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1. Introduction

Climate plays a crucial role in biodiversity and 
plant community structure, and anthropogenic climate 
change is expected to pose a significant threat to many 
ecosystems [1,2]. Moreover, the climate is a primary factor 
in constraining species range, and global climate change 
has already been shown to impact the dispersion of 
species [3]. Relevant climate variables on plant success 
can include annual average temperature or precipitation, a 

total number of days above or below a certain temperature 
threshold, frequency of high-intensity events such as 
hurricanes or droughts, and many others [4-6]. Moreover, 
changing climate can affect plant communities on both 
short-term and long-term scales [1]. However, each 
taxon responds differently to changes in each variable, 
and much is still not understood about how a globally 
changing climate will affect every plant species [1,7-9]. 
More genetically or spatially malleable species may adapt 
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Climate change poses many risks to economically and ecologically crucial 
species. Longleaf pine (Pinus palustris Mill.) trees are keystone species that 
were once dominant across the southeastern United States, but now occupy 
less than 5% of their historic range and are thus classified as endangered. 
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trees, what is known on how changing climate will impact longleaf growth 
and reproduction, and gaps in the literature that are important to address. 
We found that many fundamental aspects of longleaf pine growth and 
reproduction are understood. However, these systems are complex, and 
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climate, growth, and reproductive output. Additionally, long-term data 
sets capable of examining all relevant factors in these relationships do not 
currently exist. To fill necessary gaps, we recommend a joint approach 
between using readily available data sets and establishing new long-term 
monitoring plots targeted to collect data on missing or poorly understood 
conditions. This review provides a clue from an ecological complexity 
perspective to understand and manage longleaf pine forests under climate 
change. 
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or experience range shifts, while more constrained species 
may face extinction [7,10].Vincent et al. [11] supported that 
rarer (i.e., less widespread) wild plant species were less 
resilient to changing temperatures and precipitation than 
their more common counterparts, possibly due to their 
inherently more constrained niche. 

In the southeast United States, climatologists anticipate 
a continued increase in temperatures and higher variability 
in precipitation, with a greater occurrence of extreme 
precipitation events such as hurricanes [12]. Regional 
variability is expected as well, and confounding factors in 
many locations will result in increased drought stress [4,13]. 
This has many implications for forest ecosystems since 
climate impacts the dynamics of both trees and stand 
success, although how can vary drastically by species [14-

16]. Climate change thus poses many new questions of how 
endangered plant species will transform over time.

Southeastern pine trees have been massive sources 
of profit for hundreds of years, and once produced the 
greatest amount of rosin and turpentine ever harvested 
globally [17]. Even still, southeastern US pine plantations 
produce 16% of the world’s industrial wood supply [18]. 
This does not include the economic benefits of practices 
such as agroforestry or nontimber products, which can 
significantly enhance the value of land[19-20]. Current 
sources of profit are largely from pine plantations of more 
frequently selected for species such as shortleaf pine 
(Pinus echinata Mill.), slash pine (Pinus elliottii Engelm. 
var. elliottii), and loblolly pine (Pinus taeda L.). However, 
one less widespread species, longleaf pine (pinus palustris 
Mill.), has been the subject of growing interest and 
concerted restoration efforts over the last few decades [21,22]. 

In the time before European settlement, longleaf 
pine savannas covered 60-90 million acres or more 
across the southeastern United States, running north-
south from Virginia to Florida and as far west as Texas 
[17,21] (Figure 1). An estimated 62% of this area was 
dominated singularly by longleaf pine trees [17]. However, 
following colonization, southeastern pine trees were 
widely depleted due to over-harvesting of naval stores 
and timber. Increasing land-use change, along with 
other factors prevented the reestablishment of much 
of previously forested areas [17]. Even more so than its 
counterparts, longleaf pine experienced lower success in 
reestablishment due primarily to suppressed fire regimes 
and young tree predation from nonnative feral hogs [17]. 
This, along with other factors such as sporadic seed crop 
production and selection for other pine species for use in 
pine plantations, has resulted in a current longleaf pine 
coverage of less than 5% of its historical range, and both 
the tree and ecosystem are classified as endangered [17,21]. 

Figure 1. Longleaf pine forests and the pre-settlement 
range.

Despite the high fragmentation and poor quality 
of remaining stands, longleaf forests still hold much 
ecological and commercial value [21,23]. Commercially, 
longleaf pine trees produce a high-quality wood that is 
likely more resilient to damage due to natural stressors 
such as drought [18,24,25]. Longleaf stands are also ideal for 
alternative sources of revenue, such as pine straw and 
wildlife leases [17]. Ecologically, longleaf trees remain 
keystone and indicator species when dominant in the 
canopy [21,26]. Remaining longleaf ecosystems host some 
of the highest levels of biodiversity in North America, and 
are home to many endemic species that now face declines 
due to habitat loss [17,21,23]. Perhaps most highlighted 
of these is the federally endangered red-cockaded 
woodpecker (Picoides borealis Vieillot), which acts as a 
keystone species due to its unique ability to create cavities 
in still living trees[27]. Environmentally, pine forests act as 
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carbon sinks, even more so than hardwood forests, and 
even when managed through frequent burning [28]. It has 
even been suggested that longleaf pine ecosystems have 
the greatest potential for carbon storage of southeastern 
pines given their life history, commercial use, and 
ecological characteristics [29]. 

Most remaining longleaf ecosystems are altered 
beyond their resiliency and require human intervention 
to survive [17]. In the latest US Forest Service report on 
longleaf pine forest conditions, Oswalt et al. [21] report that 
the primary cause of mortality in longleaf pines is damage 
from weather events (eg. windthrow, lightning). However, 
altered fire regimes, high levels of fragmentation and 
disturbance from invasive species, as well as limited 
amounts of harvesting for timber may also impact stand 
success [21]. However, much is still not understood about 
how climate change will impact each of these factors, as 
well as the trees themselves. If climate change can affect 
environmental, conservational, and economical sectors of 
forest ecology, and longleaf pine is a crucial southeastern 
species, then more must be known about how changing 
climate will impact longleaf pine success [30-32]. Here we 
outline what is known and highlight existing gaps in our 
current understanding of how climate change is expected 
to impact longleaf pine growth and reproduction, two key 
metrics for conservation.

2. Climate and Longleaf Pine Growth

Longleaf pine grows from April through October in its 
northernmost areas of range to almost year-round nearer 
to the equator, where growth intermittently stagnates 
in the months of January through February [33,34]. It is 
characterized by slower early-stage growth than many 
other cooccurring pine species, due to its formation of a 
grass stage that is not shared with other southern pines [17,22]. 
This stage acts as a trade-off, however, as it significantly 
increases the ability of individuals to survive low-
intensity fires that otherwise kill off competitor trees [21,35]. 
Without the competition of fire, longleaf pine will often 
be outgrown and outcompeted by other tree species [17]. 

Much about the relationship between climate and 
growth of longleaf trees comes from correlative stud-
ies using dendrochronological records [34,36,37]. Dendro-
chronology is a well-purported dating method capable 
of determining growth, climate, disturbance, and 
anthropogenic histories from living trees and preserved 
wood [38,39]. Advances in dendroclimatology allow for 
higher resolution in determining spatial and temporal 
patterns from tree ring data [9]. However, growth responses 
to climate variables differ widely between species and 
potentially over time [9,33,40]. Although many datasets only 

consider total annual tree growth, total wood (TW) is 
comprised of two parts: earlywood (EW, spring growth) 
and latewood (LW, summer and fall growth) [6,34]. Species-
specific EW and LW growth each often correlate with 
seasonal climate variables and therefore allow for a more 
complete climate history [6,41]. However, difficulties in 
distinguishing seasonal growth factors can arise given the 
confounding relationship between interannual EW and LW 
growth, which is also known to differ between species. 
This variation, along with other physiological factors, 
can determine how useful a species is in establishing 
chronologies [34,41]. 

Longleaf pine is a quality dendroclimatological species 
given its historical abundance, slow decay, climactic 
sensitivity, and long lifespan [33]. Multiple centuries-
long chronologies from longleaf growth rings have 
been produced [34,36,37]. Another useful characteristic 
of longleaf pine is that the transition from EW to LW 
is characteristically discrete and occurs relatively 
consistently between May and June [33,34]. In longleaf 
pine rings, EW is much less sensitive to climate than 
LW; studies have found weak to no correlation between 
EW growth and climate variables [34,37]. Interestingly, 
Stambaugh et al. [34] reported that EW growth was 
correlated to the previous year’s LW growth as suspected, 
but that changes in sign occurred over time. However, EW 
growth does vary annually, and there are irregular strong 
to insignificant positive correlations between EW and LW 
growth in the same year [34,37]. Thus, Soulé et al. [37] found 
that the best chronologies are obtained from LW growth 
that is adjusted to remove the influence of EW trends. 

Multiple studies have reported on the strength of late 
summer and early fall climate correlations to longleaf 
radial growth [34,37]. Soulé et al. [37] found a positive 
correlation between growth and mean temperature 
during the first half of the year (weaker) that switched to 
negative around June (stronger) when the transition to 
latewood occurs. Multiple studies have found positive and 
negative growth correlations to annual precipitation and 
temperature, respectively [34,37,42]. In studies that partitioned 
TW into EW and LW, these correlations were strongest in 
the late summer/early fall [34,37] (Figure 2). Furthermore, 
the frequency of high-intensity precipitation events such 
as hurricanes are positively correlated with LW growth, 
and can even produce stronger correlations than a greater 
total amount of precipitation from lower-intensity  
events [6,37]. 

Significant gaps still exist in our understanding 
of climate-related variation in longleaf pine radial 
growth. For example, Ames et al. [42] inexplicably found 
that the individually detrimental effects of fire and 
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high temperatures on growth can mitigate each other. 
Additionally, a growing number of studies have begun 
to challenge basic assumptions in our understanding 
of longleaf growth. Loudermilk et al. [43] found that, in 
opposition to conventional knowledge, the presence of 
midstory oak trees on xeric sites can facilitate the survival 
of longleaf pine seedlings, likely due in part to the 
reduction of low soil moisture stressors. However, given 
competition of other resources, more must be studied on 
how early growth rates (e.g., biomass accumulation) or 
growth of longleaf pines on wetter sites may be impacted. 
Furthermore, the ease of climate manipulation for younger 
trees along with a focus on longleaf reestablishment in 
research has led to an overabundance of experimental 
studies on seedlings and saplings, and fewer studies exist 
that manipulate climate variables for whole stands of 
mature trees [44-46]. When experimental manipulation is 
conducted on mature stands, methodology is limited to 
what is spatially and environmentally possible; Samuelson 
et al. [12], for example, lowered soil water content by 
throughfall exclusion troughs but were still constrained by 
naturally occurring drought conditions. Moreover, given 
the known variation in response to climate across longleaf 
pine range, as well as the limited geographical extent of 
most chronologies, more analyses are needed to evaluate 
if each of these patterns is universally true rather than site-
specific. 

3. Climate and Longleaf Pine Reproduction

Although fundamentals of longleaf pine reproduction 
are generally understood, many factors related to climate 
variability are not [47]. Longleaf pines are wind-pollinated 
and monoecious [35]. The reproductive cycle lasts 
approximately 3 years from the time reproductive strobili 
begin to form until seed dispersion occurs (Figure 3) [48]. 
Seed production is temporally variable; masting cycles 
have been contradictorily reported over average time 
frames from 3-10 years, and are now understood to vary 
spatially [47-49]. Physiologically, the resource accumulation 
hypothesis suggests that masting species, characterized by 
periods of low seed productivity followed by periods of 
booms, spend multiple years accumulating resources until 
a threshold is reached, allowing for large seed production 
[50]. Chen et al. [50] found evidence for weak phase 
coupling, yet this varied between sites and only occurred 
during certain time periods. Thus, longleaf pine is not a 
strong masting species. Recent work by Chen et al. [51] 
presented burstiness - strong intermittent activity between 
longer periods of lulls - of longleaf cone production as 
a new method for potentially helping to compare and 
predict the timing of good seed crop years between 
longleaf pine stands. Many factors such as genetics and 
site characteristics have been studied and shown to impact 
these reproductive trends, but relationships with climate 
are often complex and not fully understood [47,52,53].

Figure 2. Earlywood and latewood correlation coefficients for monthly temperature, precipitation, and Palmer Z-Index 
from longleaf pine wood. Earlywood and latewood tree-ring chronologies. Stars indicate statistical significance at the 

α=0.05 level. From Stambaugh et al., 2021.
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3.1 Pre-fertilization Trends

As climate changes over time, reproductive phenology, 
a branch of biology focused on the timing of yearly 
reproductive cycles, will become increasingly important 
[54]. In botany, both the timing of growing seasons and 
reproduction are known to vary with climate [33,55]. Factors 
associated with reproduction in plants such as time of 
pollen release, fertilization, and intraspecific interactions are 
known to vary by species, and the impact of climate on these 
factors varies as well [1,5,56,57]. For example, in angiosperms, 
changing temperature variables can lead to altered seasonal 
timing between plant flowering and pollinator activity and 
composition [54]. Limited studies have been conducted on 
longleaf pine phenology as it relates to climate change. 
Historical research on reproductive influences supports 
that weather patterns such as precipitation influence early 
reproductive structure success, and that mismatched 
favorable conditions between male (catkin) and female 
(conelet) structures can lead to heavy losses before 
fertilization [35,49]. Although pollen and unfertilized conelets 
do not have a temporal cycle, the sex allocation ratio 
between male and female structures is positively correlated 
with temperature, and cone production is optimal when this 
ratio is intermediate [26]. Chen et al. [5] revealed no significant 
trend in either the time of peak pollen shedding or time 
of 80% accumulated pollen density over 55 years of data. 
However, the time of peak pollen shedding was connected 
to climate factors, primarily the heat sum of total days above 
0 °C. Stambaugh et al. [34] and Rother et al. [33] both rely on 
the importance of seasonality of longleaf growth for dating 
significant environmental findings. But more information is 
needed to fully understand how future conditions will affect 
the timing of peak longleaf growth and reproduction. 

3.2 Trends in Cone Production

Cone production, the commonly held metric for 
quantifying longleaf reproductive success, is supported 
to be both self-organized and self-similar, given that 
it significantly follows power laws [58,59]. Oftentimes, 
correlations between climate and cone production are 
localized rather than universally held [47,48] (Figure 4). 
Many longleaf sites have seen increased cone production 
over the past 40 years, but there is not a universally strong 
link between cone production and climate [48,59]. Chen et al. 
[47] found no long-term trend in the coefficient of variation 
(CV) of cone production, although there were fluctuations 
and several sudden breaks present. They also reported 
a slight positive correlation of CV with average air 
temperature and localized correlations with precipitation. 
When looked at from the perspective of multiscale entropy 
there is a correlation between the complexity of cone 
production and the complexity of local climate variables 
[60]. Guo et al. [48] examined climate variables during the 
3-year reproductive cycle of longleaf pines and found 
that correlations varied by location and grew weaker with 
increasing distance between sites. Typically, higher cone 
production was correlated to sites with moderate climates, 
as well as a warmer July & August and wetter October 
& November directly preceding seed fall [48]. Despite 
advancements in research, unexplained variation in cone 
production still exists between and within sites. Given 
the lack of data on longleaf pine resource allocation, 
quantifying internal factors of resource allocation (e.g. 
biomass allocation) as they relate to climate variables may 
be a key step to strengthening our understanding of the 
mechanisms behind sporadic longleaf cone production [5].

 

Figure 3. The cone chronology of longleaf pine.
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4. Other Considerations

Wildfire is a substantial factor in longleaf reestablishment 
and maintenance [17,21,52]. Without the presence of frequent 
fires, faster-growing yet less fire-resistant hardwoods and oth-
er pine species are prone to outgrow and outcompete long-
leaf pine [17]. Central to this issue is that wildlife regimes 
throughout the southeast have been anthropogenically 
drastically reduced since times of pre-European settlement 
[17,21]. However, relationships between fire, anthropogenic 
activity, climate, and energy storage can be complex, 

and not all is known about each factor [52,61]. For instance, 
the grass stage unique to longleaf pine allows for high 
survivability of low-intensity fires, yet may represent a 
trade-off with lowered survivability to drought stress than 
other pines such as loblolly [35,44]. Despite this, longleaf 
pine is generally thought to be more drought-resistant than 
other southern pines given its ability to survive on xeric 
sites where others cannot, and physiological factors such 
as a prominent taproot at maturity [44]. Yet it is not known 
at what exact point saplings transition into developing 
longer taproots, or if changing environmental conditions 

Figure 4. Long-term annual cone production at 10 sites across the longleaf pine range using USFS cone data. From 
reference [48]
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drive them to do so at different stages. The knowledge that 
genetic plasticity has been documented in longleaf pines 
sourced across its range [62] presents further opportunities 
for study. Furthermore, more could be known on how 
management practices of prescribed burning will impact 
these and carbon storage factors. To understand the role of 
climate on longleaf conservation, more research is needed 
on these interactions. 

Gaps in knowledge become more confounded when 
considering the lack of understanding of seed predators, 
which may play a role in reproductive cycles [63,64]. 
Although longleaf pine is not a strong masting species, 
cycles of lesser cone production followed by periods of 
booms have been noted for decades [17,47,48]. The primary 
hypothesis for causality of masting in trees, predator 
starvation and satiation, thus may still apply. This 
hypothesis holds that the causality of masting is based 
on extended times of low seed crop reducing predator 
populations to a point below what can consume the 
majority of seeds during a boom [63,65]. Recent findings 
have indicated that the taxonomy of predator species 
can play a critical role in the effectiveness of masting [66-

68]. However, the bulk of studies on masting and seed 
predation focus on strong masting species [63,66-68]. In 
longleaf pine trees, the study of the predator starvation 
and satiation hypothesis is hindered by the lack of a 
foundational understanding of species distributions and 
primary drivers of predation pressure. Historical studies 
have documented fallen longleaf seed predation by 
insects, small and large mammals, and birds, but many 
can date back multiple decades [69-72]. Recent localized 
studies have begun to contradict historical findings in who 
among these groups are the primary predators (see Willis 
et al. [73]). Especially considering that wildlife populations 
can change over time and range, comprehensive datasets 
capable of connecting masting cycles to predation 
pressure thus do not exist for longleaf pine. In order to 
reasonably predict how longleaf pine phenology will 
impact restoration success, more must be known about 
how or if seed predators impact reproductive cycles.

It is generally held that, given limited environmental 
resources, resource allocation to life-history traits such 
as reproduction and growth should be inversely related 
as trade-offs [74,75]. However, plant expression of resource 
allocation can vary over species, location, and time [76-

78]. Environmental conditions such as water and nutrient 
availability are crucial for allocation dynamics, and 
plants change strategies in response to changing climate 
conditions [79,80]. When placed under intensive distress 
from pests or drought, for example, trees may choose to 
devote most of their remaining resources to either survival 

or reproduction at the cost of the other [79]. In longleaf 
pine trees, there is generally a weak negative correlation 
between cone production and radial growth, but this 
relationship is largely overshadowed by the influence of 
other variables such as stand density [81,82]. However, there 
is often a complex interplay between climate, resource 
availability, and plant success [83,84], and much must still be 
understood about reproductive allocation in longleaf pine. 
For example, frequent, low-intensity burns can hinder 
growth in the short term [42]. Trees burned more frequently 
and those higher in more open canopies produce more 
cones, but when conspecific density is high, larger trees 
have more reproductive success [42]. Holistic research 
incorporating data on many relevant factors is needed to 
understand reproductive allocation in any system, and 
for longleaf pine, sufficient data sets do not always exist. 
Moreover, given the many reported findings of inter-
site variation in longleaf growth and reproduction [47,48,82], 
localized approaches will be necessary.

5. Challenges and Future Directions

Although short-term studies on the ecophysiological 
response of longleaf pine seedlings to environmental 
change exist [17,44], results may be hard to apply for mature 
trees. We suggest that long-term in-field monitoring at 
the ecosystem level should be set up in order to better 
understand the dynamics of tree growth, cone production, 
and environmental change. This monitoring should 
include climate, atmospheric conditions (e.g., CO2 
concentration and nitrogen deposition rate), soil (e.g., 
water, nutrients), intrinsic factors (such as photosynthesis), 
and interactions with other plants (shrubs and grasses). 
The original pollen observation should be continued. With 
this long-term monitoring data, the ecological mechanisms 
related to tree growth and cone production could be 
discovered. A shortcoming of this research is its likelihood 
to be cost-prohibitive; for example, photosynthesis 
(evapotranspiration) of an entire mature tree is hard to 
measure. Maintaining periods of prescribed burning every 
three years can also make it complicated for long-term 
monitoring (e.g., instrument takeoff and re-installation).

Using currently available information and developing 
modeling or conducting data analysis will be another 
way to understand the interactions between climate and 
longleaf pine growth and reproduction. So far, use of US 
Forest Service cone data has allowed for many studies 
on influential factors of longleaf reproduction[47,48,50,59,60]. 
The advantage of this approach is low cost, but the 
shortcoming is the limited amount of needed information 
that already directly available. The objectives of the 
models or data analysis need to be refined by experts in 
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this field. 
Thus, a compromise between the above two approaches 

may be practical, such as setting up important instruments 
at some study sites for well-developed ideas in long term. 
In addition, some specific funding opportunities should be 
available.

6. Conclusions

Longleaf pine is a keystone species with significant 
commercial, ecological, and environmental benefits in the 
southeastern United States. Yet changing climate poses 
significant risks to many factors of forest ecology. We 
present here a limited scope of the current understanding 
of climate relationships with factors of success of longleaf 
pine. Growth and reproduction are perhaps two of the 
most important of these metrics, but not all is known 
about the fundamental mechanisms behind them. To fully 
understand and adapt for longleaf pine conservation more 
holistic and localized research is necessary.
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