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Climate-related genetic variation in a threatened tree

species, Pinus albicaulis’
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PREMISE OF THE STUDY: With ongoing climate change, understanding of intraspecific adaptive variation is critical for conservation and restoration of plant
species. Such information is especially scarce for threatened and endangered tree species, such as Pinus albicaulis Engelm. Therefore, our principal aims
were to assess adaptive variation and characterize its relationship with climate of seed origin.

METHODS: We grew seedlings from 49 P. albicaulis populations representative of the interior northwestern United States in two common garden field ex-
periments under warm-dry conditions that mimic climatic conditions predicted in the current century for areas within the species’ range. Differences
among populations were assessed for growth and survival. We then used regression to describe clines of apparent adaptive variation in relation to climate
variation among the populations’ origins.

KEY RESULTS: We detected genetic divergence for growth and survival among populations of P. albicaulis. These differences corresponded to distinct cli-
matic clines. Populations originating from locations with lower spring precipitation exhibited greater survival in response to natural drought. Populations
originating from increasingly milder climates exhibited greater height growth under relatively limited stress in early years and greater fitness after 12 yr.

CONCLUSIONS: The results suggest that P. albicaulis exhibits adaptive variation for drought tolerance and growth in response to selection pressures associ-
ated with variation in moisture availability and temperature, respectively. Even so, clinal variation was relatively gentle. Thus, apparent differences in local
adaptation to climate among populations appears to be relatively low.

KEY WORDS adaptive variation; aster models; bioclimate models; biogeography; climate-change impacts; ecological genetics; genecology; Pinaceae;

provenance test; seed transfer

Many plant species are composed of populations that are adapted
to a portion of the ecological breadth occupied by their species as a
whole. How variation in adaptation is structured within a species’
distribution tends to be unique to each species and is presumed to
result from differences in selection acting on hereditary variation
within a historic context. Within this process, climate is a principal
agent of selection. The influence of climate on adaptive patterns
within plant species is supported by an abundance of common gar-
den (genecology) studies, including the seminal works of Turesson
(1925) and Clausen and Hiesey (1958). In general, these genecology
studies have identified evidence of genetic variation in quantitative
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traits that corresponds with climatic variation along geographic
gradients (see Heslop-Harrison, 1964; Morgenstern, 1996).

Many past genecology studies of trees were conducted to inform
reforestation practices for commercial reforestation. Consequently,
only a few economically important tree species have been assessed
in relatively productive environments and rarely under harsh climates
where survival and growth could be substantially limited (Matyas
and Yeatman, 1992). The threat of ongoing rapid climate change,
however, necessitates the expansion of genecology to more plant
species of ecological importance and the prediction of their geneti-
cally based survival and growth under predicted future conditions.

Whitebark pine (Pinus albicaulis Engelm.; Pinaceae) is a subal-
pine species that occupies the cool-wet climate extreme among
forest ecosystems of western North America (Daubenmire, 1966;
Rehfeldt et al., 2008). It is considered both a keystone (Tomback
and Kendall, 2001) and foundational species (Ellison et al., 2005).
Timberline populations of whitebark pine modulate snowmelt run-
off (Farnes, 1990). In addition, the species’ relatively large, wingless
seeds, which are dispersed predominantly by Clark’s nutcracker
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(Nucifraga columbiana) (Tomback, 1978; Hutchins and Lanner,
1982), are a major food source for many species of mammals and
birds (Mattson et al., 2001).

Whitebark pine populations have been in decline since the mid-
20th century due to fire suppression, the emergence of white pine
blister rust caused by an invasive pathogen Cronartium ribicola,
and other disturbances (Tomback et al., 2001). In addition, rapid
ongoing climate change in the North American Pacific Northwest
is predicted to lead to warmer winters and drier summers through
the century (Mote and Salathé, 2010). Under these conditions, the
contemporary realized climate niche for U. S. populations of white-
bark pine is projected to be nearly eliminated by the middle of the
present century (Warwell et al., 2007). In consideration of these
and other factors, whitebark pine was listed as a candidate species
by the U. S. Fish and Wildlife Service (2011) under the Endangered
Species Act and declared endangered by the Canadian federal gov-
ernment in accordance with the Species at Risk Act (COSEWIC,
2012).

The extent of genetic variation in quantitative traits of whitebark
pine and its relationship to geographic distribution have been pre-
viously assessed in a few short-term common garden studies con-
ducted in nursery environments using potted containers or raised
beds. These studies report genetic variation among populations for
total height (Mahalovich et al., 2006; Hamlin et al., 2008; Bower and
Aitken, 2008; Hamlin et al., 2011), root and shoot dry mass, date
of needle flush (Bower and Aitken, 2008), cold hardiness (Bower
and Aitken, 2006, 2008; Mahalovich et al., 2006), needle color
(Hamlin et al., 2011), and rust resistance (Mahalovich et al., 2006).
However, information on adaptive variation for growth and sur-
vival expressed in a warm-dry climate in the field has not been
reported.

To expand understanding of adaptive variation among white-
bark pine populations, we collected seeds from 49 representative
whitebark pine populations from the interior northwestern United
States and grew the resulting plants for 10 to 12 yr in two common
garden field experiments. We examined genetic variation among
populations for quantitative traits and related the observed varia-
tion to climate estimates at seed origin. We employed a novel anal-
ysis using aster modeling (Geyer et al., 2007; see Shaw et al., 2008)
to analyze variation in height while explicitly accounting for varia-
tion in mortality.

The primary objectives of this study were to (1) assess genetic
variation for growth and traits that approximate fitness among
whitebark pine populations under climate where temperature and
moisture availability approach expectations with changing climate;
and (2) model this genetic divergence in relation to climate of seed
origin. This study advances understanding of adaptive differences
among populations of long-lived species in which wind-pollination
and animal seed dispersal promote extensive gene flow (see Richardson
et al., 2002). Moreover, the study advances understanding of the
relationship between climate and fitness differences among popula-
tions, which is critical to decisions about gene conservation and
reforestation.

MATERIALS AND METHODS

Plant materials—The current study used seeds from wind-pollinated
cones collected during 1991 to 1997 from 49 wild whitebark popu-
lations in the interior northwestern United States (Fig.1, Table 1).
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FIGURE 1 Location of whitebark pine (Pinus albicaulis) populations (@)
and study site (A near 39). Location labels correspond with Table 1. Green
area indicates estimated contemporary distribution using the predicted
realized climate niche of whitebark pine (Warwell et al., 2007).

Seeds were collected from 5 to 20 trees per population; however,
eight populations were represented by bulk cone collections in which
the total number of contributing maternal sources is unknown
(Table 1). All populations were represented by cones collected in a
single year with the exception of Heaven’s Gate and Burke Summit,
Idaho, which used collections from two consecutive years (1995
and 1996). Each population was spatially defined as trees occurring
together on a mountain top ridge and/or in a basin within approxi-
mately 3.5 km in horizontal distance and 125 m in elevation.

Seeds were germinated in 164-mL Ray Leach Cone-tainer super
cells (Stuewe and Sons, Corvallis, Oregon, USA) in a greenhouse in
Lewiston, Idaho in 1998. Following germination, seedlings were
maintained in a shelter house in Moscow, Idaho. Seedlings were
allocated into two experiments. Seedlings in Experiment 1 were grown
only in super cells; seedlings in Experiment 2 were transplanted
into 656-mL Deepot containers (Stuewe and Sons) in between June
and August 2000.

Planting sites, design, and procedure—Common garden field ex-
periments of 46 (Experiment 1) and 42 (Experiment 2) populations,
with 39 populations common to both experiments, were outplanted
into two forest openings at Priest River Experimental Forest on
24-26 April 2000 and 2-5 October 2001, respectively (Fig. 1). At
both sites, the surrounding forest was Tsuga heterophylla-Clintonia
uniflora habitat type (Cooper et al., 1991). Both experiment sites
were located at a relatively low elevation (671 m a.s.l.) where
the climate was drier than at most seed origins and substantially
warmer than all seed origins (Table 1).

Experiment 1 (Exp. 1) was established to assess variation in fit-
ness ata climatically mild site. The Exp. 1 site (48.352°N, 116.848°W,
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TABLE 1. Number of maternal families and trees per population, geographic location, inferred climate (Rehfeldt, 2006) for whitebark pine (Pinus albicaulis) seed
origins, and observed climate (2001-2012) at study location at Priest River Experimental Forest (PREF).

No. No.trees: No.trees: Elev.

Pop.no. Seedsource families Test1 Test2 Lat.°N Long.°W (ma.s.l.) PRATIO D100 SPRP (mm) ADIMMINDO MAP (mm) MAT (°C)
1 Sawtel Peak 10 25 27 44.54 111.42 2545 0481 175 118 1193 734 -0.8
2 W.F. Cabin 8 23 34 4482 111.87 2683 0.537 181 118 1224 663 -1
3 Palmer Mtn. Bulk 26 16 45.05 11058 2774 0513 187 134 98.9 786 —2.2
4 Goldstone Pass 9 27 21 4515 11355 2561 0604 176 93 186.6 429 0
5 Lone Mtn. 10 25 — 4527 111.42 2743 0.523 184 140 96.5 792 14
6 Heaven's Gate 11 23 22 4537 11649 2438 0352 183 155 613 1005 04
7 Little Bear 8 28 16 454 111.28 2621 0.532 180 142 99.0 784 -0.7
8 Tin Cup 9 27 29 4547 1144 2396 0471 176 109 1255 613 0.2
9 S. Baldy Mtn. 10 27 21 4547 111.91 2743 0.556 183 138 1034 710 -1
10 Gospel Peak 10 13 18 45.62 115.94 2499 0.366 185 150 65.0 982 -0.3
Il Burnt Knob Il 13 8 457 114.98 2499 0.400 185 131 834 837 -0.5
12 Quartz Hill 9 15 21 457 11293 2438 0.621 170 105 162.1 467 0.6
13 Mudd Ridge 11 24 22 45.88 11345 2408 0.571 174 107 148.0 506 0.2
14 Pilot Knob 12 21 19 459 1157 2252 0374 180 143 70.7 941 04
15 Coyote Mdws. 6 — 23 46.07 113.83 2451 0.506 181 121 1132 629 —0.2
16 Mt. Emerine Bulk 18 26 46.2 113.65 2560 0509 183 129 103.6 662 -06
17 Cable Mtn. Bulk 24 27 46.2 1132 2439 0.563 176 123 123.0 577 0.2
18 Diablo Mtn. 11 22 26 46.3 114.61 2256 0407 177 129 824 826 04
19 Forty Cr. Crazies Bulk 23 21 46.31 11048 2438 0559 169 166 86.7 791 0.8
20 Willow L.O. 7 21 21 46.32 1139 2499 0478 183 133 94.1 719 04
21 Powell Mine Bulk 26 — 46.34 113.07 2438 0.559 176 130 114.7 606 0.2
22 St. Mary's 9 25 25 46.5 114.2 1972 0.448 160 118 101.4 687 2
23 Indian Post Office 10 28 23 4653 11505 2134 0363 175 132 67.6 953 0.8
24 Daisy Pass Bulk 28 26 46.55 1138 2134 0.495 165 126 105.8 655 13
25 Beaver Ridge 11 25 — 46.56 114.44 2225 0410 175 129 80.6 822 0.6
26 Blacklead Mtn. 16 26 24 4664  114.85 2195 0372 177 131 68.5 931 0.6
27 Freeze Out 10 25 — 47.01 116.03 1804 0319 161 130 504 1048 25
28 Snow Bowl 10 24 13 4702 11398 2396 0427 182 146 71.3 869 -0.2
29 Stark Mtn. 1 22 26 47.08 11457 2145 0377 173 129 67.9 906 0.8
30 Little Joe 1 26 26 4715 115.23 2150 0328 177 121 552 1027 0.7
31 Squaw Peak 10 25 28 4715 11437 2121 0.392 170 131 70.8 876 1
32 Burke Summit 1M 21 — 47.5 1157 1877 0.294 163 99 49.8 1037 22
33 Sheep Shed Mt 8 23 25 4752 11279 2317 0533 176 160 843 749 04
34 Beaver Creek 10 20 20 47.63 115.74 1722 0.301 158 104 50.1 1021 2.7
35 Thomas Peak 11 20 30 4773 11483 1872 0357 162 113 65.8 880 1.8
36 7 Point Mtn. 8 22 — 47.82 11539 1747 0.322 159 104 588 937 22
37 Our Lake 7 27 19 47.84 112.81 2286 0.538 174 156 835 744 0.6
38 Baree Mtn. 11 28 26 4795 11556 1829 0318 163 112 528 1011 1.8
39 Gizborn Mtn. 1 23 25 4835 116.75 1689 0332 158 164 41.5 1210 23
40 Schweitzer Area 9 25 23 4836 11663 1920 0329 170 167 39.2 1269 1.1
41 Lunch Peak 10 28 — 4837 116.19 1941 0.326 171 151 421 1208 1
42 Big Mtn. 20 — 23 4849 11434 1829 0397 161 143 613 943 14
43 Copper Butte Bulk 25 20 48.7 11846 2165 0413 182 128 61.0 795 0.1
44 Farnham Ridge 7 — 16 48.84 116.51 2042 0.345 182 177 373 1338 0
45 Farnham Peak 5 29 26 4885 1165 1768 0348 164 169 409 1263 14
46 Sullivan L.O. 9 27 23 48.88 11724 2175 0370 186 183 36.7 1288 —0.6
47 Glacier Nat. P. 6 27 25 4893 114855 1841 0391 165 136 60.4 928 0.8
48 Salmo L.O. 7 29 26 4897 1171 2092 0.364 184 193 346 1380 —-04
49 Frozen Lake Bulk 20 28 48.98 114.7 1646 0418 157 135 67.3 862 1.8

Total 400 1099 964
Study site
PREF (2001-2012) 4835 116.83 671 0454 138 132 45.1 825 6.9

Notes: Population (Pop.) no. correspond to those in Fig. 1. Lat. = latitude, Long. = longitude, Elev. = elevation (a.s.l.), D100 = Julian date the sum of degree-days >5°C reaches 100, SPRP = spring
precipitation: (April + May), ADIMMINDDO (cold-dryness index) = sqrt (annual sum of degree day > 5°C))/mean annual precipitation) x degree days < 0°C using mean minimum temperature),

PRATIO = ratio of summer precipitation to total precipitation.

elev. 671 ma.s.l.) was located in a field that had been used as a forest
nursery for decades. Soil was characterized as a coarse, loamy,
mixed frigid Andic Xerochrept soil (Soil Survey Staff, 1996). Air
temperature was measured using DS1922 Thermochron tem-
perature data loggers (Maxim Integrated, San Jose, California,
USA) with a +1°C accuracy. The data loggers were located inside
radiation shields (product #7714; Davis Instruments, Hayward,

California, USA), which were mounted on fence posts at a height of
1.3716 m (4.5 ft). Atleast two data loggers were used at each experi-
ment site for the study duration. During the study period of 2001 to
2012, mean annual air temperature and annual precipitation at
Exp. 1 site were 6.9°C and 825 mm, respectively.

Experiment 2 (Exp. 2) site (48.332°N, —116.8477°W, 671 m a.s.l.)
was established in a cold-air drainage approximately 2.2 km south
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of the Exp. 1 site. Differences in growing conditions between sites
appeared to be primarily associated with soil conditions. Soil at the
Exp. 2 site was characterized as an ashy, glassy, frigid, Andic Fra-
giudalf, “Mission series” soil (formally: medial, frigid Ochreptic
Fragixera) (Page-Dumroese, 1993). This soil type is characteristi-
cally poorly drained and shallow (~25.4 mm to ~50.8 mm) to a fra-
gipan where moisture penetration and root growth are restricted.
In addition, the soil at this planting site was embedded with many
large (ca. 10-20 mm diameter) cobblestones. These rocky soil con-
ditions were more representative of whitebark pine’s native condi-
tions than the deeper and better-drained soil at the Exp. 1 site (see
Weaver, 2001).

Both experiments used a rectangular-shaped, randomized, com-
plete block design with an initial planting of 30 trees per popula-
tion. Populations were organized in five trees per row-plot within
each of six blocks (30 total rows) in Exp. 1. In Exp. 2, populations
were organized into 10 trees per row-plot with 3 columns per row
across 15 rows within three blocks (9 columns total). Columns were
perpendicular to rows in equivalence with row-plots. Individual
trees in Experiments 1 and 2 were planted using a dibble tool at a
spacing of 1 X 1 m and 35.56 X 33.02 cm (14 X 13 in), respectively.
Spacing in Exp. 1 was greater because the planting was intended to
be used as a small orchard after completion of the study. A border
row of nonmeasured whitebark pine seedlings was planted in each
site to equalize competitive effect on measured trees.

Substantial efforts were made to control extraneous environ-
mental influences in both experiments. Fencing was used to ex-
clude ungulates and burrowing mammals. Weeds were regularly
hoed in Experiment 1 and removed by hand in both experiments
through 2005. Supplemental irrigation was applied in late summer
as needed in 2003 and 2004 on both sites. Thinning to prevent com-
petitive interaction among trees was not necessary despite close
planting in Exp. 2 (35.56 X 33.02 cm) due to mortality before
crowding and the species’ characteristic slow growth.

Growth and survival data and climate estimates—Calipers were
used to measure shoot elongation over multiple growing seasons
from 2001 to 2005. Survival was measured over multiple years in
fall 2001-2005, 2011 and 2012, in Exp.1, and 2003-2006, 2010-
2012 in Exp. 2. Total aboveground height was measured on 14-yr-
old trees in fall 2012 for both experiments.

To assess height growth under benign conditions (growth poten-
tial), we focused the current study on results from early apical shoot
elongation, 2003-2005, when natural drought stress was likely low.
Supplemental irrigation had been applied in 2003 and 2004 and
growing season precipitation in 2005 was relatively high.

For each population’s geographic origin, monthly precipitation
and minimum and maximum and average temperatures at the seed
origin were interpolated using the program ANUSPLINE version
4.3 as a function of latitude, longitude, and elevation (Rehfeldt, 2006
and available at http://charcoal.cnre.vt.edu/climate/customData/).
These data were then used to calculate derived values for 24 climate
variables of demonstrated importance in biology (see Tuhkanen,
1980; Rehfeldt et al., 2006; Larson and Kipfmueller, 2010) that rep-
resent the extent and seasonality of temperature and moisture and
their interaction (Appendix S1, see Supplemental Data with this
article). The point estimates of climate were calculated using data
from weather stations in North America that were normalized for
the period of 1961 to 1990 (Environment Canada, 1994; U. S. De-
partment of Commerce, 1994; Rehfeldt, 2006).

Statistical analyses—In assessments of population performance
through studies of traits, it is common to focus on survivors alone
and ignore mortality. Trait expression is, however, conditional on
survival. For example, average height of individuals has been used
as a proxy for fitness of tree populations, given that future fecundity
is likely associated with height. However, the expression of indi-
vidual height is dependent on survival, which is a key component of
fitness. Therefore, comparison of fitness among populations using
height as a proxy is appropriate when survival is similar but is likely
to be misleading when survival differs. To account for both survival
and height as components of overall fitness, we employed aster
modeling (Geyer et al., 2007; Shaw et al., 2008) in novel analyses to
estimate mean height of individuals while accounting for mortality
from the initial cohort. We use the term unconditional expected
height to refer to estimates of mean height that explicitly account
for structural zeros due to mortality as our best proxy for individual
fitness, given that future fecundity both depends on survival and is
likely associated with height. All other estimates refer to condi-
tional measures.

We implemented our aster analysis by means of the reaster
(random effects aster) function (Geyer, 2013) in R (R Core
Team, 2015). Survival and unconditional expected height were
modeled to the year 2012 using survival beginning in 2001 for
Exp. 1 and 2003 for Exp. 2 (Fig. 2). Experiments 1 and 2 were
also analyzed jointly. Survival was modeled as a Bernoulli ran-
dom variable, and mean height was modeled using the normal
distribution. All analyses used a constant of 1 as the root node.
Following the first stage (initial survival), each successor variable
(succeeding year of survival or final height) was modeled as de-
pending on the one preceding it in the graphical model (Fig. 2).
Analysis of survival alone considered survival for the year of inter-
est and survival for the year(s) before that year. The degree of dif-
ferentiation among populations for survival and fitness (as the joint
expression of survival and height) was then assessed using maxi-
mum likelihood.

The degree of differentiation among populations for mean apical
shoot elongation in 2005 and mean height in 2012, conditional on
survival, were assessed using generalized linear mixed-effects mod-
els (GLMMs) using the Imer function (Bates et al., 2013) in R (R Core
Team, 2015). The GLMM form for analysis of mean apical shoot
elongation in 2005 and mean height in 2012 was:

Yijkl =U+E + R(E)ij +C(E), + P +EP, + €ijk1>

where Y, = is the observed unit value of the /th population, in the
jth row and kth column nested within the ith experiment; U is the
overall mean; E, is the experiment effect; R(E)ij is the effect of row
nested within experiment; C(E), is the effect of column nested
within experiment; P, is the population effect; EP, is the interaction
of the ith experiment and the Ith population; and €, is the random
residual error. To better account for study plot effects, we used row
and columns in place of blocks. For both aster and GLMM analysis
of the degree of differentiation among populations for their respec-
tive response variables (unconditional expected height and sur-
vival; mean height, and mean annual apical shoot elongation of
survivors), experiment was treated as categorical fixed effect. Col-
umns and rows within experiment, population, and the interaction
of population and experiment were treated as random effects. Sta-
tistical significance of the fixed effect was tested by comparing the
likelihoods of nested models.
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FIGURE 2 Graphical models for full aster analysis unifying population survival and mean height data to assess fitness for (A) Experiment 1, (B) Experi-
ment 2, and (C) Experiments 1 and 2 combined. Each node represents a component of life history; arrows represent the dependent association be-

tween predecessor and successor life-history components.

Climate patterns of genetic variation—To evaluate the relation-
ships between fitness measures and climate of seed origin, we inde-
pendently assessed each experiment using the statistical framework
presented by Leites et al. (2012). The GLMM form for the analysis
was:
Yju=U+E +R, +C, +P, +e

where Y, is the observed unit value of the /th population; in the ith
experiment, in the jth row and kth column, U is the overall mean;
E, is the effect of environment (climate or geography) at seed origin;
R is the effect of row; C, is the effect of column; P, is the popula-
tion effect; and e, is the random residual error. Climate and
geography of seed origin were treated as fixed effects. Effects of
columns, rows, and population were treated as random effects.
Here, climate or geography of seed origin (E,) and population (P)
jointly account for differences among populations. The inclusion
of a population-level random effect accounted for population
level effects not explained by climate or geography of seed origin.
Including this random effect was necessary to account for within-
group correlation.

The process used to select environmental variables and iden-
tify the best climate model for fitness related traits was con-
ducted as follows. Forward stepwise selection was used to identify
environmental variables that were significantly associated with
each response variable using aster for unconditional expected
height and survival and GLMM for mean height and mean apical
shoot elongation. Twenty-four climate (Appendix S1) and three
geographic variables (latitude, longitude, and elevation) were
tested using maximum likelihood. Geographic variables were

tested separately from climate variables to determine how fitness
variation among populations corresponded with other environ-
mental factors independent of the climate variables tested. Sig-
nificant (P < 0.05) variables were retained. Those variables that
were highly correlated (Pearson’s correlation coefficient > 0.7)
with the climate variable in the best model were eliminated. The
process was then repeated, adding a single variable from the
remaining pool to the best model to test models using two
variables. Correction for multiple comparisons was not made
because of substantial collinearity among variables, the compar-
isons were hypothesis-driven, and an increased risk of type II
error (see Rothman, 1990). All comparisons are presented in
Appendix S1.

The procedure used to describe seed transfer distance for prac-
tical application followed the floating seed zone model approach
described by Rehfeldt (1983). The estimation of mean within-
population variance used residual error variance divided by the
number of blocks for each experiment. The square root of the es-
timation of mean within-population variance provided a mean
within-population standard deviation. Confidence intervals were
calculated at the significance level 0.2 to reduce the probability of
committing a type II error. For gene conservation applications,
type II errors are as great if not a greater concern than type I er-
rors (Brosi and Biber, 2009). Confidence intervals were used to
identify the climatic distance per unit that reasonably distin-
guished two populations with respect to a particular trait. A pop-
ulation’s performance for traits examined was considered to
include the population’s mean and its upper and lower confidence
intervals. Two populations were considered to be significantly dif-
ferent when one population’s mean was outside of the confidence
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interval of the other. The formula used for confidence intervals
was:

Upper C.L,, =T, * sqrt((REV)/b)and LowerC.IL,,

= _(TA/Z *sqrt((REV)/b)),

where CI | is the 80% confidence interval; T, , is the value of ¢ at
the desired significance level; REV (an estimate of the root within-
population variance) is the residual error variance, and b is the
number of blocks. Estimation of confidence intervals for survival
used the standard score at the desired significance level multiplied
by the standard error.

The study data set excluded plant response data from the first
growing season following outplanting to allow time for establish-
ment. Due to mortality during this establishment period, the num-
ber of trees for each population in each experiment varied (Table 1).
In addition, the few plants that died apparently due to white pine
blister rust and beetle larvae attack in Exp. 1 and deer browsing in
Exp. 2 were omitted from the analysis. In total, 1099 trees and 964
trees were assessed in Exp. 1 and Exp. 2, respectively.

RESULTS

After 12 and 10 yr of growth in the field in the warm-dry climate,
mean heights of survivors for the 14-yr-old trees were 1479 mm
and 1103 mm with 39% and 40% survival for Experiments 1 and 2,
respectively (Table 2). Differences between the two experiments
were statistically significant for mean height of survivors and mean
apical shoot elongation in 2005 (Table 3) but not for survival or
unconditional expected height (i.e., height, taking into account the
null heights of those trees that died, Table 4). In both experiments,
survival declined episodically in association with dry growing sea-
son in 2002 and 2006-2011 (Table 2). Accordingly, nearly all mor-
tality appeared to be associated with drought.

Population differentiation—In Exp. 1, survival varied among pop-
ulations from 8 to 75%, while apical shoot elongation in 2005 var-
ied from 73.3 mm to 164.5 mm, and height among survivors in
2012 varied from 904 mm to 2144 mm. In contrast, populations in
Exp. 2 ranged from 19 to 77% survival and 46.4 mm to 136.5 mm
for apical shoot elongation in the 2005, and 188 mm to 1243 mm
for height in 2012.

In the joint analysis of Experiments 1 and 2, populations differed
between experiments for apical shoot elongation in 2005 (Table 3)
and survivorship (Table 4), as revealed by a significant (P < 0.05)
interaction between experiment and population. Given these inter-
actions, Experiments 1 and 2 were assessed independently in all
subsequent analyses. Notably, however, populations with the low-
est survival and apical shoot elongation in Exp. 2, also had the low-
est survival and apical shoot elongation in 2005 in Exp. 1. In the

separate analysis of each experiment, survival and apical shoot
elongation in 2005 differed significantly among populations. Infer-
ences of unconditional height, which reflected variation in survival
more so than variation in height (Table 5) and height among survi-
vors, were only detectably different among populations in Exp. 1
(Table 4 and Table 3, respectively).

Environmental clines—Forward stepwise multiple regression anal-
ysis detected significant relationships between climate and geogra-
phy of the seed origin for unconditional expected height in Exp. 1
and apical shoot elongation in 2005 and survival in Experiments 1
and 2 (Table 6). Model performance did not improve with addi-
tional predictors; hence, models with a single environmental pre-
dictor were chosen for all response variables.

In Exp. 1, apical shoot elongation in 2005 was negatively related
to the annual ratio of growing season precipitation to mean annual
precipitation (PRATIO). Higher values of PRATIO describe cli-
mate that exhibits increasingly higher proportion of annual pre-
cipitation during the growing season. In the study region (region of
seed collection), increasing values of PRATIO were largely deter-
mined (r* = 0.86) by decreasing winter precipitation (e.g., snow).
PRATIO accounted for 5.4% of the variation in apical shoot elon-
gation among populations (Fig. 3A). Survival and unconditional
expected height were negatively related to winter cold weighted
by the annual dryness index (ADIMMINDDO), which is a unitless
index where increasing values describe climate that is increas-
ingly dryer and colder. ADIMMINDDO accounted for 5 and 7%
variation in survival (Fig. 3B) and unconditional expected height
(Fig. 3C) among populations, respectively. Notably, ADIMMINDDO
and PRATIO are highly correlated over the study region (Table 5).
The general geographic pattern of genetic variation is a cline of in-
creasing growth and survival among seed origins from a south-
east to northwest direction and with decreasing elevation in
correspondence with increasingly mild climate in the study region
(Fig. 4A, B).

In Exp. 2, shoot elongation varied significantly in relation to the
Julian date when the sum of degree-days >5°C reached 100 (D100)
at the seed origin. D100 is a measure of the timing of spring warm-
ing and is positively correlated with elevation over the study region.
Height growth decreased with increasing D100 (later spring warm-
ing) at the seed origin. D100 accounted for 21.3% of variation
among populations for apical shoot elongation in 2005 (Fig. 3D).
Similar to height growth in Exp. 1, height growth generally in-
creased with decreasing elevation and from a southeast to north-
west direction in correspondence with milder climate among seed
origins (Fig. 4C).

In Exp. 2, survival declined significantly in relation to increasing
annual spring precipitation (SPRP) at the seed origin (Fig. 3E).
SPRP accounted for 15.2% of variation in survival among popula-
tions. Notably, survival was not significantly related to SPRP when
mortality following the drier than average growing season of 2006
was excluded from the analysis. The general geographic pattern

TABLE 2. Total survival (%) by year for whitebark pine (Pinus albicaulis) in common garden Experiments (Exp.) 1 and 2. Mortality in the first year after outplanting
was excluded to avoid aberrant effects of transplanting. Therefore, for each experiment, survival is given as 100% at the start of the year following outplanting.

Exp. Spring2001 Fall2001 Fall2002  Spring 2003  Fall2003  Fall2004  Fall2005 Fall2006  Fall2010  Fall2011  Fall 2012
1 100% 96% 68% — 64% 63% 63% — — 44% 39%
2 — — — 100% 93% 87% 86% 49% 42% 41% 40%
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TABLE 3. Summary of model comparison test for the effects of experiment (Exp.), climate and geographic origin of seed origin on mean apical shoot elongation
in 2005 (Shoot elongation) and mean total height among survivors in 2012 (Total height).

Response variable Term Model df Model %2 x2 df P value (>%?) Random RLRT P value
df Effect
Exp. 142
Shoot elongation Null 6 — — Population 1.0646 0.1338
Experiment (Exp) 7 11.408 1 <0.0007*** Exp:Population 76396 0.0032**
Row 13221 <0.0001 ***
Column 150.23 <0.0001 ***
Total height Null 6 — — Population 1.8385 0.0784
Experiment (Exp) 7 18.252 1 <0.0007*** Exp:Population 24922 0.0513
Row 42979 <0.0001 ***
Column 43422 <0.0001 ***
Only Exp. 1
Shoot elongation Null 5 — Population 25.079 <0.0007 ***
PRATIO 6 6.5139 1 0.0171* Row 7.7837 0.002 **
Elevation 6 8.3788 0.0038** Column 18.55 <0.0007 ***
Total height Null 5 — — Population 14.837 0.0001 ***
PRATIO 6 3.5474 1 0.0596 Row 7.8404 0.0017 **
Latitude 6 2.8747 1 0.0900 Column 6.3519 0.0048 **
Only Exp. 2
Shoot elongation Null 5 — — Population 24151 <0.0007 ***
D100 6 73933 1 0.0065** Row 0 NA
Elevation 6 6.7091 1 0.0096** Column 5.7654 0.0054 **
Total height Null 5 — — Population 0.74038 0.1747
Row 0 NA
Column 6.9104 0.0036 **

Notes: Null models included only intercepts for life history components. For each response variable, only the most significant geographic and climate variable were included in the model. For
each predictor variable, its effect was tested against the null model. Random effects show results from the null model. RLRT P value based on 10,000 simulated values. See Table 1 for

explanation of climate variables. *P < 0.05, ** P < 0.01, *** P < 0.001.

of genetic variation observed is a cline of increasing survival in
a generally northwest to southeast direction in the study region
in correspondence with decreasing annual spring precipitation
(Fig. 4D).

The amount of variation among populations for growth and sur-
vival explained by the geographic variables was similar to that of
the associated climate variables. However, one exception was found
in Exp. 2, where elevation at seed origin and D100 explained 21.4%
and 6.6% of variation in height conditional on survival, respectively
(Table 6).

DISCUSSION

The identification of genetic divergence that corresponds to envi-
ronmental variation represents strong evidence of adaptive clines.
The current study detected evidence of genetic divergence of quan-
titative traits (growth and survival) among populations of white-
bark pine that varied significantly with climate of seed origin (i.e.,
population origin). The rate of detectable change (slope or steep-
ness of cline) among populations for differences in growth and sur-
vival in relation to climate was relatively gentle in comparison to
many tree species (cf. Morgenstern, 1996; Rehfeldt et al., 2014).
Thus, the extent of apparent local adaptation to climate among
populations was found to be relatively low.

The current study was conducted at a relatively low elevation
(671 m a.s.l.) where climate approaches predicted future climate for
the present distribution of whitebark pine (see Mote and Salathé,
2010; see Table 1). In comparison to the warmest seed origin among
study populations (Beaver Creek, Idaho), the study sites were
warmer in mean annual temperature by ~4.2°C. In addition, condi-
tions for dry soil were observed during several growing seasons at

both experiment sites, while soils in whitebark pine’s natural habi-
tat are generally moist (Daubenmire, 1968) and thought to rarely be
subject to drought (Weaver, 2001). Thus results of this study may
not necessarily indicate growth and survival in the current native
habitat. Nevertheless, in common garden studies, significant phe-
notypic variation among populations that is associated with climate
at seed origin is indicative of genetic divergence that reflects re-
sponse to natural selection mediated by conditions at the seed ori-
gin (Turesson, 1925).

Survival—Survival is a complex trait that can reflect performance
in relation to the environment. Indeed, survival among populations
varied between differing experimental environments in the current
study (Table 4). In Exp. 1, survival slightly favored seed sources
from increasingly warm-wet origins (decreasing ADIMMINDDO),
while in Exp. 2 survival favored seed sources from increasingly
drier locations (decreasing SPRP). This interaction may have re-
sulted from differences in drought severity mediated by the stark
contrast in soil composition between the closely located (~3.5 km)
study sites. The soil in the Exp. 2 site was shallow and rocky, whereas
soil in the Exp. 1 site was deep and well tilled; therefore, popula-
tions in Exp. 2 may have experienced more severe drought effects
due to restricted root development and drier soil conditions during
dry growing seasons.

The detection of differential mortality following a dry growing
season that was negatively associated with precipitation (SPRP)
among seed sources suggests that whitebark populations had adapted
to variation in water availability. In a range-wide study comparing
populations in common gardens, Bower and Aitken (2008) also
identified variation in survival that was correlated with water avail-
ability at the seed source. In particular, they found that variation in
survival was positively correlated with summer precipitation and
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TABLE 5. Pearson correlation coefficients among population means for quantitative traits and geographic and climatic variables.

S1 S2 UHT1 UHT2 HT1 HT2 SE1 SE2 Lat. Long. Elev. D100 SPRP ADIMMINDDO
S2 0.28
UHT1 0.77** 0N
UHT2 0.17 -0.06 0.10
HT1 047* -0.08 0.64**  0.24
HT2 0.30 0.05 0.19 0.65***  0.21
SE1 0.33% -0.27 0.56** 0.19 0.72%** 0.26
SE2 0.18 -0.05 0.12 0.31 0.23 0.25 0.46*
Lat. —-0.05 -040*  0.20 0.28 0.18 0.29 047%  037*
Long. -0.05 019 -0.29 -0.08 -0.03 -016 -024 -007 —0.66"**
Elev. 0.09 033* -0.16 —0.35% -0.13 -033* —-0.38* -039% -084***  0.70***
D100 0.15 0.18 0.08 -032 0.00 -028 —021 -048% -053** 0.30 0.837%**
SPRP -0.10 -034* 004 -0.14 0.01 -0.18 017 -0.02 045* -0.36* -0.11 0.27
ADIMMINDDO  —0.02 023 -0.34* -0.12 -0.28 -0.13  -037* =014 =072  070**  0.65** 022 —-0.60***
PRATIO -0.04 0.13  -037% -0.14 -0.25 -0.18 -032 -009 —061*** 081*** 0.72** 033* -030 0.90%**
Notes: S = survival, UHT = unconditional height, HT = height, SE = total apical shoot elongation (growth potential), 1= Experiment 1, 2 = Experiment 2. Results represent only means from

populations present in both experiments. See Table 1 for explanation of geographic climate variables. *P < 0.05, ** P < 0.01, *** P < 0.001.

negatively correlated with the summer aridity index among popu-
lations originating from the Cascade Range in Oregon and Califor-
nia. They did not, however, detect variation for survival among
populations from the Northern Rockies as identified in the current
study. The dissimilarity between study results for the Northern
Rockies may be due to differences in experimental power or differ-
ences in drought stress between study environments.

The map projection of annual spring precipitation (SPRP) is
representative of the geographic distribution of clinal variation for
whitebark pine survival under warm-dry climate and natural drought.
It reveals a trend of increasing survival in a generally northwest
to southeast direction (Fig. 4D). Thus, seed origins from locations
with low rainfall during whitebark pine’s growing season, which
are mostly located in relatively colder regions of southern Idaho
and Wyoming, appear to represent populations better adapted for
survival in response to drought. Clinal variations associated with
drought resistance have also been reported in Douglas-fir where
seed source from regions with relatively cold winters and arid
summers were identified to be best adapted to drought (Kaya et al.,
1994; Bansal et al., 2015). In addition, clinal variation for survival in
association with variation in precipitation patterns (heat to moisture
ratio) among seed origin has also been reported for the co-occurring
species lodgepole pine (Pinus contorta, Rehfeldt et al., 1999).

Growth potential —Height growth measured during the juvenile
stage when stress is limited (i.e., growth potential) can be predictive
of mature height on favorable sites that are relatively stress-free.

For example, height variation among seed sources of 2-yr-old Scots
pine (Pinus sylvestris) grown under limited stress in a greenhouse,
accounted for 80% of the variation in 13-yr height growth observed
among the same seed sources located at 46 favorable field sites
across Russia (Rehfeldt, 2004). In the current study, growth poten-
tial was assessed using total shoot elongation in 2005, following two
consecutive growing seasons with limited moisture stress. By this
measure, variation in growth potential accounted for at most 23.6%
variation in height at age 14 yr. The relative weakness of this rela-
tionship can be interpreted as a general indication that the cumula-
tive environmental stress over the full study period impaired the
growth potential of individuals within most populations. Alterna-
tively, this result could be explained by random environmental ef-
fects or differential adaptive responses at the test sites.

Growth potential differed significantly among populations
(Table 3) and was positively related to mildness of climate at the
source location, as indicated by timing of spring warming (D100)
and the ratio of annual precipitation to growing season precipita-
tion (PRATIO). These results are generally consistent with findings
of Bower and Aitken (2008), who found increasing height growth
with mean annual temperature (MAT) of the seed origin of 2-yr-
old trees from populations in the Rocky Mountain region. In the
current study, MAT was a nearly significant predictor of height
growth (Appendix S1). The positive relationship between growth
and mildness of climate at seed origin is well documented and
common among temperate and boreal conifers as evidenced
by similar findings among many species including western larch

TABLE 6. Results of multiple regression analyses that describe genetic variation in whitebark pine (Pinus albicaulis) in response to climate of seed origin.

Model Model
Independent Independent

Term climate variable R? Intercept Slope geographic variable R? Intercept Slope

Experiment 1
Survival ADIMMINDDO* 0.05 037 —-0.001102 Latitude* 0.061 0371 —0.0011
Shoot elongation PRATIO* 0.054 164.70 -96.6 Elevation ** 0.098 192.209 —0.0311
Unconditional ADIMMINDDO* 0.074 52557 -1.722 Latitude* 0.092 —2083.9 527
Expected height

Experiment 2
Survival SPRP* 0.152 0.66458 —-0.0019 Latitude* 0.177 2133 —-0.0368
Shoot elongation D100** 0.212 254.8241 —0.9764 Elevation** 0.2 145.904 -0.0273

Notes: See Table 1 for explanation of climate variables. * P < 0.05, ** P < 0.01.
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FIGURE 3 Experiment 1, (A) predicted apical shoot elongation of whitebark pine (Pinus albicaulis) plotted in relation to PRATIO at seed origin and
(B) predicted survival and (C) unconditional expected height plotted in relation to ADIMMINDDO [(cold-dryness index) = sqrt (annual sum of de-
gree day > 5°C)]/mean annual precipitation) x degree days < 0°C using mean minimum temperature at seed origin. Experiment 2, (D) predicted mean
annual apical shoot elongation plotted in relation to D100 (Julian date the sum of degree-days > 5°C reaches 100) at seed origin and (E) predicted
percentage survival plotted in relation to SPRP (spring precipitation: April + May) at seed origin. Open circles represent observed population means.

Dotted line represent 80% Cl.

(Larix occidentalis, Rehfeldt, 1995), Engelmann spruce (Picea engel-
mannii, Rehfeldt, 2004), Douglas-fir (Pseudotsuga menziesii,
St Clair et al., 2005; Rehfeldt et al., 2014), eastern white pine (Pinus
strobus, Joyce and Rehfeldt, 2013), ponderosa pine (Pinus ponderosa,
Rehfeldt et al., 2014) and Hartweg’s pine (Pinus hartwegii, Loya-
Rebollar et al., 2013).

Fitness—A population’s fitness or tendency to survive and repro-
duce in a given environment may be interpreted as a measure that
predicts its persistence over time in the given environment. How-
ever, direct assessment of fitness for many tree species is difficult
given their long life span and delayed, intermittent reproduction.
For this reason, height, which is correlated with eventual reproduc-
tive output is commonly used as a proxy for fitness.

Greater height in conifers is positively associated with male fe-
cundity (see Shea, 1987; Ne’eman et al., 2011; Arista and Talavera,
1994), reproductive surface (see McGraw and Wulff, 1983; Weaver
and Forcella, 1986), and competitive ability for light (King, 1990),

which can contribute to fitness. However, height is dependent and
thus conditional on survival through the life cycle. Therefore, as-
sessing fitness among populations using inferences of height alone
may provide misleading conclusions under conditions where sur-
vival varies substantially. Alternatively, use of survival alone to as-
sess population fitness does not account for variation in dependent
variables such as height, which may well represent reproductive fit-
ness of survivors. Therefore, joint analyses of survival and height in
addition to the independent analysis of each trait can provide a
more complete and thus more informative assessment of fitness
in comparison to analyses that only consider these fitness proxies
independently.

Inferred values of unconditional height from the current study
estimate the expected value of height 10 and 12 yr following out-
planting taking into account mortality at earlier years. When there
has been no mortality, unconditional height is equivalent to height
conditional on survival (i.e., height of survivors); with increasing
mortality, unconditional height decreases. For example, trees from
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FIGURE 4 (A) Geographic distribution for ADIMMINDDO (B) PRATIO, (C) D100 (Julian date the sum of degree-days >5°C reaches 100), and (D) SPRP
(spring precipitation: April + May), projected over predicted contemporary climate niche of whitebark pine (Pinus albicaulis) in interior northwestern
United States. Solid points (@) indicate origin of study populations.
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seed that originated from Farnham Peak, Idaho, and Forty Cr.
Crazies, Montana, had the same mean height among survivors
(1254 mm) but differed in survival (54% and 13%, respectively) in
Exp. 1. The inferred unconditional height for Farnham Peak was
658 mm and Forty Cr. Crazies was 188 mm. In this case, uncondi-
tional height conveys the fitness advantage of greater survival of the
Farnham seed source. As a second example from the opposite ex-
treme, trees from seed that originated from Daisy Pass, Montana
and Salmo L.O., Washington had the same survival of 46%, but dif-
fered in mean height among survivors (1141 mm and 786 mm, re-
spectively) in Exp. 2. The inferred unconditional height for Daisy
Pass was 523 mm and 459 mm for Salmo L.O. In this case, uncon-
ditional height conveys the assumed fitness advantage of greater
height of the Daisy Pass seed source.

In Exp.1, the detection of differences among populations for
unconditional height that corresponded with ADIMMINDDO of
seed origin suggests that populations originating from milder cli-
mates will exhibit increased fitness under warm-dry conditions
where growth is not hindered by restrictive soil conditions. There-
fore, where soils (or drought) are not restricting, seed source origi-
nating from milder climates appear to be best suited to exhibit
higher fitness under predicted warmer climate. In contrast, differ-
ences among populations were not detected at the P < 0.05 level, for
unconditional height in Exp. 2, even though significant differences
were detected for survival and growth potential when assessed in-
dependently (Table 4). This result likely reflects a degree of incon-
gruence between survival and growth expressed under growing
conditions at the Exp. 2 site. This incongruence did not, however,
appear to support a trade-off between survival in response to
drought and growth potential as evidenced by the low positive cor-
relation between traits (Table 5). An absence of trade-offs between
growth and drought tolerance was also reported for Douglas-fir
(Darychuk et al., 2012). Taken together, results from the current
study suggest that, to the extent that survival and height are repre-
sentative of fitness and balanced in their contribution to fitness,
populations are not expected to exhibit differences in fitness in re-
sponse to drought.

Without question, assessing variation in fitness among long-
lived trees based on 12 and 10 yr of field growth and survival is
tentative and must be interpreted with caution. However, studies of
relatively early growth and survival do capture variation expressed
during the early life stages when forest trees are more susceptible to
climate-related mortality (Namkoong et al., 1972; Namkoong and
Conkle, 1976). Even so, in some cases where longer-term provenance
experiments have been conducted, selection has been observed at
intervals past 50 yr (see Bakker et al., 2006). Thus, provenance ex-
periments of longer duration may yield different results.

Environmental clines—A comparison between the mapped projec-
tions of climate predictors for survival in response to natural
drought and growth potential (Fig. 4D vs. A, B, and C) shows their
geographic counterbalance of clinal variation over the study region
where survival is expected to increase while growth potential de-
creases in a generally northwest to southeast direction. Even so,
regions where growth and survival are not expected to be counter-
balanced are also evident. For example, the climate habitat in the
Bitterroot Mountains along the north-central border of Idaho and
Montana was predicted to have populations that exhibit relatively
high growth and high survival under warm-dry climate, while
populations originating from the Blue Mountains in Oregon are

expected to exhibit relatively low survival with a broad range of
growth potential under warm-dry climate.

Management implications—A fundamental objective of reforesta-
tion management is to plant trees that are adapted to the planting
site. Results from genecology studies are directly applicable to and
are used extensively toward meeting this objective in forest man-
agement (Mahalovich, 1995; Johnson et al., 2004; Ying and Yanchuk,
2006). Genecology research focused on assessing genetic variation
in relation to climate has also been conducted to address grassland
(e.g., St Clair et al., 2013) and rangeland (e.g., Richardson et al,,
2014) restoration objectives.

Several analytical approaches (see Johnson et al., 2004) have
been devised that use data from genecology studies to judge how far
seed collected from a particular location can be moved while mini-
mizing the risk of maladaptation. These approaches interpret clinal
variation in terms of natural selection and are based on the breed-
er’s equation (R = h?S, see Falconer, 1989) for the response to selec-
tion (Morgenstern, 1996). In addition, these approaches assume
that populations are best adapted to their local conditions and are
less well adapted to conditions the farther from the home site they
are grown. The most conservative results from the current study,
which were estimated using a floating seed transfer approach (see
Campbell, 1974; Rehfeldt, 1983), suggest that seed is reasonably
adapted for survival under warm-dry climate if transferred within
approximately 23 mm for the SPRP of the seed source climate. For
height growth, seed transferred within approximately +23.5 Julian
days for D100 (ca. 228 m elevation) of the cone collection site are
expected to be reasonably adapted to the climate of the planting
site. An examination of these transfer recommendations in relation
to climate variation over the study region shows that the land area
within the transfer distances is disjunct and spans the majority of
the study region (Fig. 4). These results are similar in magnitude of
transfer distance recommendations reported by Bower and Aitken
(2008) who recommend seed transfer limits of 320 m in elevation in
the Rocky Mountain region.

In comparison with other western forest species, our results sug-
gest that the whitebark pine is intermediate between specialist and
generalist mode of adaptation for growth potential (see Levins,
1968; Rehfeldt, 1994). Whitebark pine’s intermediate mode of ad-
aptation is similar to western larch (Larix occidentalis) where ge-
netic differences for growth potential between any two populations
are estimated as substantial at approximately +225 m in elevation
(Rehfeldt, 1982) in the interior northern Rocky Mountains.

Ongoing climate change is expected to rapidly alter the associa-
tion between climate and adaptive structure for many plant species
in the western United States (Rehfeldt et al., 2006). For example, by
the decade beginning in 2030, about 70% of the contemporary real-
ized climate habitat for whitebark pine in the United States and
southern Canada is projected to be eliminated due to climate
change (Warwell et al., 2007). To the extent that future climate
reflects the warm-dry conditions of the current study, results
suggest that populations generally located more to the northwest
are expected to exhibit greater mortality in comparison to more
southeasterly populations in the region. To be sure, informed man-
agement decisions will require recommendations that explicitly
consider the species’ adaptive relationship across a broad range of
climates in conjunction with models that consider multiple cli-
matic predictions for specific geographic locations (see Rehfeldt
and Jaquish, 2010; Joyce and Rehfeldt, 2013). Clinal variation
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identified and described in the current study can be directly applied
to inform such recommendations.
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