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Abstract

One of the most important drivers of local adaptation for forest trees is climate. Coupled

to these patterns, however, are human-induced disturbances through habitat modifica-

tion and pollution. The confounded effects of climate and disturbance have rarely been

investigated with regard to selective pressure on forest trees. Here, we have developed

and used a population genetic approach to search for signals of selection within a set of

36 candidate genes chosen for their putative effects on adaptation to climate and human-

induced air pollution within five populations of red spruce (Picea rubens Sarg.),

distributed across its natural range and air pollution gradient in eastern North America.

Specifically, we used FST outlier and environmental correlation analyses to highlight a

set of seven single nucleotide polymorphisms (SNPs) that were overly correlated with

climate and levels of sulphate pollution after correcting for the confounding effects of

population history. Use of three age cohorts within each population allowed the effects

of climate and pollution to be separated temporally, as climate-related SNPs (n = 7)

showed the strongest signals in the oldest cohort, while pollution-related SNPs (n = 3)

showed the strongest signals in the youngest cohorts. These results highlight the useful-

ness of population genetic scans for the identification of putatively nonneutral evolution

within genomes of nonmodel forest tree species, but also highlight the need for the

development and application of robust methodologies to deal with the inherent

multivariate nature of the genetic and ecological data used in these types of analyses.
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Introduction

Understanding the genetic basis of adaptation in natural

populations and the corresponding genetic effects of

environmental and climatic change to patterns of locally

adapted phenotypes is a fundamental goal in ecological

genetics (Barrett & Hoekstra 2011). Forest tree popula-

tions are adapted to their local site and climate condi-

tions (Savolainen et al. 2007), with this process primarily

affected by the interaction between the homogenizing

effects of gene flow and diversifying effects of natural

selection. Despite the potential for extensive long dis-

tance gene flow, forest tree populations are locally

adapted and are capable of quick adaptation and evolu-

tionary response to selection pressures (Savolainen et al.

2007; Kremer et al. 2012). For example, forest trees exhi-

bit strong geographical variation in fitness-related phe-

notypic traits that is often correlated with environmental

variables, which is evidence for local adaptation (Endler

1986). The identification of the genes underlying these

locally adapted phenotypes, however, has been elusive.

With the recent development of genomewide resources

(e.g. Parchman et al. 2012; Birol et al. 2013; Nystedt

et al. 2013), especially single nucleotide polymorphisms

(SNPs), there is increasing interest in identifying

genes underlying local adaptation and the effects of
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environmental and climatic changes on natural plant

populations (Neale & Kremer 2011).

Patterns of local adaptation within natural plant

populations are geographically based so that other geo-

graphically based patterns such as neutral population

structure, historical demography and phenotypic plas-

ticity can confound inference of local adaptation from

surveys of genetic diversity (Gienapp et al. 2008; Barrett

& Hoekstra 2011). Studying selection and adaptation in

long-lived organisms, such as forest trees, faces addi-

tional challenges: overlapping generations that violate

assumptions underlying many methods of inference,

long reproduction cycles that limit the feasibility of

controlled multi-generation selection and breeding

experiments, and poorly annotated genomes further

complicate the identification of genes affected by non-

neutral processes. Despite these limitations, however,

evidence for local adaptation is well developed for for-

est trees at both the phenotypic and molecular levels

(Savolainen et al. 2007; Neale & Kremer 2011), and

genomewide resources are under development for

many forest tree species (e.g. Mackay et al. 2012). The

existence of overlapping generations within natural

populations of forest trees, however, can be utilized to

provide unparalleled opportunities to examine the

impacts of anthropogenic disturbances on relatively

short timescales, especially when the local effective pop-

ulation size is large or the environment is highly hetero-

geneous in space and time (Lourenco et al. 2013).

Global climate change and environmental pollution

have become important driving forces of evolution in

temperate and boreal ecosystems over the last century

(Scholz & Bergmann 1984; Barnes et al. 1999; Longauer

et al. 2001; Aitken et al. 2008). Red spruce (Picea rubens

Sarg.) is an excellent system for investigating the

genetic effects of air pollution within natural plant pop-

ulations. The natural range of this species extends from

eastern Canada throughout the northeastern United

States (US) and into the southeastern United States

along the mountaintops of the Appalachian Mountains.

This species is sensitive to air pollution, and its south-

ern high-elevation populations have been severely

affected by air pollution in the second half of the 20th

century (Siccama et al. 1982; Johnson 1983; Johnson &

Siccama 1984; DeHayes et al. 1991; Dehayes & Hawley

1992). The northern populations have largely remained

unaffected by air pollution. Exposure to high concentra-

tions of sulphate in cloud water and higher frequency

of cloud events at mountaintop locations are believed to

be the primary contributors to stand damage in the

southern portion of red spruce range. At high-elevation

sites, exposure to acid clouds explains up to 59.5% of

variance in annual tree growth, whereas climatic factors

explain only 7.6% of this variance (Webster et al. 2004);

thus, pollution has had a clear effect on the survival

components of fitness.

There is a multiplicity of effects by air pollution on

plants (Seyyednejad et al. 2011). At the molecular level,

these effects revolve around general plant stress

responses to reactive oxygen species (ROS; e.g. Li & Yi

2012) and, for sulphate specifically, involve the complex

biochemical mechanisms required for sulphur assimila-

tion and thiol metabolism (Yi et al. 2010). With regard to

red spruce, exposure to sulphate depositions affects cold

acclimation and winter dormancy mechanisms, which

leads to extensive winter frost damage to the current-

year needles that in turn results in defoliation, reduced

growth rates and ultimately tree death (DeHayes et al.

1991). High concentrations of sulphate in cloud fog

damage cuticular wax in needles, leading to increased

transpiration during the winter and subsequent drought

stress (Esch & Mengel 1998). The same factors – frost

damage and drought stress – are the two primary causes

of seedling mortality in red spruce (Blum 1990). Much

of the adaptive genetic response to anthropogenic sul-

phate deposition by red spruce populations thus could

be confounded with adaptive responses to cold and

drought stresses.

To identify allele frequency changes associated with

anthropogenic sulphate deposition, we investigated

genetic variation, structure and divergence between

three age classes sampled from within five natural pop-

ulations of red spruce growing at different air pollution

levels. We disentangled the effects of genetic structure,

demography and climate-related geographical variation

from that of air pollution through the use of among-

cohort comparisons based upon SNPs from candidate

genes and putatively neutral simple sequence repeats

(SSRs). Specifically, we tested the prediction that age

classes are expected to show differential correlations

with pollution levels due to the fact that the oldest

trees in the stand had passed the most sensitive devel-

opmental stage (seedling) long before the anthropo-

genic sulphate deposition reached its maximum in

1960–1970s and thus were likely less affected by air

pollution, whereas younger trees had to survive under

polluted conditions. Using an environmental associa-

tion approach (see Vasem€agi 2006), we identified three

SNPs that were overly associated with sulphate

pollution levels primarily in young trees. In addition,

seven SNPs were overly associated with climate vari-

ables, including the three outliers with respect to pollu-

tion class, but significant correlations were primarily

observed in old trees. Thus, we provide the first

evidence for putative signatures of directional selection

in response to anthropogenic air pollution in natural

plant populations and discuss the broad implications of

these results.
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Materials and methods

Population sampling

Five pristine natural old-growth populations of red

spruce were sampled across the species range in areas

receiving various levels of sulphate deposition (Fig. 1;

Table S1, Supporting information). Stands without sig-

nificant human intervention documented in the past

were selected so that confounding effects of harvesting

and silviculture activities could be avoided. The annual

data for non-sea-salt sulphate deposition were obtained

from the National Atmospheric Chemistry (NAtChem)

Precipitation Chemistry Database (Ro et al. 2009).

Although the absolute levels of non-sea-salt SO4
2�

depositions varied over time, the high-elevation sites in

Southern Appalachians consistently demonstrated lower

pH values and higher SO4
2� contents in cloud water

(Anderson et al. 2006). At the same time, a significant

spatial and temporal variation in acid fog exposure and

temperature regimes is expected within each site. It

would be extremely difficult to account for all possible

within-site variation for the environmental conditions.

Thus, the WV, TN and NY red spruce populations were

considered polluted, and the NB and NS populations

served as unpolluted control.

Within each population, 60 trees were sampled in

each of the three age groups: (i) old trees (the oldest

trees in the stand), (ii) young trees (2–4 cm DBH) and

(iii) seedlings (7–12 cm tall). The approximate tree ages

for the three classes were >100 years, 22–30 years and

2–4 years, respectively. Trees were randomly sampled

with a minimum spacing of 50 m between individuals

to minimize effects of family structure. Minimum spac-

ing between trees was calculated based on the average

seed dispersal distance (Blum 1990). One population of

black spruce (Picea mariana Mill.) from Goose Bay,

Labrador, Newfoundland, (NL) (53°17′N, 60°25′W) was

included as a control to ascertain possible hybridization

effects in the northern parts of red spruce range. This

experimental design thus allows for the disentangling

of signatures of air pollution-driven selection from the

confounding effects of demography, population struc-

ture, hybridization and other evolutionary forces. Nee-

dles were collected from each of the total 900 red

spruce trees sampled. Genomic DNA was extracted

using a high-throughput magnetic fishing protocol

(Bashalkhanov & Rajora 2008).

Discovery and genotyping of single nucleotide
polymorphisms (SNPs)

Expressed sequence tags (ESTs) for 96 candidate genes

potentially involved in the adaptive response to cold

and drought stresses were selected from the existing

publications, conifer EST databases and GenBank (Nam-

roud et al. 2008; Wegrzyn et al. 2008). Primer pairs for

63 genes yielded PCR amplicons in red spruce. Discov-

ery of SNPs was performed on a test panel of 48 indi-

viduals randomly selected from range-wide collections

of red spruce and 12 black spruce individuals. Frag-

ments smaller than 400 bp were screened using the

high-resolution melting assay on a LightScanner HR1

(Idaho Technology Inc., Salt Lake City, Utah). Larger

fragments were assayed by EcoTILLING (McCallum

et al. 2000) using the SniPer Eco-Mix Kit (Frontier

Genomics, Auke Bay, Alaska). Polymorphic fragments

were identified and then sequenced by Agencourt

Bioscience (Beverly, Massachusetts). The resulting

sequences were quality-trimmed with PHRED threshold

score of 20 and aligned. Overall, 182 SNPs in 63 genes

were identified, and 61 of these SNPs in 36 genes were

selected for subsequent genotyping based on their meet-

ing the criteria for multiplex assay for genotyping. SNP

genotyping was carried out using the iPLEX Gold assay

(Sequenom Inc., San Diego, California). Only allele calls

with >99% confidence and loci with >95% successful

calls were retained for the analysis. As a result, 33 SNP

markers in 25 genes passed quality control and were

polymorphic in the red spruce samples (Tables S2, S3,

Fig. 1 Sampling locations and the estimated non-sea-sulphate

deposition levels (source: Canadian National Atmospheric

Chemistry Database, Science and Technology Branch, Environ-

ment Canada). Populations are abbreviated as follows: TN (Mt.

Clingmans Dome, Tennessee, 35˚35′N, 083˚28′W, 1800 m, pol-

luted); WV (Gaudineer Knob, West Virginia, 38˚38′N, 079˚50′W,

1242 m, polluted); NY (Mt. Rusk, New York, 42˚12′N, 074˚15′
W, 1100 m, polluted); NB (Loch Alva Lake, New Brunswick,

45˚16′N, 66˚18′W, 150 m, nonpolluted); NS (Abraham Lake,

Nova Scotia, 45˚09′N, 062˚36′W, 196 m, nonpolluted).
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Supporting information). Annotations for these SNPs

were derived from alignments between the sequences

of amplicons used to discover the SNPs and the puta-

tive homologous candidate gene in Arabidopsis thaliana

L. All of the sampled individuals were also genotyped

using nine EST and genomic DNA-based microsatellite

markers developed earlier in Rajora laboratory at

Dalhousie University (SSRs; Table S4, Supporting

information). These SSRs were used as a reference set

of neutral markers with which to assess the rate of false

positives for tests of neutrality and environmental

correlations.

Data analysis

Genetic diversity and population structure. Standard

metrics of genetic diversity were calculated for the SSR

and SNP genotype data for populations and age classes

classified into populations – observed (Hobs) and

expected (Hexp) heterozygosity, and Wright’s F-statis-

tics. Population structure was assessed in two ways.

First, hierarchical F-statistics were estimated using the

variance components method of Yang (1998), as imple-

mented in the hierfstat library (Goudet 2005) available in

the R computing environment (R Development Core

Team 2012). Age classes were classified into popula-

tions, and populations were classified into pollution

classes (polluted vs. nonpolluted). Analyses were con-

ducted separately for SSRs and SNPs and included only

populations of red spruce. Second, overall population

structure was assessed using the Bayesian clustering

algorithm available in the program STRUCTURE,

version 2.3.1 (Falush et al. 2003). The number of popula-

tions (K) was assumed to range from 2 to 10, and for

each value of K, five independent runs of the Markov

Chain Monte Carlo (MCMC) sampler were initiated for

1.0 9 106 steps after a burn-in of 1.0 9 105 steps. For all

analyses, trees from all age classes, only SSR data, the

control population of black spruce, and the admixture

model with correlated allele frequencies, were used.

Resulting admixture coefficients (q-values) for each

value of K were averaged across replicated runs using

the program CLUMPP, ver. 1.1.2 (Jakobsson & Rosenberg

2007), and visualized using standard graphical functions

in R. The best value of K was assumed to be the number

of observed populations (K = 6), including the control

population of black spruce, although inspection of the

plot of the log-probability of the data against K and use

of the DK method (Evanno et al. 2005) were also

employed.

Tests of neutrality and environmental correlations. Two

forms of outlier tests were employed to assess the

nonneutrality of SNP markers. First, we employed a

hierarchical analysis of FST outliers following the logic

of Excoffier et al. (2009) using the SNP data. We

employed a hierarchical island model of population

structure where age classes were classified into popula-

tions and populations were classified into pollution

classes (i.e. two populations were placed within the

nonpolluted class, and three populations were placed

within the polluted class). Parameters for the hierarchi-

cal island model were estimated pairwise for each level

in the hierarchy from the equilibrium relationship

between FST and the migration rate using the SSR data

after which 1.0 9 106 SNPs were simulated using ms

(Hudson 2002). The estimated migration rates used for

the simulations were further adjusted until the multilo-

cus FST for the simulated data did not differ from the

observed value for the SSRs by more than 5%. For each

simulated data set, hierarchical fixation indices were

estimated using the hierfstat library in R. The sets of

1.0 9 106 hierarchical fixation indices were used as null

distributions to identify outliers for the observed hierar-

chical fixation indices at a two-tailed significance

threshold of P = 0.05.

Second, we employed an environmental correlation

approach that incorporates population structure covari-

ates to account for the confounding issue of population

history on genotype–environment correlations (see

Vasem€agi 2006). The general framework employed fol-

lows the logistic regression approach given by Joost et al.

(2007), but incorporates population structure covariates.

Thus, a logistic regression model was constructed for

each SNP, where the count of the minor allele for each

individual was the response variable and admixture

coefficients (xk = 1 through xk = 5) from the program

STRUCTURE, pollution classes (xpollution) and a climate

variable (PC1 from a PCA using 19 bioclimatic vari-

ables, xclimate) were the predictor variables (i.e. the full

model was: logit P = b0 + b1xk = 1 + b2xk = 2 + b3xk = 3 +
b4xk = 4 + b5xk = 5 + b6xpollution + b7xclimate). Note that

one of the clusters from the STRUCTURE analysis was

dropped, as the q-values for an individual tree sum to

one. The effect of pollution classes on allele counts for

each SNP was assessed using a likelihood ratio test

(LRT) comparing a logistic regression model with

STRUCTURE admixture coefficients and pollution class

as predictors to a model with only STRUCTURE admix-

ture coefficients as predictors. The large-sample approxi-

mation to the LRT based on the chi-square distribution

with one degree of freedom was used to obtain a P-value

for each SNP. Separate tests for each SNP were con-

ducted for all trees and for trees grouped by age class.

Multiple tests were accounted for using a minimum

P-value permutation approach utilizing the SSR data as

neutral controls. Specifically, pollution class was random-

ized with respect to SSR genotypes and STRUCTURE

© 2013 John Wiley & Sons Ltd
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admixture coefficients 10 000 times. For each of the

randomized data sets, 33 SSR alleles (i.e. coded as 0, 1 and

2 genotypes based on counts of the allele in each individ-

ual) were selected randomly and tested for effects due to

pollution class as described previously. The minimum

P-value for the set of 33 tests for each of the 10 000

randomized data sets was retained, and the 5% quantile

of this set of 10 000 minimum P-values was used as the

multiple-test corrected significance level. The same

permutation analysis was conducted using the SNP data

only, and the multiple-test corrected significance level

was similar to that of the SSR alleles (results not shown).

Lastly, we used the previously described framework

to also test for the effects of climate on allele counts for

each SNP. Climate data were obtained from generic

gridfiles (2.5 arc-minute resolution), available at the

WorldClim database website (http://www.worldclim.

org/current), containing interpolated values for 19

bioclimatic variables. Given the latitude and longitude

of each population (Table S1, Supporting information),

the raster and extract functions from the raster library in

R were used to retrieve population-specific climate data.

Trees from the same population were assigned the same

climate data, and environmental correlations were iden-

tified as described previously for pollution classes using

LRTs. The 19 bioclimatic variables were first subjected

to principal components analysis (PCA) to reduce

dimensionality using the prcomp function in R, and

scores on the first principal component (PC), which

accounted for 62.85% of the total variance, were used in

the downstream analyses. This PC was comprised equi-

tably of most bioclimatic variables, with 13 of the 19

bioclimatic variables having absolute values of loadings

on this PC between 0.20 and 0.30 (Fig. S1, Supporting

information).

All tests were conducted using the glm function

assuming a binomial error distribution and a logit link

function as employed in the stats library of R. Popula-

tion structure covariates were obtained from the

STRUCTURE results assuming K = 6, with one of the

six clusters being dropped randomly conditional on it

not being the cluster identified as corresponding to

introgression from black spruce.

Simulations were used to assess the ability of the

aforementioned method to correct for the effects of pop-

ulation structure. Specifically, we simulated 1000 sets of

33 SNPs in the program ms assuming 4Neu = 2 (per

locus) and an island model comprised of five popula-

tions where 4Nem = 27. The value of 4Nem was selected

to match that expected for the Fpopulation,total listed in

Table 1 for the SNPs at mutation–drift equilibrium.

From each of the five populations, 50 diploid individu-

als were sampled. For each of the simulated data sets, a

STRUCTURE analysis was conducted assuming K = 5.

Climate data were then assigned to each of the five

populations based on the observed values from the ori-

ginal data set (i.e. observed climate values for the three

polluted populations were assigned randomly to the

three simulated polluted populations). For each set of

33 SNPs, we counted the number of genotype–environ-

ment tests (i.e. the effect of pollution corrected for

climate), conducted as described previously with and

without population structure corrections in the model,

where the observed P-value was less than the multiple-

test corrected value. This count divided by the number

of tests (i.e. 33) was used as the false-positive rate. The

mean of the simulated distribution of this false-positive

rate was used as the estimate of the false-positive rate.

Results

We investigated genetic variation between three age

classes within five populations of red spruce growing at

different air pollution levels. Genetic variation and

population structure were assessed using nine nuclear

microsatellites and 33 SNPs sampled from five popula-

tions, each with three age classes, classified into

polluted (TN, WV, NY) vs. unpolluted (NS, NB) popu-

lations. Two forms of neutrality tests were employed

using the 33 SNPs – (i) an outlier analysis of hierarchi-

cal population structure and (ii) logistic regression mod-

els describing correlations of allele counts for each of

the SNPs with pollution class.

Genetic diversity and population structure

Expected heterozygosity (Hexp) across SSR markers

within populations ranged from 0.000 to 0.898, with a

mean (�1 standard deviation [SD]) across loci and pop-

ulations of 0.521 (�0.329). For SNPs, Hexp ranged from

0.005 to 0.429, with a mean (�1 SD) of 0.141 (�0.132)

Table 1 Multilocus variance components and hierarchical pop-

ulation structure with regard to pollution class for red spruce

populationsa. Bootstrap confidence (95%, n = 10 000 replicates

across loci) intervals are located in parentheses

Hierarchical

fixation index SSRs SNPs

Fpollution,total 0.0157 (0.0026–0.0348) 0.0213 (0.0079–0.0382)

Fpopulation,total 0.0246 (0.0104–0.0440) 0.0348 (0.0201–0.0511)

Fage class,total 0.07978 (0.0485–0.1517) 0.0357 (0.0210–0.0522)

Fpopulation,pollution 0.0091 (�0.0021–0.0211) 0.01374 (0.0043–0.0251)

Fage class,pollution 0.0651 (0.0349–0.1355) 0.0147 (0.0054–0.0254)

Fage class,population 0.0566 (0.0211–0.1323) 0.0010 (�0.0005–0.0026)

aEstimates exclude the SNP RPRS13b located in a chloroplast

locus due to the haploid and nonrecombining nature of the

chloroplast genome.
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across loci and populations. Expected heterozygosity

across loci and marker types exhibited trends across

age classes (Kruskal–Wallis tests: P < 0.05), with hetero-

zygosity increasing with age, but not among popula-

tions (Kruskal–Wallis tests: P > 0.50) nor between

pollution classes (Wilcox rank sum tests: P > 0.25),

although the means within pollution classes did

decrease for polluted sites for SSRs (polluted: 0.579,

unpolluted: 0.618), but not SNPs (polluted: 0.140, unpol-

luted: 0.140). There was, however, an increased abun-

dance of monomorphic SNPs in the polluted stands

(Fig. S2, Supporting information).

In general, observed heterozygosities (Hobs) were

lower than expected based upon observed allele fre-

quencies and Hardy–Weinberg equilibrium (Table S5,

Supporting information). Trends similar to those for

Hexp were also observed for Hobs across age classes,

populations and pollution classes. As for Hexp, this

resulted in overall values of Wright’s F-statistic that

were positive. Values of F, however, were not signifi-

cantly different across age classes, populations or pollu-

tion classes (Kruskal–Wallis tests and Wilcox rank sum

tests: P > 0.20).

An analysis of population structure based on hierar-

chical, multilocus F-statistics, revealed substructuring at

the level of pollution classes, populations and age clas-

ses (F-statistics: 0.0157–0.0798; Table 1, see also Table S6

(Supporting information) for variance components).

Within pollution classes, populations and age classes

were also substructured (F-statistics: 0.0091–0.0651;

Table 1), as were age classes classified into populations

(F-statistics: 0.0010–0.0566; Table 1). Most hierarchical

F-statistics for both marker types were significantly

greater than zero, with only Fpopulation,pollution (SSRs)

and Fage class,population (SNPs) having their 95% bootstrap

confidence intervals include zero (Table 1). Magnitudes

of these indices were similar across marker types,

although indices were approximately 1.4-fold larger for

SNPs relative to SSRs at the level of pollution classes

and populations and approximately 2.5-fold larger for

SSRs relative to SNPs at the level of age classes. Regard-

less of marker type, these analyses were consistent with

population substructuring at the level of pollution class,

populations and age classes.

Analysis of population structure using only SSRs and

the Bayesian clustering algorithm employed in the

program STRUCTURE revealed qualitatively similar

patterns to those observed from the hierarchical F-statis-

tics (Fig. 2). Most individuals were admixed within

populations and age classes, with the exception being

Fig. 2 Patterns of population structure as assessed using nine SSRs and the Bayesian clustering algorithm in the program STRUCTURE

reveal moderate substructuring of allele frequencies among pollution classes, populations and age classes, as well as introgression of

black spruce alleles into nonpolluted populations (NB & NS). The reference black spruce population is labelled as NL in each panel.
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the old age class in the TN population. This pattern

was apparent for all values of K and is expected for the

level of structure revealed using hierarchical F-statistics.

Inspection of the plot of K vs. DK revealed that the opti-

mal value of K was at K = 2 (Fig. S3, Supporting infor-

mation), which corresponded roughly to polluted vs.

nonpolluted populations, although the plot of K vs. the

likelihood levelled off closer to K = 6 (Fig. S1, Support-

ing information). This disparity is expected under

scenarios of hierarchical population structure (Evanno

et al. 2005), which is again the likely scenario for the

sampled red spruce populations based on hierarchical

F-statistics. Inclusion of a pure black spruce population

(NL), moreover, indicated that, at all values of K, red

spruce trees from the two populations comprising the

nonpolluted sites (NB and NS) contained admixed trees

with black spruce at a higher frequency than popula-

tions sampled at the polluted sites (TN, WV and NY).

This was also observed in the patterns of linkage dis-

equilibrium between SNPs, with most values of r2 lar-

ger than 0.20 being observed in these two, nonpolluted

populations (Fig. S2, Supporting information). Within

the polluted populations, LD was virtually nonexistent.

Thus, admixture with black spruce was confounded

with classification of sites as polluted vs. nonpolluted

and may have partly contributed to allele frequency dif-

ferences between these site categories. However, much

of this confounded admixture effect was disentangled

by examining allele frequency changes among three age

cohorts within populations (see below).

Tests of neutrality and environmental correlations

Simulations under a hierarchical island model of popu-

lation structure were used to assess magnitudes of hier-

archical F-statistics as outliers (Table 2, Fig. 3). In

general, these outliers had hierarchical F-statistics that

were 3-fold or greater than the average across loci and

the average predicted from simulations. A total of four

unique SNPs were outliers for Fpopulation,total: RPRS64a,

RPRS76b, RPRS77a and RPRS81b.

Analysis of the correlation between pollution classes

and allele counts for each of the 33 SNPs while account-

ing for population structure revealed 21 SNPs for which

the P-value associated with a likelihood ratio test com-

paring models with and without effects due to pollution

was less than a = 0.05 (Table 2). This is 12.7-fold larger

than the expected number of false positives at a = 0.05

(21 observed vs. 1.65 expected). Application of similar

tests considering one age class at a time resulted in 6

(seedlings), 9 (mature) and 12 (old) tests significant using

a = 0.05. Again, these were 3.7- to 7.2-fold larger than the

expected number of false positives using a = 0.05. In

comparison, applications of similar models to SSR alleles

(n = 121) resulted in 12 or less significant tests for all

trees and trees segregated by age class. This is at most

Table 2 Summary of outliers for hierarchical population structure, correlations to pollution class and correlations to climate. Bolded

values are significant using an a = 0.05, which was corrected for multiple tests for the correlation analyses (see Materials and Meth-

ods). Values are either FST (population structure) or P-values associated with a likelihood ratio test of models with and without the

listed effect (correlation analyses)

RPRS13b* RPRS34a RPRS64a RPRS76b RPRS77a RPRS81b RPRS95c

Population structure

Fpopulation,total NA 0.031 0.070 0.088 0.073 0.123 0.058

Pollution correlations

All 0.008 2.31e-07 0.002 3.55e-06 0.005 1.45e-09 0.847

Seedling 0.068 1.01e-04 0.096 3.90e-04 0.041 1.34e-06 0.361

Mature 0.015 5.93e-04 0.201 0.062 0.001 1.85e-04 0.463

Old 0.127 0.125 0.016 0.032 0.012 0.272 0.585

Climate correlations

All 2.11e-13 2.85e-07 4.55e-13 1.75e-07 7.70e-05 8.74e-10 9.75e-06

Seedling 0.066 0.111 8.22e-05 0.088 0.036 0.003 0.034

Mature 3.64e-05 0.002 8.62e-05 0.078 0.002 1.00e-04 0.014

Old 1.91e-09 2.13e-04 3.68-05 1.83e-05 0.003 6.84e-06 0.001

Pollution | Climate correlations†

All 0.134 5.33e-05 0.389 9.34e-04 0.115 3.01e-06 0.660

Seedling 0.095 9.09e-05 0.446 8.84e-05 0.237 7.76e-05 0.422

Mature 0.241 0.004 0.675 0.322 0.054 0.009 0.580

Old 0.308 0.441 0.765 0.289 0.267 0.560 0.712

*This SNP is located in a chloroplast locus and was thus excluded from FST analyses due to the haploid and nonrecombining nature

of the chloroplast genome.
†This represents a test of a model with both climate and pollution relative to a model with just climate.
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only 2.0-fold larger than the expected number of false

positives. Thus, there is an enrichment of signals for

correlations to pollution class in the SNP data relative to

the SSR data.

To correct for multiple tests, we employed a minimum

P-value approach based on randomization and subsam-

pling of SSR alleles (see Materials and Methods). After

such corrections, 3, 3, 2 and 0 SNPs remained significant

for tests involving all, seedling, mature and old trees,

respectively (Table 2). The significant SNPs were

RPRS34a (all, seedling and mature trees), RPRS76b (all

and seedling trees) and RPRS81b (all, seedling and

mature trees) and were located in genes encoding 4-

coumarate-CoA ligase 2 (RPRS34a), heat-shock protein

(RPRS76b) and an ascorbate peroxidase (RPRS81b). Two

of these three SNPs (RPRS76b and RPRS81b) were also

outliers with respect to Fpopulation,total (Fig. 3, Table 2). All

three of these SNPs were noncoding, with two located in

3′UTR positions (RPRS34a and RPRS81b) and the other

being intronic (RPRS76b), Thus, SNPs significantly

affected by pollution class, after correcting for population

structure and multiple tests, were primarily observed in

seedling and mature trees. The method employed, more-

over, appears to control quite well for false positives, as

simulated data achieved a false-positive rate close to

a = 0.05 (Fig. S4, Supporting information).

Many of the candidate genes for response to pollution

were also good candidates for response to climate, and

pollution levels were confounded with climate differ-

ences (Wilcox rank sum test: P < 0.05). We also searched

therefore for environmental correlations with climate

variables. Application of logistic regression models

predicting SNP allele counts using population structure

covariates and/or climate, as described previously for

pollution classes, resulted in 23 SNPs for which the

P-value associated with a likelihood ratio test comparing

models with and without effects due to climate was less

than a = 0.05. This is 13.9-fold larger than the expected

number of false positives at a = 0.05 (23 observed vs. 1.65

expected). Application of similar tests considering one age

class at a time resulted in 3 (seedlings), 9 (mature) and 11

(old) tests significant using a = 0.05. Again, these were

5.5- to 6.7-fold larger than the expected number of false

positives using a = 0.05. In comparison, applications of

similar models to SSR alleles (n = 121) resulted in six or

less significant tests for all trees and trees segregated by

age class. Thus, there is an enrichment of signals for corre-

lations to climate in the SNP data relative to the SSR data.

Of the 23 tests with P < 0.05, seven remained signifi-

cant after multiple test corrections (Table 2). Of these

seven SNPs, six were located in noncoding positions (five

in UTRs and one in an intron), while one was located in a

nonsynonymous position. The latter produced a proline–

histidine polymorphism within an MYB transcription

factor (RPRS77a). Four of these seven SNPs were also the

four outliers with respect to Fpopulation,total. Notably, the

effects across age classes were reversed with respect to

pollution class, so that most of the significant effects were

observed in old trees and the number of significant corre-

lations decreased in mature and seedling trees. Of the

seven outliers with respect to climate correlations, three

of them were the outliers with respect to pollution class.

The effects at these SNPs, however, were reversed with

respect to age class, and their effects remained significant

after accounting for climate (Table 2).

Discussion

We have provided evidence of spatially variable selec-

tion due to anthropogenic sulphate deposition in natu-

ral red spruce stands. Specifically, we identified three

SNPs that are very strongly associated with pollution

class relative to neutral SSRs for young trees. This asso-

ciation remained even after accounting for the con-

founding effects of climate. These three SNPs were also

associated with climate, although the association was

primarily observed for old trees. Four additional SNPs

were associated with climate, again primarily for old

trees. These results are informative about the operation

of selection in natural tree populations and to the

conservation of red spruce populations in the face of

continued pollution and climate change.

Anthropogenic pollution, climate change and the fate
of red spruce populations

Red spruce is adapted to moist and cool conditions, as

reflected in its increasingly high-elevation habitat at
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structure as defined using a hierarchical island model parame-

terized using the SSR data.
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southern latitudes. It also exhibits relatively little phe-

notypic variation in traits facilitating a large niche

breadth (Morgenstern et al. 1981) and has relatively

low genetic diversity within populations (Hawley &

DeHayes 1994; Rajora et al. 2000). Predicted climate

change will alter the availability of this habitat type at

southern latitudes, suggesting local extirpation of

mountaintop populations once local migration is unfea-

sible (Aitken et al. 2008). In addition, the area of most

stability and potential for migration to track changing

climate variables northward is overlapping with that of

black spruce, where hybridization between the two spe-

cies is common (Morgenstern & Farrar 1964; Gordon

1976; Fig. 2). As shown here, however, loci within the

genome of red spruce have responded to climate

change historically, and sulphate pollution more

recently, despite its relatively low phenotypic and neu-

tral genetic diversity that suggested this would be unli-

kely. Similar results were found for populations of

sapphire cress (Boechera fecunda (Rollins) Dorn.), which

were locally adapted to climate despite low marker

diversity (McKay et al. 2001). This is expected theoreti-

cally because the probability of local adaptation

depends upon the interaction of the local effective pop-

ulation size (Ne), which can be much larger than the

range-wide and long-term Ne (see Karasov et al. 2010),

and the strength of local selection pressures as they

affect the genes underlying the adaptive trait.

The evolutionary fate of red spruce is complicated by

different evolutionary dynamics across its range. In the

north, adaptation and migration to changing climates is

confounded with hybridization with black spruce,

which can be a potent evolutionary driver (Lewontin &

Birch 1966), while in the south, suitable habitats are

restricted to increasingly higher elevations thus

promoting smaller populations that are increasingly

isolated. Continued environmental pollution exerts

additional pressure on southern populations. Genetic

effects of air pollution within natural populations have

been studied in several boreal and temperate forest tree

species with contradictory results (e.g. Scholz & Berg-

mann 1984; Bergmann & Scholz 1987; Geburek et al.

1987; Barnes et al. 1999; Longauer et al. 2001, 2004). The

present study, however, clearly identified three SNPs

in three genes as putatively involved in acidification

stress response in red spruce populations. Unlike previ-

ous studies, we monitored allele frequencies at candi-

date loci in pre- and postselection age cohorts as

opposed to un-stratified populations. More work is

needed, however, to better understand how allele

frequencies at these loci will be affected in the context

of the demographic changes that will accompany

responses by these populations to continued climate

change.

Evolutionary genetics of local adaptation for red spruce

Here, we have documented climate, as represented by

the first PC from a PCA using 19 bioclimatic variables

(Hijmans et al. 2005), as an important driver for local

adaptation among populations of red spruce. The seven

SNPs correlated with this climate PC reside in genes with

functions related to gene regulation (MYB transcription

factor, RPRS77a), molecular chaperone activity (heat-

shock protein, RPRS76b), stress-induced calcium signal-

ling (calmodulin-like protein, RPRS64a), regulation of

signalling pathways (terminal-flower like protein,

RPRS95c), peroxidase activity (ascorbate peroxidase,

RPRS81b), lignin and flavonoid biosynthesis (4-couma-

rate–CoA ligase 2 (4CL), RPRS34a) and chlorophyll bio-

synthesis (light-independent protochlorophyllide

reductase, RPRS13b). Interestingly, light-independent

protochlorophyllide reductase is encoded in the chloro-

plast genome, and its identification as putatively nonneu-

tral is relatively novel (see Budar & Roux 2011).

Polymorphisms in genes with these molecular functions

tend to be correlated with environmental variables in

model plants and forest trees (Abe et al. 1997; Amasino

2010; Lindberg et al. 2012), which lends credence to their

identification here as climate responsive. A definitive

interpretation of these functions as climate responsive,

however, would be premature without further experi-

mental evidence (Barrett & Hoekstra 2011; Pavlidis et al.

2012).

A subset of these SNPs was also associated with pol-

lution levels in young trees, which is consistent with

the onset of anthropogenic sulphate deposition (Ander-

son et al. 2006). Specifically, RPRS34a, RPRS76b and

RPRS81b were associated with pollution levels, which

encoded a 4CL protein, a heat-shock protein and an

ascorbate peroxidase, respectively. The molecular func-

tions of these proteins are sensible for responses to

sulphate deposition. Ascorbate peroxidases are well-

established parts of the antioxidant system that controls

reactive oxygen species (ROS) in plants. As an example,

the activity and expression of cytosolic ascorbate peroxi-

dase were found to be enhanced in response to sulphur

dioxide exposure in Arabidopsis thaliana (Kubo et al.

1995). In addition, heat-shock proteins (HSPs) are molec-

ular chaperons that play a key role in maintaining cellu-

lar homeostasis under optimal and stressful conditions

(Wang et al. 2004). Abiotic stresses, such as those caused

by sulphate pollution, can affect protein stability and

HSPs help in the stabilization of proteins and mem-

branes. For example, significant increase in HSP expres-

sion was observed in Pinus pinaster Ait. in response to

environmental pollution (Acquaviva et al. 2012). There-

fore, the observation that SNPs within ascorbate peroxi-

dase and HSP genes in red spruce are correlated with air

© 2013 John Wiley & Sons Ltd

AIR POLLUTION AND LOCAL ADAPTATION IN RED SPRUCE 5885



pollution is consistent with the role these proteins play in

the abiotic stress response. Correlation of 4CL with air

pollution is also consistent with its functional biological

role in phenylpropanoid pathway, which leads to the

synthesis of phytochemicals essential for the survival of

plants.

Of most interest, however, is the observation that the

three SNPs found associated with sulphate pollution

are also associated with climate in older trees, which

points to a model of selection upon standing variation.

In support of this hypothesis, the standardized allele

frequency deviation (SAFD ¼ ðpi � pgÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2Ni

pgð1�pgÞ
q

, where

Ni is the sample size for the young cohort in population

i, pg is the global allele frequency for minor allele for

old cohorts across all populations, pi is the allele fre-

quency for the minor allele in the young cohort of pop-

ulation i; see Christiansen et al. (1976) for these three

SNPs changed significantly in younger trees relative to

the global allele frequencies in old trees, especially in

the polluted populations. The direction of allele fre-

quency change, moreover, was often in opposite direc-

tions between polluted and nonpolluted populations,

yet in the same direction across populations within

either category (results not shown). The sole exception

was SNP RPRS76b, which exhibited a strong clinal pat-

tern for the frequency of the minor allele. When taken

together with the results illustrated in Table 2, these

results are consistent with patterns expected from local

adaptation via divergent selection upon standing varia-

tion. As the candidate loci for SNP screening were

selected from genes presumably involved in cold and

drought stress response, it is possible that natural selec-

tion imposed by climate fluctuations after the last glacial

maximum had increased allele frequencies at these loci

to appreciable frequencies, so that when sulphate deposi-

tion was initiated, they were able to provide the neces-

sary genetic variance upon which selection could act.

Such models are commonly used to explain evolutionary

responses by quantitative traits to selection (Barrett &

Schluter 2008) and should be common evolutionary

responses by tree populations (Savolainen et al. 2007).

More work, however, is needed to understand fully the

complex intersection of genetic architecture affected by

selection due to multiple causes. The use of multiple age

cohorts, though, is a promising start to understand this

complexity.

Limitations and future directions

Although the results presented here are sensible, strongly

supported, and are logically consistent based on theoreti-

cal expectations, there are several limitations to the

analyses. First, a small number of markers were used to

discover outliers. This limits the strength of conclusions

that can be made about the full genetic architecture of

adaptive responses to environmental pressures by red

spruce. Second, a small number of populations were

sampled, and although range-wide, this number limits

the ability to draw general inferences about responses to

spatially varying selection pressures (de Mita et al. 2013).

Third, we utilized two different classes of markers that

differ in levels of standing genetic diversity as the result

of differing mutation rates. This could bias results due to

differing levels of power in genotype–environment corre-

lations (but see Materials and Methods – in order to mini-

mize this bias, microsatellite alleles were coded as 0, 1, 2

depending upon the count of alleles similar to that for

SNP alleles), homoplasy and biases when applying

expectations of FST as a function of heterozygosity. Use of

SSR markers, however, has been demonstrated to be

more powerful than SNPs for descriptions of population

structure and demography (Hamblin et al. 2007), which

is quite central to this study. Furthermore, the observed

patterns here illustrate that FST was similar between SSRs

and SNPs. One exception, however, was the F-statistic

for age classes classified into populations (Fage class,popula-

tion, see Table 1), which was higher than among-popula-

tion differentiation for the SSRs. This could reflect some

form of natural selection, within-stand demography

change or a combination of both, but further work would

be needed to explain this pattern. Lastly, the structure of

red spruce’s range makes detection of outliers difficult as

population structure and environmental gradients,

including changing climates and pollution levels, are

confounded across latitude (see Eckert et al. 2010; Holli-

day et al. 2010), which suggests that future work should

carefully consider sampling design to decouple these

confounding factors as much as is feasible (Sork et al.

2013).

The vast majority of these limitations can be

addressed in future work, especially given that conifer

genomics has progressed to the point of draft genomes

and genomewide data sets (Parchman et al. 2012; Birol

et al. 2013; Nystedt et al. 2013). As such, systems of nat-

ural populations amendable to asking and answering

fundamental questions within evolutionary biology will

move to the forefront of empirical research. Red spruce

is one such system with which to tease apart the

complex interactions of multiple sources of selection,

and as such, we have established that natural forest tree

populations are likely adapting to rapid environmental

change and anthropogenic pollution.
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