'01
81cé6vv
ECVeE VY
SYSovy
096V
069¢°Sv
TLLV SV
602897
11245894
CLSY'8Y

6088°0S
T€L6'TS
695€°¢CS

0LELYS

§S0C'LS
86€1°09
699509
1959°09
825809

apnijeq

ot
o1

[’

115
4

ot
125

ot
ot
ot

ot

ot
ot
(014
ot
ST

(805 =N)
so|dwes

ejoNeq ynos
ejoeq yinos

opeJojo)
opeJojo)
opelojo)
yein
SUIWOAAA
oyep|
oyep|
oyep|
oyep|
oyep|
BUBJUO|A
BUBJUO|A|

BUBJUO|A

e} q|y

ey gy

epeq|y
elqunjod

ysiug
eiquiniod

ysig

AJ031149] UONNA

AJ031449] UONA

AJ0311I9] UONNA

AJ031449] UONA

uopeso

353104 [euOlEN S|IIH 2elg
152104 [eUOlEN S|IIH »2e|g

352404
|euoijeN }2Aas00y-oyedely

159104 |eUOI}EN UOSIUUND)
159104 [eUOIIEN JDARY SHYM
159104 [eUOIIEN YdIeSEAA

>Jed [BUOIIEN DUOISMO|[SA
159104 |euoljeN 23ysdie|

1S90 [euolieN 9339Aed

1S90 [euUoleN SljjeyD-uow|es
159104 [euOlleN 92194 ZaN
159104 |euolleN 300.143331g
152104 |euolleN YJe|D pue simaT
159104 |euollepN euajoH

152104 [eUOlEN peaye|d

>ied [euoijeN Aeuajooy|

slied [euoieN jueg

>Jed |euoljen Jadser

5359104 0 Al3SIUIN

$359404 JO AJ3SIUl|A
JusWwasSeue|p 353404 UOMNA
Juswaseue|s| 159404 UOYNA
Juswasgeue|n 352404 UOMNA

Juswaseue|n 159404 UOYNA

diysssumoQ aus

‘weud0.d sisAjeuy R AJ0JUDAU| 359104 S4SN Y3 BIA pa31dd||0d mm_aEmmn

(0TOZ ‘Bu043S) SIsuauoxnA “JeA se pajisse|d Jayiiny saiddagng,

‘Apnis uspJesd uowwod ul pajsa) (suoneindod “a°1) $10| Pa3Ss 33LIIPUI SMOJ plog 10N

¥ pl1oji3o]
£z vijojip]

Ze vljojio)
I pljojno|
0 pljojiao|
61 vIjojiav|
8T vijojip|
LT pljojio|
9T pljoji3p|
ST pljoji3p)
T bljoji3p]
€1 pljoji3p)
1 vijojip]
IT bljojnp)
0T vijoji3p|

6 vijojip|
8 bljojio|
£ bljojiap|

9 vijoj13p|

S bljoji|
v vioji3p]
€ bljojiao|
Z vijojno|
T bljojiap|

apo)

|00y2S 3ueyeN

%9342 uos|iiL

EITLy
quosiuung
(2l15ed
qgHuwng
3ead uasung
guowaly
JA3ll_A
421snD
qOUePI
qlywa
?HEID S SIMa
quiseg yupnr
qPe3Y3eld

Aeuajooy
2I3WISPUIA

e Jale|n
Sp[e1y92] BIqWIN|oD

352404
AJUNWWOY SIBYHWS

ezzp3

sie|4 auld
.peoy joued
AP IN
AemysiH ueo|y

uoies0 Sujdwes

SIIIH ¥oelg

sulejunol Aoy

eIquIn|oD Yspig
|eJ43uaD) 0} UONA

uoi8ay

(panuRuOD)

vljoj13v] “dss

saladsqng

T 319vl



BISBING ET AL.

*LwiLey-

California. Subspecies differ in crown shape, tree form, and cone
traits (latifolia populations are predominantly serotinous; Benkman
& Siepielski, 2004) and are hypothesized to be adapted to local cli-
mate and environmental conditions (Rehfeldt et al., 1999; Ying &
Liang, 1994).

2.2 | Population and landscape genetics
2.2.1 | Sampling and study design

Potential sampling locations were identified using occurrence data
from U.S. Forest Service Forest Inventory & Analysis (FIA, Glenn
Christensen and John D. Shaw, personal communication) and
British Columbia Ministry of Forests Biogeoclimatic Ecosystem
Classification (Will MacKenzie, personal communication) records.
Sampling locations were stratified into six regions that represent
major physiographic divisions of western North America based
on landform and landscape features (Fenneman, 1917): (a) Sierra
Nevada, California, (b) Coastal California and Oregon, (c) Southeast
Alaska, (d) Yukon Territory to central British Columbia, (e) Rocky
Mountains (Alberta to Colorado) and (f) Black Hills, South Dakota
(Table 1).

Twenty sampling locations were randomly selected from oc-
currences in regions one through four. In region four, we included
two sampling locations representing proposed variety yukonensis
(Strong, 2010), and we avoided sampling across much of central and
southern British Columbia where commercial plantations of latifolia
are common. Some region five samples of latifolia were provided by
the FIA program (n = 13, Table 1), with additional sampling locations
selected to fillin gaps not sampled by FIA (n = 3). Inregion six, the two
known populations were sampled. Ultimately, 51 locations (Table 1,
Figure 1) were sampled. At each sampling location, one gram of cur-
rent-year needles was collected from 10 individuals (>50 m apart)
and preserved using silica gel desiccant. Additionally, we recorded
the presence/absence of serotinous cones and tree form as one of
four categories (1—short stature (<3 m height), twisted bole, 2—
short stature, straight bole, 3—tall tree (>3 m height), small diameter
(<50 cm), or 4—tall tree, large diameter (>50 cm). Given the geo-
graphic scope of P. contorta's distribution, we prioritized sampling a
greater number of locations rather than more individuals per loca-
tion, providing the power necessary to detect geographic patterns in
genetic structure (Eckert et al., 2008).

2.2.2 | DNA extraction and microsatellite
amplification

Total genomic DNA was extracted using DNeasy plant Kkits
(Qiagen) at the U.S. Department of Agriculture National Forest
Genetics Laboratory. Of 15 highly polymorphic SSR markers ini-
tially tested (Lesser et al. 2012), nine amplified across all samples

(Appendix Table S1). Loci were amplified in multiplex under identical

conditions, with locus-specific primers 5-tailed with universal primer
sequences (as described by Missiaggia & Grattapaglia, 2006, see
Appendix S1 for details). PCR products were separated on a 3730x|
Genetic Analyzer (Life Technologies), and peak sizes were deter-
mined using GeneMarker v2.2 (SoftGenetics LLC). Samples were

scored three times to verify peaks and resolve conflicts.

2.2.3 | Genetic diversity and differentiation

After screening and adjusting for null alleles, genotyping errors, and
deviations from Hardy-Weinberg Equilibrium (see Appendix S2 for
details), we calculated pairwise Fq; (i.e., the inbreeding coefficient
or proportion of genetic variance contained within a subpopulation
relative to total genetic variance) and the following parameters, av-
eraged across loci, for each sampling location using GENALEXx (Peakall
& Smouse, 2012): percent polymorphic loci (PPL), allelic richness
(N,), number of effective alleles (N;), expected heterozygosity (H),
unbiased expected heterozygosity (uH) and inbreeding levels (F).
We used the "pegas" package in R (Paradis, 2010; R Core Team, 2019)
to quantify population differentiation within and among sampling
locations and subspecies using a hierarchical analysis of molecular
variance (AMOVA).

2.2.4 | Population clustering

We estimated the number of population genetic clusters (K) across
the range of P. contorta using two approaches: (a) clustering based
on genetic information alone and (b) integrating genetic, geographic
and phenotypic information to incorporate characteristics typi-
cally used in subspecies delineations. We first used STrRucTure 2.3.2
(Falush et al., 2007; Pritchard et al., 2000) to assign individuals to
genetic clusters without grouping them a priori based on geographic
location or phenotype; model parameters were set according to up-
dated model run and publishing guidelines (Gilbert et al., 2012; Janes
etal., 2017; See Appendix S3 for details). Then, we assessed the role
of geographic location (i.e., latitude, longitude) and phenotypic vari-
ation (i.e., field-collected data, detailed above) in determining popu-
lation structure using both uncorrelated and correlated models in
"GENELAND" 4.0.6 (Guillot et al., 2005, 2012). Uncorrelated models
assume allele frequencies vary among populations. Correlated mod-
els, conversely, assume allele frequencies are similar among popula-
tions (e.g., rare alleles in certain populations are also rare in others),
which can be more powerful in identifying subtle genetic divisions.
See Appendix S3 for methodologies on population assignment and

selection of K.

2.2.5 | Landscape genetics

Pairwise genetic distances among sampling locations were calculated

using conditional genetic distance (cGD), where genetic distances
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are based on genetic covariance and estimated from graph distances
as the shortest path connecting pairs via population graph topology
(Dyer et al., 2010). Pairwise cGD is more sensitive than traditional
metrics (e.g., FST), accounting for both direct and indirect connectiv-
ity (Dyer et al., 2010). We estimated cGD using the "GStupio" package
in R (Dyer, 2016).

We tested for range-wide genetic connectivity by comparing
pairwise cGD to pairwise spatial and environmental distances, test-
ing hypotheses of isolation by distance (IBD), barrier (IBB), resistance
(IBR) and environment (IBE). For tests of IBD, we calculated pairwise
Euclidean geographic distance (km) using Vincenty ellipsoid distance
in the "geosphere" package in R (Hijmans et al., 2017). For IBB, we
created a binary matrix representing hypothesized barriers to gene
flow: Central Valley of California separating coastal and mountain
populations, Juneau Icefield and Coast Mountain Range separating
coastal Alaska and interior Yukon and British Columbia populations,
and Great Basin-Intermountain West separating Sierra Nevada and
Rocky Mountain populations. Tests of IBR were performed using
a resistance map derived from habitat suitability modelling, rep-
resenting landscape resistance to movement among populations
(Appendix Figure S1). IBE was evaluated using among-population cli-
mate dissimilarities irrespective of spatial connectivity, calculated as
pairwise Euclidean distances based on the first three principal com-
ponents from an analysis of seven bioclimatic variables ("prcomp"
function in R). See Appendix S4 for detailed methodologies.

We used multiple approaches to evaluate which hypotheses
(IBD, IBB, IBR, IBE) best describe observed patterns of genetic

distance. First, we used Mantel and partial Mantel tests in the R

vy irivutions VTRV

package "vegan" (Oksanen et al., 2018) under a reciprocal causal
modelling framework (Cushman et al., 2013) to evaluate relative sup-
port as the difference between reciprocal partial Mantel tests for
each hypothesis. Because Mantel and partial Mantel tests are criti-
cized for their tendencies towards inflated type | error rates (Guillot
& Rousset, 2013), we also implemented multiple matrix regression
with randomization (MMRR, Wang, 2013) in the R package "ecodist"
(Goslee & Urban, 2007) to test for consistency of results, comparing
all possible combinations of hypotheses to identify the models with

the greatest support.

2.3 | Common gardens

Cones from 10 mature (>30 cm diameter-at-breast-height) individu-
als at each of nine sampling locations were opportunistically col-
lected in Fall 2010, but seed viability limited testable populations to
only three sources (bolded locations in Table 1). Fortunately, one col-
lection was viable from each of the three main contrasting climates
across which P. contorta is distributed: warm and wet (contorta 11,
coastal southeast Alaska), cold and dry (latifolia 22, southern Rocky
Mountains of Colorado), and warm and dry (murrayana 11, central
Sierra Nevada Mountains of California) (Figure 3a,b; climate details
in Appendix S5).

Seeds were sown in May 2011, and seedlings were grown under
non-limiting greenhouse conditions and winter-hardened prior to
planting (See Appendix Sé for details). In June 2012, seedlings were

transferred to three field common garden locations (Figure 1), and
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FIGURE 2 Population structure of Pinus contorta, as identified by replicated (a) STRUCTURE analysis and merged using CLUMPP,

as compared to (b) uncorrelated and (c) correlated runs in GENELAND. (a) Probability of membership to each genetic cluster (K = 4) is
represented by a population-level pie chart, indicating four genetic clusters with admixture across all sampling locations. (b) GENELAND
assignments of sampling locations to each identified genetic cluster for uncorrelated runs (K = 2), using genetic, geographic, and phenotypic
data and assuming allele frequencies are similar across populations (Guillot et al., 2012). (c) GENELAND assignments of sampling locations to
each identified genetic cluster for correlated runs (K = 9), using genetic, geographic, and phenotypic data and accounting for the abundance
of rare alleles in genetic data (Guillot et al., 2012). Map projection is a USA Contiguous Albers Equal Area Conic
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FIGURE 3 Climate and plant performance from Pinus contorta reciprocal common garden transplant experiment using subspecies
contorta (home environment = Alaska; green squares), latifolia (home environment = Colorado; purple triangles), and murrayana (home
environment = California; orange circles). Subspecies’ responses suggest phenotypic plasticity and local adaptation. (a) Annual precipitation
and mean annual temperature (1985-2017). Data are shown as mean + 1 SE for each garden location. (b) Annual cumulative climatic water
deficit from 1985-2017 for each garden location. Dashed vertical line at year 2012 represents the timing of garden installation. (a, b) Climate
data are from TerraClimate (Abatzoglou et al. 2018). (c-e) Fitness components for seedlings from three source populations planted in 2012
into three reciprocal common gardens. (c) Per cent of seedlings alive in 2016, explained by garden (E, p <.001), seed source (G, p =.01), and
a garden-by-source interaction (GxE, p < .001). (d) Seedling basal diameter growth (mm) from 2012 to 2016, which had a significant effect of
G (p < .001). (e) Seedling height growth (cm) from 2012 to 2016, which was affected by E (p < .001) and GxE (p = .03). (d, e) Data are shown
as population-level means (+1 SE). For panels (c)-(e), support for local adaptation is indicated when there is greater performance of a local
genotype compared to a foreign genotype within a single site or greater performance of a genotype at home compared to its performance
when planted away (G), while plasticity is indicated when genotypes perform differently across environments (i.e., lines are not flat, E & GxE).
Crossing of reaction norm lines indicates that performance of a genotype depends on the environment

40 seedlings of each subspecies (N = 120 per garden, 360 total) were
planted in a fully reciprocal, randomized design in home and foreign
locations. From 2012 to 2016, we tracked survival and sampled
basal diameter (mm) and height (cm). We calculated growth as the
2012-2016 difference in height or basal diameter.

We used generalized linear models to assess genetic (G), environ-
ment (E) and genetic-by-environment interaction (GxE) effects on sur-
vival and growth. We modelled fitness components (survival through
2016, diameter growth and height growth) as a function of height at
time of planting, E (garden, fixed effect), G (seed source = subspe-
cies, fixed effect) and GxE interaction using the glm function in R. We

based our interpretation of performance responses on the definition

of local adaptation outlined in Kawecki and Ebert (2004) in which
local versus foreign patterns are best indicative of local adaptation.
Here, model support for local adaptation is indicated by a GxE in-
teraction such that there is greater performance of a local genotype
compared to a foreign genotype within a single site or greater per-
formance of a genotype at home compared to its performance when
planted away. Plasticity is indicated by performance response due to
a garden effect, in our case the influence of E alone as well as the GxE
interaction. We specifically included starting height in our analysis to
account for any influence of greenhouse conditions and initial growth
on in situ growth and survival. We additionally fit alternative models

that included climate transfer distances, calculated as the difference



BISBING ET AL.

Subspecies

ssp. murrayana

Within
murrayana

ssp. bolanderi

Within bolanderi

ssp. contorta

Within contorta

ssp. latifolia

Sampling Location
Wellman's Divide
Hidden Lake Drive
Onyx Peak
Champion

Dawson Saddle

Big Meadow
Horeshoe Meadows
Crooked Meadows
Tuolumne Meadows
Levitt Meadows

Luther Pass

Russian Gulch
Van Damme Pygmy

Van Damme

Spring Ranch
Patrick's Point
Tolowa Dunes
Port Oxford
Sand Dunes
Old Sitka
Blanket Bog
Bay Bog
Jumbo Bog
Sundown Bog
FAA Bog
Dundas Bay
Dick's Arm

Alcan Highway

Mt Mclntyre

Canol Road

Pine Flats

Edziza

Smithers Community Forest
Columbia Icefields
Glacier Lake
Windermere Kootenay
Flathead

Judith Basin

Lewis & Clark

Lemhi

Idaho

Custer

N

10
10
10
10
10
10
10
10
10
10
10
110

10
10
10
30
10
10
10
10
10
10
10
10
10
15
10

10
130
15
10
20
10
10
10
10
10
10
11
10

11

PPL

100
90
100
90
100
100
100
100
100
100
100
98 +1

80
90
90
93+4
80
90
100
90
90
100
100
100
70
100
100
80
90
92+2
90
100
100
90
100
100
100
100
100
90
100
70
100
70
90

Na

41+0.8
4.2+09
44+0.7
51+09
50+0.7
3.9+0.7
4.7 +0.7
53+x10
4.6+1.0
47 +0.9
41+0.7
4.6 +0.2

39+0.8
41+0.8
42+0.6
41+04
3.6 +0.5
3.7+0.7
4.8+0.9
41+0.8
49+1.0
4.6 +0.9
3.9+ 0.6
4.2+0.6
49+14
43+0.7
4.2+09
2.7+0.5
43+0.8
42+0.2
4.8+0.9
52+08
43+0.8
54+10
49 +0.7
53+1.0
3.9+0.3
58+12
53+09
4.9 +0.9
4.2+0.6
34+0.7
54+11
24+04
41+1.0

NE

29+0.7
2.7+0.6
29+07
3.3+0.8
2.8+04
20+04
27+04
3.5+0.9
3.2+09
3.1+0.8
25+0.3
29+0.2

25+0.6
27+0.7
2.6 +0.5
2.6+0.3
25+04
2.8+0.5
29+0.8
2.7+0.5
28+0.7
29+07
25+0.5
24+04
31+09
2.5+0.5
2.6 +0.5
21+04
3.1+0.6
27+02
2.7+0.7
3.3+07
28+0.5
3.9+09
3.2+0.6
3.8+0.8
21+03
34+08
3.7+0.8
3.5+0.7
2.6 +0.5
23+0.5
41+10
20+0.3
2.7+0.6
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TABLE 2 Mean (+standard error) sampling location and subspecies descriptive statistics at nine microsatellite loci for 51 Pinus contorta
sampling locations from California, USA to the Yukon Territory, Canada

He

0.50 +0.09
0.45+0.11
0.51 +0.09
0.54 +0.09
0.58 + 0.06
0.41 +0.07
0.57 + 0.06
0.55 +0.08
0.49 +0.10
0.55+0.08
0.54 +0.07
0.52 +0.02

0.45+0.10
0.45+0.10
0.48 +0.09
0.46 +0.05
0.48 +0.09
0.52+0.10
0.50 +0.08
0.53 +0.08
0.47 +0.10
0.51 +0.08
0.51 +0.07
0.51 +0.06
0.53+0.11
0.52 +0.06
0.51 +0.08
0.41+0.10
0.56 +0.09
0.51 +0.02
0.46 +0.09
0.58 +0.07
0.55 +0.07
0.58 +0.10
0.58 +0.08
0.60 + 0.09
0.46 +0.06
0.56 +0.09
0.58 +0.10
0.59 +0.08
0.54 + 0.06
0.40 +0.10
0.59 +£0.09
0.40 +0.09
0.50 +0.09

uH,

0.53 +0.10
0.47 +0.12
0.54 +0.09
0.57 +0.10
0.62 +0.07
0.43 +0.08
0.60 +0.06
0.58 +0.09
0.51+0.10
0.58 +0.08
0.58 + 0.07
0.55 +0.02

0.47 +0.10
0.48 +0.11
0.51+0.10
0.49 +0.06
0.51+0.10
0.56 +0.10
0.52 + 0.09
0.56 +0.09
049 +0.11
0.54 +0.09
0.54 +0.07
0.54 +0.07
0.56 +0.11
0.54 +0.07
0.55+0.08
0.46 +0.11
0.60 + 0.09
0.54 + 0.02
0.48 +0.10
0.62 +0.08
0.58 +0.08
0.62 +0.11
0.61 +0.09
0.64 +0.10
0.50 + 0.07
0.60 + 0.09
0.61+0.10
0.63 +0.08
0.57 +0.07
044 +0.11
0.62 +0.10
047 +0.11
0.54 +0.09

F Index

0.19 +0.10
0.05 +0.06
0.06 +0.09
0.14 +0.08
0.28 +0.12
0.14 +0.08
0.05+0.12
-0.02+0.11
0.11 +£0.09
0.12+0.16
-0.03 +0.12
0.10 +0.03

0.00 +0.09
0.11+0.10
-0.05+0.07
0.02 + 0.05
-0.01+0.13
0.10+0.13
-0.06 +0.12
0.03 +0.10
-0.02 +0.08
0.05 +0.09
-0.05+0.14
0.04 +0.08
0.05 +0.09
-0.10+0.11
0.22 +0.12
0.01+0.14
0.14 +0.08
0.03 +0.03
0.20+0.11
0.17 +0.08
0.21+0.13
0.22 +0.12
-0.02+£0.11
0.06 +0.10
0.04 +0.08
-0.07 +£0.09
0.04 +0.10
0.29 +0.10
0.14 + 0.08
0.15+0.10
0.16 +0.07
-0.03+0.19
0.08 +0.12

(Continues)
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TABLE 2 (Continued)
Subspecies Sampling Location N PPL N, N, H uH, F Index
Valley 11 100 48+ 1.1 3.5+1.0 0.53 +0.09 0.57 +0.10 0.20 +0.13
Fremont 6 90 3.8+0.8 29+07 0.48 +0.09 0.54+0.11 0.08 +0.13
Bunsen Peak 12 100 54+0.8 3.2+0.7 0.57 +0.08 0.61 +0.08 0.22 +0.08
Summit 11 100 4.1+0.7 3.0+ 0.6 0.53 +0.08 0.57 +0.09 0.07 +0.11
Eagle 7 90 3.9+07 3.0+0.6 0.55+0.09 0.59 +0.10 0.19 +0.12
Gunnison 5 80 34+08 29+0.6 0.45+0.12 0.50 +0.13 -0.05+0.11
Larimer 12 100 48+1.0 34+08 0.57 +0.09 0.60 + 0.09 0.11 +0.07
Tillson Creek 10 100 50+0.8 3.1+07 0.54 +0.09 0.57 +0.09 0.08 +0.08
Nahant School 10 100 4.7 +0.8 29+0.7 0.49 +0.09 0.52 +0.09 0.06 +0.11
Within latifolia 238 95+ 2 4.6 +0.2 3.1+01 0.583+0.02 0.57 +0.02 0.10 +0.02
Among 508 99 +1 11.0+11 3.8+0.6 0.56 +0.04 0.56 +0.04 0.14 +0.03
subspecies
Across all 508 95+1 44 +01 29+01 0.52 +0.01 0.55 +0.01 0.08 + 0.02
locations

Note: PPL, percent polymorphic loci; N,, mean number of different alleles; N, mean number of effective alleles; H,, expected heterozygosity; uH,

unbiased expected heterozygosity; F Index, Fis.

between climate in the garden location and climate in the seed source
location (mean annual precipitation, mean annual temperature, mean
annual climatic water deficit), as predictors. We used AIC for model
comparison. The survival model used a binomial distribution (logit
link), and the growth models used a Gaussian distribution (identity
link). Statistical significance (« = 0.05) was calculated using ANOVA
with chi-squared (survival) and F-statistics (growth), and pseudo-R2
values were estimated using the variance-function method in R pack-
age "rsq" (Zhang, 2018).

3 | RESULTS
3.1 | Population genetic variation and variance
partitioning

Nine markers successfully amplified across samples from 50 sam-
pling locations and were highly polymorphic (mean = 95% =+ 1 stand-
ard error (SE), Table 2). The mean inbreeding estimate (F ;) was 0.08
(+0.02 SE, Table 2), which is in line with estimates of high within-
population genetic diversity estimates in other conifer species (see
Hamrick, 2004). A total of 150 alleles were identified across the
nine loci, with N, per locus ranging from 7 (PICO4 & PICO7) to 27
(locus PICO77) and N, per sampling location ranging from 2.4 to 5.8
(Table 2). Mean uH, was 0.55 (+ 0.01 SE) within sampling locations
and 0.56 (+ 0.04 SE) among subspecies. Pairwise F¢; ranged from
0.042 to 0.191 (excluding uniquely high contorta 9 pairwise compari-
sons), with the contorta 12, latifolia 12 and murrayana 11 sampling
locations driving the highest pairwise values (Appendix Table S2).
AMOVASs revealed that 88% of genetic diversity is attributable
to variation within sampling locations (Appendix Table S3). A mod-
erate, but significant (p < .001), portion of population structure

resided among sampling locations (12%), and hierarchical analyses

indicated that more variation resided among sampling locations
(10%) than among subspecies (2%) or regions (2%). All test strata
were significant at p < .001. Regional analyses were consistently

similar to subspecies-level analyses so were not considered further.

3.2 | Population clustering

Through StrucTurRe analyses, we identified four genetic clusters
(K = 4) as the most likely division of population structure (Figure 2a
& Appendix Figures S2-S3). Admixture was high among sampling
locations, and this was reflected in cluster assignment. However,
geographic structuring of clusters was apparent among subspecies
(Figure 2a). We explored the possibility of hierarchical clustering be-
yond the four clusters, but there was no further geographically co-
herent substructure (Figures S4-S5). All bolanderi and the adjacent
contorta sampling locations (n = 4) clustered together, with > 65%
probability of membership to a single cluster (Cluster 1, Figure 2a).
Only one sampling location from murrayana was dominated by a sin-
gle cluster (Cluster 2, >65%, Figure 2a), while three locations had
the highest probability of membership to this same cluster (Cluster
2, >50%). Coastal California and Oregon contorta contained mixed
membership across all clusters, but Alaska contorta were domi-
nated by a single cluster (Cluster 4, 50% of locations with > 65%
probability of membership, Figure 2a). Widely distributed latifolia
showed marked admixture, with strong contribution from Cluster
3 in some sampling locations but no cluster dominating member-
ship (Figure 2a). The conspicuous lack of genetic clustering suggests
widespread gene flow across the contiguous portions of P. contor-
ta's distribution but also indication of barriers to connectivity for
the coastal portions of the range (bolanderi and contorta sampling
locations, Figure 2a) and some isolation at the southern extent of

murrayana.
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TABLE 3 Relative support matrix from reciprocal causal
modelling optimization testing potential landscape influence against
Pinus contorta genetic distances, following Bothwell et al., 2017

IBB IBE IBD IBR
IBB 0 0.18 0.34 0.16
IBE -0.18 0 0.23 0.00
IBD -0.34 -0.23 0 -0.18
IBR -0.16 0.00 0.18 0

No<del author="Sarah M Bisbing" command="Delete"
timestamp="1604959680386" title="Deleted by Sarah M Bisbing on
11/9/2020, 2:08:00 PM" class="reU3">te</del>: In reciprocal causal
modelling, relative support represents the difference between
reciprocal partial Mantel coefficients for all pairs of hypothesized
landscape influences. Specifically, each cell is calculated as: (genetic
distance ~ row model | column model) - (genetic distance ~ column
model | row model). IBB = isolation by barrier, IBE = isolation by
environment, IBD = isolation by distance, IBR = isolation by resistance.
In our analysis, IBB was fully supported (bolded values) independent of
all other hypotheses, which is indicated by the IBB row containing all
positive values and the IBB column containing all negative values. IBD
exhibited no independent support after partialling out the effects of
landscape heterogeneity. See Appendix Table S5 for detailed Mantel
and Partial Mantel results

GeNELAND Yielded different clustering under both uncorrelated
(K = 2, Figure 2b) and correlated (K = 9, Figure 2c) allele frequency
models. Uncorrelated clusters (K = 2, Figure 2b) roughly divide the
species’ range by the Canadian & US Northern Rocky Mountains
in which all murrayana, southern latifolia and contorta clustered
as Cluster 1 (Figure 2b). In this model, groupings of bolanderi and
contorta in Mendocino, CA, clustered with northern latifolia, which
corresponds with sampling locations possessing a higher probabil-
ity of membership to strucTure Cluster 1 (Figure 2a,b). Pairwise Fg;
for the two clusters was 0.02, indicating high admixture and low
between-cluster differentiation. Correlated model clusters (K = 9,
Figure 2c) generally match ecoregions of western North America,
with, for example, the Great Continental Divide splitting sam-
pling locations into western versus eastern clusters in ldaho and
Montana (Figure 2c). This model also identified subdivisions within
each subspecies, where latifolia was divided into six genetic clus-
ters (Figure 2c). Pairwise F¢; among clusters ranged from a low of
0.01 between clusters 1 and 6 to a high of 0.09 between clusters 1
and 3. GENELAND results also suggest high gene flow with geographic
substructure for the correlated model alone. sTRucTURE cluster as-
signment and correlated GeneLanD models indicate that popula-
tions tested in the common garden trial have a high probability of
assignment to different clusters (or cluster dominance), while the
uncorrelated GeNeLAND model assigns these three sources to a single

cluster (Figures 2a-c).

3.3 | Landscape genetics

All analyses using pairwise cGD (Appendix Table S4) identified

isolation by barrier (IBB) as the strongest predictor of genetic

Coversiy s isrburion: UVTRVES

differentiation (Appendix Table S5). The relative support matrix
(Table 3), calculated from reciprocal partial Mantel coefficients,
shows that IBB was supported independently of all alternative hy-
potheses (positive values across IBB row), while no other hypotheses
were supported after accounting for IBB (negative values across IBB
column). The strongest single predictor of genetic variation was IBB
(Mantel's r = 0.268, p < .001) even after accounting for isolation
by resistance (IBR, Mantel's r = 0.207, p < .001), environment (IBE,
Mantel's r = 0.200, p < .001) and distance (IBD, Mantel's r = 0.273,
p < .001). Although IBE and IBR explained genetic variation when
considered alone (IBE: Mantel's r = 0.183, p < .001; IBR: Mantel's
r = 0.180, p = .01), these landscape characteristics were no longer
significant after accounting for IBB (p > .05). There was no support
for IBD (Mantel's r = 0.041, p > .16).

Results from complementary MMRR analyses (Appendix Table S6)
also identified IBB as the strongest predictor of genetic variation
(R? = 0.07, p < .001), followed by IBE (R? = 0.03, p < .001) and IBR
(R? = 0.03, p = .01), while IBD was non-significant (R*> = 0.002,
p > .34). Adding additional predictors to the IBB model resulted in
slight increases in explanatory power (from R? = 0.07 to R? = 0.08),
but IBB was the only significant predictor in all models in which it

was included.

3.4 | Common gardens

We found significant variation in fitness components (surival, basal
diameter, and height), with populations displaying responses indica-
tive of local adaptation for some genotypes and phenotypic plas-
ticity across all genotypes in the three climatically differentiated
garden (Figures 3c-¢€). Models including garden and seed source lo-
cation as categorical predictors performed better than models that
included continuous climate transfer distances (AAIC > 4), so climate
models were not considered further. Seedling survival was driven
by E (DF = 2; Chisq = 168.7; p < .001), G (DF = 2; Chisq = 10.3;
p =.01) and a GxE interaction (DF = 4; Chisq = 75.8; p < .001), with
an estimated pseudo-R2 of 63.3%, and was not predicted by starting
height (DF = 1; Chisq = 1.4; p = .24). Each seed source had the high-
est relative survival at its local site (consistent with the local-foreign
criterion for local adaptation) and highest absolute survival in the
contorta garden (inconsistent with the home-away criterion for local
adaptation but showing strong plasticity) (Figure 3c), where 98% of
contorta and latifolia and 90% of murrayana survived to 2016. In the
murrayana garden, which had the highest climate water deficit over
the sampling period (Figure 3b), only local murrayana trees survived
to 2016.

Seedling basal diameter growth differed by G (pseudo-R? = 0.17;
Df =2, F=8.9, p <.001), indicating genetic differentiation, yet there
was no evidence of local adaptation or plasticity (no strong GxE in-
teraction, Df = 2, F = 2.4, p = .10) nor effect of E(Df =2, F = 1.7,
p =.19) or starting height (Df = 1, F = 1.8, p = .18). Seedling height
growth (pseudo—R2 = 0.11) differed by E (Df = 2, F = 9.1, p < .001),
and there was a GxE interaction (Df = 2, F = 3.5, p = .03), with
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non-significant effects of G (Df = 2, F = 0.8, p = .45) and starting
height (Df = 1, F = 2.0, p = .16). The GxE interaction suggests wide-
spread plasticity, as all subspecies reached the largest basal diame-
ters and heights in the contorta garden, and also lends some support
for local adaptation of the latifolia source, which had the highest
relative diameter and height growth at home compared to foreign
sources (Figure 3d,e). Both latifolia and murrayana grew taller than
contorta in its home site, suggesting that the warm, wet environment
provided a release from the moisture stress common to their respec-

tive home environments.

4 | DISCUSSION

The fate of tree species under rapid climate change will hinge
on a match between genotypes and environments (Aitken &
Bemmels, 2016; Aitken et al., 2008), and insight into genetic and phe-
notypic variation under current landscape conditions can be used to
gauge persistence potential to future conditions and determine con-
servation priorities. For widely distributed P. contorta, populations
have remained connected via gene flow over large geographic and
environmental distances, with landscape barriers producing some
population substructure for geographically-isolated portions of the
species’ range. Landscape conditions do, nonetheless, shape pheno-
typic responses of P. contorta populations. In our climatically differ-
entiated gardens, survival was highest for local populations of two of
the three populations tested here, while growth for all populations
was highest under mild climate conditions (e.g., warm, wet). These
findings are consistent with patterns of local adaptation and plastic-
ity documented for P. contorta but also suggest that some popula-
tions have the plasticity for higher survival under more favourable
conditions and are not currently occupying their climatic optimum.
Collectively, our findings indicate that, despite generally high con-
nectivity, reduced survival under water-limited conditions may make
some populations of P. contorta more vulnerable to local maladapta-
tion and extirpation, and these populations should be prioritized in
conservation efforts. However, our findings also suggest that wide-
spread tree species possess genetically diverse and phenotypically
plastic populations likely to have high persistence potential under

rapid climate change.

4.1 | How do heterogeneous landscapes influence
genetic connectivity?

Genetic connectivity is a well-documented phenomenon in widely
distributed, wind-pollinated tree species (Hamrick, 2004; Kremer
et al., 2012), and the limited population genetic structure identified
here provides another data point supporting genetic connectivity
across the nearly continuous distribution of P. contorta (Fazekas &
Yeh, 2006; Wheeler & Guries, 1982a, 1982b; Yang & Yeh, 1995).
Greater structure or landscape influence may have been more ap-

parent had we utilized a greater number of neutral markers or

identified areas of the genome undergoing selection. However, de-
spite this limitation, our sampling across the species’ range allowed
us to identify subtle landscape constraints to gene flow, which lim-
ited connectivity to isolated or narrowly distributed populations and
created geographic substructure (Figure 2a). The presence of per-
sistent geographical barriers drove substructure and was the only
measurable landscape effect on gene flow (Table 3), in contrast to
the strong influence of distance and the environment in many other
plant species (Sexton et al., 2014). Notably, the geographic-genetic
structure quantified using the markers tested here does not overlay
subspecies delineations but does match expectations of high gene
flow over large distances for widespread conifers (Hamrick, 2004;
Kremer et al., 2012) while also mapping geographic substructure for
isolated regions of the species’ range.

Genetic structure in widespread tree species, such as P. contorta,
may be further influenced by the now-obscured landscape and cli-
mate conditions present when seedlings of long-lived species estab-
lished (Yeaman & Jarvis, 2006) or even much older historic processes
that influenced colonization and migration (e.g., Pleistocene glacia-
tions, Ortego et al., 2015), but historic climate datasets of sufficient
resolution do not exist to test these hypotheses. Moreover, the fact
that environmental conditions did not structure genetic variation in
P. contorta suggests that population genetic structure of long-lived
tree species may not yet reflect contemporary patterns of gene flow
as mediated by current landscape conditions, revealing a potential
lag in the response of widespread tree species to climate change
(Gugger et al., 2013; Ortego et al., 2015).

4.2 | Local adaptation despite gene flow?

While gene flow can maintain connectivity between populations
distributed across complex landscapes, climatically- or spatially-var-
ying selection can be strong enough to overcome the homogenizing
effects of gene flow (Kawecki & Ebert, 2004). In our climatically-
differentiated gardens, we observed some patterns of survival con-
sistent with local adaptation despite gene flow across the range of P.
contorta. This finding, combined with outcomes from the lllingworth
provenance trials in British Columbia (e.g., Rehfeldt et al., 1999,
2001; Ying & Liang, 1994), supports the notion that P. contorta popu-
lations are locally adapted to somewhat narrower ranges of climatic
conditions than are present across its entire range. Cold-tolerance,
for example, may have affected survival in our study, a characteristic
observed to strongly affect P. contorta survival and growth (Liepe
et al., 2016; Mahony et al., 2020; Rehfeldt et al., 1999, 2001; Wang
et al., 2010). In our experiment, murrayana and contorta populations
had strikingly low survival in the cooler latifolia garden (Figure 3c),
suggesting maladaptation to the extreme winter temperatures of
this intermountain climate. Warming winter temperatures predicted
across the range of P. contorta (Mahony et al., 2017) may relieve
maladapted populations of this limitation. Climate change is, how-
ever, simultaneously generating novel springtime freezing events

and increasing growing-season minimum temperatures, which are
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documented to drive declines in P. contorta (Mulvey & Bisbing, 2016;
Sullivan et al., 2015) and co-occurring species (Buma et al., 2017)
and may lead to regeneration failures in temperature-constrained
populations.

Water availability is also documented to drive local adaptation
in P. contorta (Mahony et al., 2020), and, in our gardens, reciprocal
transfers between wet and dry environments had the most profound
impact on survival. Specifically, the exclusive survival of murrayana
but complete mortality of other populations in the drought-impacted
murrayana garden (2012-2016 California drought, Lund et al., 2018)
is consistent with greater drought tolerance of populations with a
history of exposure to aridity (Figure 3b, Kolb et al., 2016). At the
other extreme, transfer to the wet, maritime climate of the contorta
garden led to the highest absolute survival for all populations, and
water availability appears to be a significant driver of P. contorta
success. Local declines are likely in portions of the species’ distri-
bution where, despite predicted increases in precipitation (Mahony
et al., 2017), concurrent temperature increases will change the tim-
ing and type of precipitation (e.g., from snow- to rain-dominated
precipitation; Buma et al.,, 2019) and thus growing-season water
availability. Given that drought is expected to become increas-
ingly common across its range (Coops & Waring, 2011; Mahony
et al., 2020), drought adaptation may be key to local P. contorta pop-
ulation persistence.

Our common garden interpretations do, however, need to be
made with caution given several limitations. Testing one population
per subspecies (due to limited seed viability) did not allow us to de-
termine whether or not there are clear breaks among subspecies or
rather continuous variation across the species’ range. Future work
should include more populations per subspecies as well as test sites
covering the range of current and predicted future P. contorta habi-
tat conditions. Moreover, short-term experiments for long-lived tree
species may not provide definitive evidence for local adaptation (e.g.
Pinus ponderosa, Wright, 2007), and long-term tracking of individuals
will be required to validate findings. Finally, trait responses may be
controlled by many genes, and populations may harbour a vast res-
ervoir of adaptive variation to facilitate rapid evolutionary responses
(Barghi et al., 2019). Despite these limitations, our conclusions re-
main consistent with findings of local adaptation in P. contorta and
other widespread conifers (Rehfeldt et al., 2001, 2002, 2014, 2018;
Wright, 2007), and we hypothesize that patterns of local adaptation
will become more apparent over time (Germino et al., 2019).

4.3 | Persistence potential via phenotypic plasticity?

We also observed evidence of high phenotypic plasticity in all popu-
lations, and this response, despite local adaptation, is likely to pro-
mote local population persistence in P. contorta and other widely
distributed tree species (Alberto et al., 2013). With an estimated 12
generations required for Pinus species to adapt to projected future
conditions (Rehfeldt et al., 2001, 2002), evolutionary change is un-
likely to match the pace of climate change, and phenotypic plasticity
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may allow population persistence under a wide range of future local
conditions. Previous work found that plasticity in P. contorta growth
potential was highest for populations from warmer environments,
whereas cold-hardy populations were limited in growth plastic-
ity but exhibited higher survival in colder environments (Rehfeldt
et al., 2018). Population response in our gardens was consistent with
these expectations: murrayana from the warm, dry Sierra Nevada
had low survival in the cold, dry latifolia garden but exceptional
growth rates across all environments, while latifolia had high survival
at home and a limited growth response elsewhere. This ability of P.
contorta genotypes to be plastic in their response to environmental
heterogeneity may provide the foundation for persistence potential
by buffering local populations from negative selection and giving
this long-lived, slow-to-migrate tree species more time to adapt to
novel local conditions (Alberto et al., 2013; Crispo, 2008).

4.4 | Is persistence potential enough?

Although plasticity may provide populations time to adapt, it is con-
cerning that many populations of P. contorta and other conifers of
western North America already lag behind their climatic optimum
(Gray & Hamann, 2013; Johnstone & Chapin, 2003). Climate change
projections indicate a decline in P. contorta suitable habitat across
much of the species range by 2080 (Coops & Waring, 2011; Oney
et al., 2013), and productivity and growth are expected to de-
cline at lower latitudes and elevations in the near future (Rehfeldt
et al., 2001; Wang et al., 2006). Populations occurring at lower el-
evations, particularly at southern latitudes, are at particular risk of
local extirpation due to compounding warming and drying (Coops
& Waring, 2011; Mahony et al., 2017; Rehfeldt et al., 2001). The
pace of evolutionary change for long-lived tree species is expected
to be slow, and habitat suitability (Gray & Hamann, 2013), prov-
enance testing (Rehfeldt et al., 2001), and growth chamber (Liepe
et al., 2016) studies of P. contorta corroborate our findings that some
populations already lag substantially behind their climatic optima.
Similar mismatches to contemporary climate were recently
identified in Pinus ponderosa (Martinez-Berdeja et al.,, 2019) and
Quercus lobata (Browne et al., 2019) and interpreted as evidence of
environmental change that exceeds the pace of evolutionary change
(i.e., adaptational lag; Matyas, 1994). In these species, populations
from warmer, drier climates had the highest growth potential when
grown in cooler or wetter conditions, suggesting a mismatch to cur-
rent climate and high vulnerability to ongoing warming and drying.
Consistent with these findings, maximum survival and growth of lati-
folia and murrayana populations tested here occurred under the mild
climate of our contorta garden, providing additional evidence for a lag
between P. contorta occurrence and its climatic optimum. Populations
growing under extreme local conditions may still possess adaptations
(e.g., drought tolerance) making them optimally suited for the home
environment but be diminished in growth and survival due to the cli-
matic lag between local and optimal conditions, which may be best

explained by adaptation to historic colder, wetter climates.
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“LowiLey-

Prior research on P. contorta historical migrations and contem-
porary invasions into meadows (latifolia: Jakubos & Rommer, 1993;
murrayana: Helms, 1987; Anderson, 1996; Lubetkin et al., 2017)
provides support for an adaptational lag across much of its cur-
rent distribution. Slow, progressive warming and drying during the
early Holocene are the likely origin of P. contorta's adaptational lag,
which led to extirpation of murrayana from lower elevations and
forced populations to track cooler, wetter climates by migrating
to higher elevation (Anderson, 1996). Warmer growing seasons
since the end of the Little Ice Age (ca. 1,870) have led to further
moisture stress for latifolia and murrayana, and montane meadows
provide a local source of relief and opportunity for establishment
(Helms, 1987; Jakubos & Rommer, 1993; Lubetkin et al., 2017). For
long-lived tree species, such as P. contorta, persistence through
climate fluctuations over geologic time may mean that maladapta-
tion to contemporary climate is common (Gray & Hamann, 2013),
populations are instead adapted to historic climates (Browne
et al., 2019), and projected climate conditions will only exacer-
bate adaptational lags and perpetuate growth under suboptimal
conditions.

5 | CONCLUSIONS

Our findings suggest that P. contorta populations likely have high
persistence potential via phenotypic plasticity and high genetic
variability. However, geographically-based genetic substructure in
some portions of the species’ range as well as complete mortality
of non-local populations in our most water-limited garden also indi-
cate that some populations may be vulnerable to local maladaptation
and extirpation with rapid climate change. Management of conifers
is already incorporating assisted migration as part of a conservation
strategy for maintaining viable populations of these long-lived spe-
cies (e.g., O'Neill et al., 2008; Young et al., 2020), and our results sug-
gest that such efforts may be warranted for vulnerable populations,
complementing the natural processes of high gene flow and local
adaptation within widespread conifers.
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