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Abstract.—This paper reviews population variation in Fraxinus americana (white ash) to 
determine whether intraspecific variation in various physiological traits affects growth and survival 
in F. americana and to correlate any intraspecific variation in F. americana with temperature or 
precipitation differences throughout the species range. Beginning in the 1980s, results from common 
garden studies indicated that differences in growth and survival in F. americana are the result of 
ecotypic variation in the species. Recently, further insights into the mechanisms controlling these 
ecotypic differences in growth were made in a common garden at the edge of the species range. This 
project in northeastern Kansas found significant differences in morphology, phenology, and stomatal 
regulation among 44 F. americana populations. Even after 30 years of growth in the common 
garden, these population differences were well-correlated with climatic differences (temperature and 
precipitation) at the location of population origin. Temperature requirements for leaf emergence 
of F. americana populations in the common garden were positively correlated with the latitude of 
population origin. Differences in water use efficiency among other F. americana populations were 
observed and may be caused by morphological traits, such as variation in leaf mass per area and foliar 
nitrogen concentration. Thus, the original observations of differences in growth among F. americana 
ecotypes are likely caused by adaptive differentiation among populations.

INTRODUCTION
Interest in the ecology of Fraxinus (ash) species has 
increased due to the recent discovery of an exotic insect 
pest, the emerald ash borer (Agrilus planiplennis), in 
North America. The wood-boring beetle has caused the 
death of millions of ash trees (MacFarlane and Meyer 
2005) and has seriously threatened the survival of 
native North American Fraxinus species. When tools to 
conserve and manage ash species are being developed, 
it is important to consider how ecologically important 
traits vary among natural populations. High levels 
of intraspecific variation in morphology, physiology, 
growth, and phenology are commonly observed in tree 
species with large ranges that cover different climatic, 
edaphic, and biotic regions (Donselman and Flint 1982, 
Geber and Dawson 1993, Abrams 1994, Aspelmeier and 
Leushner 2004).

Tree physiology often changes along climatic 
gradients and may be driven by adaptation to 
temperature differences and/or differences in water 
availability throughout the species range. In the 
case of the temperate deciduous tree F. americana 
L. (white ash), the natural species range includes 
the eastern half of the United States and extends 
into parts of southern Canada (Fig. 1). Even 
without accounting for the devastation caused by A. 
planiplennis, models predicting future suitable habitat 
for the species indicate that its range will decrease 
in the future as a result of a northward shift in 
optimum growing conditions (Prasad et al. 2007). An 
understanding of the natural variation in traits that 
affect growth, susceptibility to A. planiplennis, and 
survival of Fraxinus species is necessary for directing 
management strategies and conservation efforts.
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	 Figure 1.—Natural range of F. americana in North America 
(shaded region, USDA Forest Service, www.na.fs.fed.us). 
Sources (    and o) of the 44  F. americana populations 
grown in the common garden (*) at Nelson Environmental 
Study Area in northeastern Kansas are also indicated. Ten 
populations originating from along an east-west precipitation 
gradient are identified by open circles. From Marchin et al. 
2008.

F. americana is a ring-porous angiosperm native to the 
temperate deciduous forests of the eastern United States. 
This hardwood is an early successional species that is 
often one of the first trees to colonize abandoned fields 
and thus is important for forest regeneration across its 
range (Schlesinger 1990). The wood of F. americana 
is valued for its strength and is used for furniture and 
baseball bats (Nesom 2000).

Prior to this century, not much was known about the 
extent of intraspecific variation in the physiology and 
growth of F. americana. Recent work in a F. americana 
common garden in northeastern Kansas, however, 
revealed intraspecific variation for several important 
ecological traits (Marchin 2006, Marchin et al. 2008). 
Located in a marginal habitat at the western edge of the 
species range where the required degree of adaptation 
may exceed the limits of phenotypic plasticity in some 
genotypes, this study site likely allowed a full expression 
of range-wide genetic variation in response to abiotic 
stresses (Paschke et al. 2003, Stanton et al. 2000).

The main focus of this review is to (1) determine 
whether there are differences in morphology, 
phenology, gas exchange, and stomatal regulation 

•

among F. americana populations, (2) determine whether 
intraspecific variation in these traits affects growth and 
survival in the species, and (3) correlate intraspecific 
variation in F. americana with a corresponding climate 
variable to define the causal mechanism driving genetic 
divergence in the species.

METHODS: THE COMMON GARDEN 
APPROACH
For many years, it has been known that F. americana is 
genetically variable throughout its range, partly owing 
to the presence of polyploidy (Wright 1944). These 
differences in ploidy level vary across the species range, 
with diploids (46 chromosomes) occurring throughout 
the species range. Tetraploids (92 chromosomes), 
however, are restricted to regions south of latitude 35°N, 
and hexaploids (138 chromosomes) are found between 
latitudes 35° and 40°N (Black and Beckmann 1983, 
Schlesinger 1990). Triploid and pentaploid embryos 
have also been observed, although the prevalence of these 
individuals in natural populations is unknown (Black and 
Beckmann 1983).

To better understand how this genetic variation affected 
growth and to identify the best seed sources for various 
geographical locations, the U.S. Forest Service, North 
Central Forest Experiment Station  initiated a range-
wide provenance test of F. americana in 1976 (Clausen 
1980, Clausen et al. 1981). Open-pollinated seeds 
were collected from native parent trees at 59 locations 
throughout the species’ range and planted in a nursery 
in Illinois. It was observed that under the common 
environment of the nursery, tetraploids grew taller than 
other ploidy levels (Clausen et al. 1981). These 1-year-
old seedlings were later transplanted to 22 plantations 
throughout the eastern United States and Canada.

This review primarily focuses on one of the F. americana 
common gardens, located in Kansas at the western 
edge of the species range (University of Kansas, Nelson 
Environmental Study Area, 39.0°N, 95.2°W, 299 m asl). 
At this common garden site, mean annual precipitation 
is 879 mm, with large interannual variation (± 200 
mm SD). Mean annual temperature is 11.9°C, and 
mean temperature during the growing season (April–
September) is 20.4°C (see Jefferson County, Table 1). 
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Trees in the common garden were 30 years old at the 
time of the study. The common garden is set up in a 
block design, with each of the 44 populations (Fig. 
1) represented by 25 trees (5 blocks with 5 replicate 
trees from each population). In 2004, 40 of the 
44 populations were still represented by at least 10 
individuals, although one population (East Baton Rouge, 
LA) had no surviving trees in the common garden.

To determine possible mechanisms driving genetic 
variation in F. americana, two subsets of populations 
were selected a priori. One subset of 10 populations 
formed a north-south latitudinal gradient that ranged 
from 30.8° to 46.6°N and originated within a narrow 
longitudinal range (approximately 89°W). Similarly, the 
second subset of 10 populations formed an east–west 
precipitation gradient ranging from 79.5° to 95.7°W 
and originating within a narrow latitudinal range 
(approximately 39°N). These subsets of populations 

Table 1.—Climatic data from the common garden (located in Jefferson County, KS
and the locations represented in the common garden. From Marchin et al. (2008
Populations in the latitudinal gradient are indicated by a single cross (†);
populations in the east-west precipitation gradient are indicated by a double cross (‡).

can indicate the climatic control over known trait 
variation by maximizing differences caused by one 
climate parameter (e.g., precipitation) and minimizing 
differences caused by other factors (e.g., temperature, 
photoperiod). All physiological measurements were 
performed on three to five individuals per population, 
and when possible, all measured trees were located in 
one block to minimize microsite differences among trees.

RESULTS

Population-level Responses in Growth 
and Survival

After only 3 years of seedling growth in the originally 
established 22 F. americana common gardens, height 
varied significantly among populations and plantations, 
revealing a strong genotype × environment interaction 
(Clausen 1980). The patterns of variation in height 
indicated the presence of northern and southern 
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ecotypes divided at approximately 39°N (Roberds et al. 
1990). Populations of the southern ecotype had greater 
growth than the northern ecotype throughout most of 
the F. americana range, excluding the extreme northern 
latitudes (Clausen et al. 1981, Roberds et al. 1990). 
Therefore, foresters recommended collecting seed up to 
300 km south of a F. americana plantation location.

As the F. americana trees aged, the height differences 
among populations became more accentuated at most 
plantation sites. The mean percentage of total variation 
attributed to provenance, taken across 10 common 
gardens, increased from 28.6 percent at age 3 to 38.5 
percent at age 13 (Clausen 1984, Rink and Kung 1991). 
In contrast, the mean variance component attributed 
to populations-within-provenances decreased from 
11.9 percent at age 3 to 7.5 percent at age 13 in the 
same study sites (Clausen 1984, Rink and Kung 1991), 
indicating that mean between-provenance variation is 
more than three times greater than within-provenance 
variation. Interestingly, the common garden in Kansas 
was an exception to this trend. Here, the between-
provenance variance component for height of 13-year-
old trees was 10 percent, while the within-provenance 
variance component was 31 percent (Rink and Kung 
1991.

In the central zone between the northern and southern 
ecotype, at approximately 39°N, growth and survival 
are highest among populations that originated from 
locations closest to the common garden (Schuler 1994, 
Marchin et al. 2008). This result was confirmed by 
two common gardens located at opposite edges of the 
species range. At the common garden in north-central 
West Virginia, Schuler (1994) examined trees 15 years 
after establishment and found height and survival were 
highest in populations originating from the immediate 
vicinity of the common garden. Among 30-year-old 
trees in the Kansas common garden, similar results were 
found: Stem circumference and survival were highest in 
populations originating closest to the common garden 
(Fig. 2) (Marchin et al. 2008). In both studies, survival 
and growth in the common garden were lower in 
provenances originating either to the north or south of 
the common garden (Fig. 2).

Taken together, these studies indicate that adaptive 
differentiation has occurred in F. americana in response 

to range-wide climatic variation. Evidence suggests that 
the genetically controlled differences in growth and 
survival among F. americana populations are related 
to differences in temperature and/or precipitation 
patterns throughout the species’ range. There are high 
degrees of variation in climatic variables throughout 
the F. americana range (Table 1), with mean annual 
temperature ranging from 4.3 to 19.4 °C and mean 
annual precipitation ranging from 749 to 1602 mm.

	 Figure 2.—(a) Stem circumference (n = 1-25) and (b) 
survival (n = 25) regressed against latitude of origin for 44 
Fraxinus americana populations grown in a common garden 
located in Jefferson County, KS. Populations representing 
an east-west precipitation gradient along latitude 39oN are 
identified by open symbols. From Marchin et al. 2008. 
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Temperature-influenced Intraspecific 
Variation

As indicated by the differences in survival among 
ecotypes of F. americana, there is variation in cold 
tolerance among F. americana populations. Alexander et 
al. (1984) found that stem tissue of the northernmost 
populations had lower killing temperatures (–42.6 
°C, –41.4 °C) than did the southernmost populations 
(–33.7 °C, –30.8 °C) in two different years. This 
result suggests that southern tree populations 
require lower temperatures or more time to reach 
maximum potential cold hardening than do northern 
tree populations. Additionally, it has been shown 
that southern populations have lower temperature 
requirements for bud break in the spring in Kansas 
(Marchin 2006), indicating that these populations may 
be more susceptible to damaging late-spring frosts. The 
lower growth and survival of southern F. americana 
populations in the Kansas common garden is likely at 
least partially controlled by temperature-related traits.

Because killing temperatures of northern F. americana 
populations are low (Alexander et al. 1984), the 
mechanism controlling differential growth and survival 
among northern populations is likely different from that 
of southern populations. The lower stem circumference 
of northern populations may still be controlled by 
temperature-related traits, however, because there are 
phenological differences among populations. The range 
for mean date of leaf emergence among populations 
in the Kansas common garden was 26 days, which 
is comparable to reported time intervals for other 
deciduous temperate tree species (Scotti-Saintagne et 
al. 2004, Borchert et al. 2005). A significant linear 
relationship was found between temperature sum for 
spring leaf emergence and latitude of origination among 
F. americana populations, where northern populations 
had higher temperature requirements for bud break 
than southern populations (Marchin 2006). In forest 
ecosystems, early greening of canopies is critical for net 
ecosystem primary production. A difference of a few 
days in canopy development accounted for more than 20 
percent of the interannual change in net photosynthetic 
production in a northeastern North American forest 
(Myneni et al. 1997).

Another possible cause of the differential growth and 
survival observed among F. americana populations is 
differences in photosynthetic capacity or rates of light-
saturated photosynthesis (Asat). Leaf gas exchange 
parameters, such as net photosynthesis (A) and stomatal 
conductance (gs), have been found to vary significantly 
among populations of the closely related species F. 
pennsylvanica (green ash; Abrams et al. 1990). This 
variation among genotypes in Asat is maintained by 
simultaneous changes in biochemical and stomatal 
characteristics during photosynthesis (Geber and 
Dawson 1997).

Because the amount and intensity of solar radiation in 
different habitats is a source of population variation 
in Asat (Fitter and Hay 2002), it is possible that F. 
americana populations along a north-south latitudinal 
gradient would have differences in Asat. One study 
comparing 10 F. americana populations that originated 
along such a latitudinal gradient found no significant 
variation in Asat or gs (p=0.35, p=0.25, respectively) 
among F. americana populations (Table 2; Marchin 
2006). The sample size analyzed in this study was 
low (n=3-5 individuals), however, and perhaps better 
sampling would reveal significant differences among 
populations. Indeed, there does appear to be a trend 
between mean Asat and latitude, where northern F. 
americana populations have the lowest mean Asat 
(Table 2). Populations with lower inherent rates of 
photosynthesis would also have lower potential growth 
rates (Larcher 2003).

Precipitation-influenced Intraspecific 
Variation

Changes in water availability across a species range have 
been found to drive intraspecific differences in drought 
tolerance in a number of tree species (Schmidtling and 
Froelich 1993, Roupsard et al. 1998, Adams and Kolb 
2004). Water is one of the most important resources 
for tree growth; up to 90 percent of the variation in the 
annual width of tree rings can be explained by variations 
in rainfall (Kozlowski et al. 1991). It is not surprising 
then to observe population variation in F. americana that 
is related to precipitation differences across the species’ 
range.
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	 Table 2.—Leaf gas exchange (n = 3-5) in Fraxinus americana populations originating 
from locations along a latitudinal gradient and grown in a common garden in 
Jefferson County, KS

Genetic differentiation for water-related traits in F. 
americana can be analyzed in a common garden by 
choosing a subset of populations where precipitation 
is known to differ among the locations of origin, but 
temperature variation is minimized. In the east–west 
precipitation gradient analyzed here, mean annual 
precipitation at the source of these populations ranges 
from 765 mm year–1 in the west (Otoe, NE) to 
1261 mm year–1 in the east (Tucker, WV; Table 1). 
Among these 10 populations, survival in the common 
garden was only about 50 percent for the easternmost 
population (Randolph, WV) but rose to 96 percent for 
the westernmost population, which originated closest to 
the common garden (Otoe, NE; Fig. 2). Similarly, stem 
circumference in the easternmost populations (Tucker, 
WV; Randolph, WV; Wayne, OH) was only about half 
that in the westernmost populations (Otoe, NE; Adams, 
IL).

The stable carbon isotope ratio of leaves (foliar δ13C) 
provides a time-integrated measure of the ratio of leaf 
inter-cellular CO2 concentration to atmospheric CO2 
concentration (ci/ca). The ci/ca ratio depends on stomatal 
conductance and photosynthetic demand for CO2 and 
thus indicates water-use efficiency (Farquhar et al. 1989, 
Ehleringer 1991). In the Kansas common garden, foliar 
δ13C values were significantly negatively correlated with 
annual precipitation at the location of origin (Fig. 3; 
Marchin et al. 2008). Eastern populations from wetter 
regions exhibited lower δ13C values and were therefore 
less conservative in their water use when compared 
with western populations that originated from drier 
climates. A more conservative strategy for water use may 

have contributed to higher survival, particularly when 
considering that the common garden experienced periods 
of extreme drought in the past 30 years.

The responses of these F. americana populations suggest 
wide-range adaption of F. americana to the local moisture 
regime. Differentiation in leaf mass per area (LMA) and 
foliar nitrogen (N) concentration (on an area basis, Na) 
was also evident among F. americana populations from 
across the east–west precipitation gradient (Marchin et al. 
2008). Increases in LMA and Na indicate increases in the 
quantity of photosynthetic apparatus per unit leaf area 
(Fitter and Hay 2002) and, thus, increases in water-use 
efficiency (Li et al. 2000, 2004). The superior growth and 
survival of provenances originating from the western edge 
of the species range where the climate is driest is thus 
likely attributable, at least in part, to their high LMA and 
Na.

	 Figure 3.—Foliar carbon isotope ratios of Fraxinus 
americana populations (n = 3-6) from an east-west 
precipitation gradient when grown in a common garden. The 
population originating from Jefferson County, KS, near the 
common garden is indicated  by the filled star. (Marchin et 
al. 2008)

  

 
 

Location Latitude       Asat{± SD)         gs (± SD)  Slope of Asat-N 
Relationship  

Ontonagon, MI 46.6        7.94 ± 4.26      0.127 ± 0.136   9.6 
Forest, WI 45.7        6.46 ± 1.67      0.062 ± 0.018   2.6 
Forest, WI 45.7        8.20 ± 2.09      0.080 ± 0.027  -4.6 

Effingham, IL 39.1        9.35 ± 3.30      0.111 ± 0.078                 12.5 
Effingham, IL 39.0        9.98 ± 2.11      0.118 ± 0.037   3.1 
Gallatin, IL 37.6     11. 27 ± 2.68      0.150 ± 0.076   3.2 

Oktibbeha, MS  33.4  11. 25 ± 1.83 0.159 ± 0.068            1.3 
Oktibbeha, MS  33.4     9.18 ± 3.71 0.118 ± 0.082           -2.7 
Oktibbeha, MS  33.4   10.04 ± 2.52 0.104 ± 0.033            2.3 

George, MS 30.8        9.85 ± 4.26      0.164 ± 0.101                10.2 
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CONCLUSIONS
Genetically based differences in morphology, phenology, 
and stomatal regulation among populations of F. 
americana are correlated with temperature and/or 
precipitation differences at the site of population origin. 
The physiological responses of F. americana trees, which 
are still apparent after 30 years in a different climate, 
affect the ability of individual populations to grow and 
survive in novel climates. Populations with the highest 
growth and survival at the edge of the species range 
originated from climates of similar annual temperature 
and precipitation to that of a Kansas common garden. A 
thorough understanding of population variation can be 
used to determine the potential for adaptive evolution 
in F. americana, as well as the genotypes that may be 
most successful in a given region under predicted future 
climatic and biotic conditions.

The spread of A. planipennis to new sites has seriously 
threatened the continued existence of Fraxinus species 
in North America. The current situation for Fraxinus 
has been compared to the past devastation of Castanea 
dentata (American chestnut) trees by the fungal chestnut 
blight. Knowledge of the physiological variation among 
populations can direct seed-collection efforts aimed 
at conserving diversity in F. americana. While we face 
a difficult challenge in preserving Fraxinus species in 
North American temperate forests, the cultural and 
ecological importance of these species provides a strong 
incentive for solving the problem.
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