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The ecological impacts of global change extend through multiple scales affecting 

individuals, local populations and communities and species distributions. 

Species-specific tolerances to interacting climate variables can give rise to species’ 

differing abilities to track their suitable habitat. Differing tracking abilities can in turn lead 

to novel assemblages of species further altering community dynamics. All of these 

questions can be better resolved by exploring population and community processes at 

broader regional scales or across environmental gradients. Forests of the western 

United States are an excellent study system as government agencies have collected 

vast amounts of individual tree data spread across the country and in addition to high 

spatial resolution, temporal patterns are recorded in the wood as annual growth rings. 

Forests are also ecologically as well as economically important and are vulnerable to  
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multiple global change factors including changes in fire regimes, pest outbreaks, and 

drought. Here I address three research topics regarding the response of Western forests 

to climate variability at multiple scales. First, I leveraged the spatial coverage of the 

Forest Inventory and Analysis (FIA) database to quantify how growth, survival, and 

reproduction responses to soil water availability are related to distributions of 59 tree 

species in California, Oregon, and Washington. This revealed extensive mismatches 

between demographic performance and species distributions that result in dramatic 

decreases in performance, and depend on traits related to dispersal rates and 

competition. Second, using tree ring data, I analyze drought resilience among three 

conifers and explore how factors at local scales like tree size and regional scales affect 

resilience. Despite being drought-adapted, populations from xeric environments still 

experienced detrimental effects of drought and across the range, large trees suffered 

from droughts through poor recovery. Last, I explore patterns in synchrony of tree ring 

growth across space and time to shed light on community dynamics. Synchrony among 

species reflects a mixture of niche partitioning and neutral dynamics at play as well as 

environmental stress. Over the past century, synchrony among tree growth has 

increased overall which has the potential to alter community dynamics and ecosystem 

function. 
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Introduction 

In On the Origin of Species Darwin (Darwin 1859) remarks, “Who can explain 

why one species ranges widely and is very numerous, and why yet another allied 

species has a narrow range and is rare?”, summing up a century and a half of 

foundational questions in ecology that seek to understand the forces that govern 

individuals, populations and communities. Later, Darwin describes climate and 

competition as fundamental to the “Struggle for existence”. Although much research has 

been dedicated to understanding what controls the distribution and abundance of 

species and what allows so many diverse species to coexist these questions are still 

relevant topics of interest in ecology today (Sutherland et al. 2013).  

Understanding the basic drivers of the distribution and abundance of species is 

further complicated by the effects of global change. Climate change has visibly altered 

the distributions of species across multiple taxa (Parmesan & Yohe 2003; Hickling et al. 

2006; Chen et al. 2011), generally resulting in distributions shifting poleward or upwards 

in elevation. However, not all species respond in this fashion due to complex interactions 

of climate variables and species-specific tolerances (VanDerWal et al. 2013) potentially 

leading to novel assemblages of species (Blois et al. 2013; Williams et al. 2013). 

Additionally, novel competitors have been shown to alter the performance of members of 

the resident community both in natural (Collins et al. 2019) and experimental settings 

(Alexander et al. 2015). Consequently, a broad understanding of how individual species 

and communities will respond to climate change is imperative to make better predictions.  
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The relationship between a species’ distribution and performance (individual 

growth, survival, and reproduction) is fundamental to understanding the effects of climate 

change on species’ distributions (Ehrlén & Morris 2015; Petchey et al. 2015).  

As species fail to ‘keep up’ with climate change (Loarie et al. 2009; Zhu et al. 2012; 

Sittaro et al. 2017) a disequilibrium forms between the fundamental and realized niche - 

in short a species may fail to occupy all of its suitable habitats at the leading edge and 

occupy suboptimal habitat at the trailing edge. However, disequilibrium or 

performance-distribution mismatches can be driven by other factors aside from and/or in 

conjunction with contemporary climate change. These factors include competitive 

exclusion, dispersal limitation, and source-sink dynamics (Pulliam 2000) as well as 

anthropogenic management, such as harvesting or planting of species.  

Studies have found significant variability among mismatches between species’ 

distributions and their performance. Many species’ individual demographic rates are only 

weakly positively related to occurrence rates (Canham & Murphy 2016a, b, 2017). Often, 

studies focus on recruitment as it may indicate whether or not a species is tracking 

changes in habitat suitability but these too show mixed evidence (Zhu et al. 2012; 

Serra-Diaz et al. 2016). Studies that compare population growth rates with species 

distributions have also shown significant mismatches (Diez et al. 2014; Merow et al. 

2014; Thuiller et al. 2014; Csergő et al. 2017). This highlights that while growing 

evidence suggests that species are not always distributed where they perform best, the 

mechanisms and generality of these relationships remain a critical knowledge gap. 
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Drought is another mechanism that may cause shifts in species distributions 

(Allen & Breshears 1998; Clark et al. 2016). In particular large mortality events at the dry 

range margins (Anderegg et al. 2019) may drive these changes as well as changes to 

recruitment, although the relationship between drought and recruitment is still poorly 

understood (Clark et al. 2016). However, this relationship is not generalizable; some 

species have shown greater growth stability at range edges and higher drought 

vulnerability in the core part of the range (Cavin & Jump 2017; Vilà-Cabrera & Jump 

2019). Because droughts are predicted to increase in frequency and intensity with 

climate change understanding how trees across environmental gradients respond to 

drought may help identify particularly vulnerable species or populations. 

In addition, individual tree and stand characteristics need to be accounted for in 

understanding drought responses. Large trees are thought to be particularly vulnerable 

(Bennett et al. 2015; Fettig et al. 2019; Stovall et al. 2019), partially because of 

increased vulnerability to hydraulic stress (McDowell & Allen 2015). Trees that have high 

leaf area to sapwood ratios are also vulnerable to drought (McDowell et al. 2006) and 

low density stands can be conducive to developing this type of architecture (Kolb et al. 

2007; Clark et al. 2016). On the other hand, dense stands may compete strongly for 

water, increasing drought stress and mortality rates (Guarín & Taylor 2005; D’Amato et 

al. 2013; Gleason et al. 2017; Young et al. 2017). The possible indirect effects of density 

on tree architecture highlight the need to understand how drought resilience at the level 

of an individual tree is affected by its size and competitive environment.  

Changes in climate, whether due to anthropogenic influences or seasonal and 

year to year fluctuations can influence community dynamics. One manifestation of 

3 

https://paperpile.com/c/8hAjwq/nISD+0TqC
https://paperpile.com/c/8hAjwq/nISD+0TqC
https://paperpile.com/c/8hAjwq/nISD+0TqC
https://paperpile.com/c/8hAjwq/6II3
https://paperpile.com/c/8hAjwq/6II3
https://paperpile.com/c/8hAjwq/6II3
https://paperpile.com/c/8hAjwq/0TqC
https://paperpile.com/c/8hAjwq/0TqC
https://paperpile.com/c/8hAjwq/0TqC
https://paperpile.com/c/8hAjwq/ARaf+gVxK
https://paperpile.com/c/8hAjwq/ARaf+gVxK
https://paperpile.com/c/8hAjwq/Wnssm+6Zg5I+Nt1D
https://paperpile.com/c/8hAjwq/Wnssm+6Zg5I+Nt1D
https://paperpile.com/c/8hAjwq/Wnssm+6Zg5I+Nt1D
https://paperpile.com/c/8hAjwq/Wnssm+6Zg5I+Nt1D
https://paperpile.com/c/8hAjwq/Wnssm+6Zg5I+Nt1D
https://paperpile.com/c/8hAjwq/Wnssm+6Zg5I+Nt1D
https://paperpile.com/c/8hAjwq/Wnssm+6Zg5I+Nt1D
https://paperpile.com/c/8hAjwq/n1Ysv
https://paperpile.com/c/8hAjwq/tAYj
https://paperpile.com/c/8hAjwq/tAYj
https://paperpile.com/c/8hAjwq/tAYj
https://paperpile.com/c/8hAjwq/0TqC+4EWY
https://paperpile.com/c/8hAjwq/0TqC+4EWY
https://paperpile.com/c/8hAjwq/0TqC+4EWY
https://paperpile.com/c/8hAjwq/0TqC+4EWY
https://paperpile.com/c/8hAjwq/0TqC+4EWY
https://paperpile.com/c/8hAjwq/0TqC+4EWY
https://paperpile.com/c/8hAjwq/EEoY+rTRG+MRS0+YIDE
https://paperpile.com/c/8hAjwq/EEoY+rTRG+MRS0+YIDE
https://paperpile.com/c/8hAjwq/EEoY+rTRG+MRS0+YIDE
https://paperpile.com/c/8hAjwq/EEoY+rTRG+MRS0+YIDE
https://paperpile.com/c/8hAjwq/EEoY+rTRG+MRS0+YIDE
https://paperpile.com/c/8hAjwq/EEoY+rTRG+MRS0+YIDE
https://paperpile.com/c/8hAjwq/EEoY+rTRG+MRS0+YIDE
https://paperpile.com/c/8hAjwq/EEoY+rTRG+MRS0+YIDE


 

impacts of climate change at the community level is changes to community synchrony, 

or the covariation in performance, such as individual growth or abundance among 

species. For example, synchrony among trees has increased in response to warming 

among environmentally contrasting regions (Shestakova et al. 2016). In addition to 

increased synchrony among members of the community, increased synchrony among 

ecologically relevant meteorological phenomena has also been observed. Increasing 

synchrony has the potential to destabilize communities and alter ecosystem function. 

Asynchronous fluctuations among species abundances increase the stability of 

metacommunities and ecosystem productivity (Wilcox et al. 2017; Gilbert et al. 2020).  

In addition to the implications of changes through time, the causes and 

consequences of synchrony are long standing topics of interest in ecology. Moreover, 

the causes and consequences of synchrony vary at the scales of observation. High 

synchrony among spatially separated populations is often driven by the spatial 

correlation of important climate variables - a process known as the Moran effect (Moran 

1953). Higher synchrony among individuals in one population over another indicates that 

the highly synchronous population is under stronger environmental stress (Tejedor et al. 

2020). And last, higher synchrony among certain individuals within a competitive 

environment indicates that these individuals utilize resources similarly and may compete 

more strongly than individuals with less synchronous patterns destabilizing coexistence 

and species diversity (Clark 2010; Usinowicz et al. 2012, 2017). Taken together, patterns 

in synchrony, when analyzed at different scales can provide information about spatial 

and temporal variability in the environment can impact species interactions and the 

timing of their growth patterns. 

4 

https://paperpile.com/c/8hAjwq/Xvbb
https://paperpile.com/c/8hAjwq/Xvbb
https://paperpile.com/c/8hAjwq/Xvbb
https://paperpile.com/c/8hAjwq/3OBC+qSut
https://paperpile.com/c/8hAjwq/3OBC+qSut
https://paperpile.com/c/8hAjwq/3OBC+qSut
https://paperpile.com/c/8hAjwq/3OBC+qSut
https://paperpile.com/c/8hAjwq/3OBC+qSut
https://paperpile.com/c/8hAjwq/f7Mu
https://paperpile.com/c/8hAjwq/f7Mu
https://paperpile.com/c/8hAjwq/xCJl
https://paperpile.com/c/8hAjwq/xCJl
https://paperpile.com/c/8hAjwq/xCJl
https://paperpile.com/c/8hAjwq/xCJl
https://paperpile.com/c/8hAjwq/yqn4+C3UH+TOQy
https://paperpile.com/c/8hAjwq/yqn4+C3UH+TOQy
https://paperpile.com/c/8hAjwq/yqn4+C3UH+TOQy


 

Forests cover 30% of the globe, are important for global carbon and hydrological 

cycles, and have an immense impact on human health and wellbeing. In the US, climate 

change threatens forest health and ecosystem services through increased droughts, 

wildfires, pest and disease outbreaks as well as gradual changes in temperature and 

precipitation. The long lifespans of trees make them experimentally intractable, however 

their lifespan is also an asset because they record responses to fluctuations in climate in 

their annual rings. In addition, the spatial extent of government forest databases is 

unprecedented among ecological field data. Although these data are excellent for 

exploring basic ecological questions because of their spatial and temporal extent, they 

are still underutilized because ecological questions are often a departure from more 

traditional applications in paleoclimate reconstructions and forestry. 

Forests of the Western United States encompass a large gradient in water 

availability, from semi-arid oak woodlands with as little as 4 cm mean annual 

precipitation (Mooney & Zavaleta 2015) to pacific temperate rainforests receiving 

upwards of 100 cm annually (Waring & Franklin 1979). California’s forests share some 

similarities to their neighbors in the Pacific Northwest and Interior West, but differ largely 

in part to the annual seasonal drought characteristic of Mediterranean climates (Mooney 

& Zavaleta 2015). These forests receive 85% of their precipitation in November through 

May (Minnich 2007) and receive 800-1800 mm of precipitation per year on average. 

Temperature and precipitation vary with elevation and topography, although perhaps 

most notably the El Niño-Southern Oscillation (ENSO) and other meteorological systems 

cause huge inter-annual variability in climate (Minnich 2007). Specifically, montane 

conifer forests usually fall between 1000-2400m elevation where mean annual 
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temperature ranges from 7-12°C (Mooney & Zavaleta 2015). The quintessential open 

understories and even size structure are a product of low intensity, moderate frequency 

fires (Van de Water & Safford 2011); however fire suppression and management 

practices have led to the densification, changes in community composition, and altered 

fire regimes. Drought and heat related mortality threaten forests globally (Allen et al. 

2015) but are of particular interest in California, where water availability has been shown 

to be a key driver of tree performance (Stephenson 1998). The 2012-2016 drought was 

unprecedented (Robeson 2015) and exacerbated by anthropogenic warming (Williams 

et al. 2015) resulting in massive mortality rates across the Sierra Nevada (Goulden & 

Bales 2019) particularly among larger diameter trees (Fettig et al. 2019) and dense 

stands (Young et al. 2017). In addition, thinning treatments have been shown to reduce 

drought-related mortality (Vernon et al. 2018; Restaino et al. 2019). Understanding how 

forests will respond to overall warmer and drier conditions as well as extreme drought 

events is a critical area of research.  

The overarching aim of this dissertation was to take a multi-faceted approach to 

understand how water availability and drought affect tree growth, individual- and 

population-level growth synchrony, and mismatches between species’ performance and 

their distribution. To achieve this I examined three specific questions corresponding to 

the three chapters of my dissertation: i) Do species perform well where they are most 

likely to be distributed and is this related to their functional traits? ii) How do climate and 

tree size mediate species-specific resilience to drought? iii) How do competition and 

climate affect growth synchrony among neighboring trees?  
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Chapter 1 

Extensive mismatches between species distributions and performance and their 

relationship to functional traits 

Abstract 

Mismatches between species distributions and their optimal habitat are predicted 

by ecological theory and will affect species responses to changing climate. However, 

empirical tests lack consensus on the prevalence of such mismatches and their 

underlying mechanisms. Here we present a conceptual framework to quantify the 

mismatch between optimal conditions for species occurrence and multiple measures of 

population and individual performance (density, adult growth and survival, and 

recruitment) and the associated performance reduction, or cost. We quantified these 

mismatches for 59 tree species in the western US along a soil water balance gradient 

and found high variability in mismatches among species and among performance 

measures, often resulting in high costs. We used functional traits to explore how 

dispersal limitation, migration lags, and competitive exclusion may cause mismatches. 

Overall, the large variability in mismatches, their costs, and the relationship with 

functional traits highlight the nuanced relationships between species’ performance and 

their distributions.   
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Introduction 

The relationship between a species’ distribution and performance is fundamental 

to niche concepts in ecology (Hutchinson 1957), and for understanding how climate 

change will affect species distributions (Ehrlén & Morris 2015; Petchey et al. 2015). It is 

intuitive to think that species are more likely to occur in the environments where they 

have greater population growth rates, and most species distribution models rely on this 

intuition by assuming species’ patterns of occurrence reflect environmental suitability. 

This expectation arises from the basic principle that demographic performance – growth, 

survival, reproduction, and dispersal – are what determine a species’ population 

dynamics and therefore density. However, for long-lived species in particular, historical 

performance is what gave rise to current distributions, and any process that changes 

performance over time can cause species distributions to become mismatched from 

current performance. These processes include anthropogenic management, such as 

harvesting or planting of species, and temporal variation in the environment, such as 

changing climate (Pulliam 2000; Guisan & Thuiller 2005; Holt et al. 2005). In addition, 

biotic interactions (e.g. competition), dispersal limitation and source-sink dynamics can 

also displace species’ distributions from their optimal conditions. Such mismatches can 

bias predictions of species’ responses to changing climate (Faurby & Araújo 2018). 

Despite these reasons to expect mismatches between distributions and performance, 

and their important implications, there is little consensus among empirical tests of these 

relationships (Pironon et al. 2017a).  
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Empirical tests of this performance-distribution relationship lack consensus in 

part because available data all have limitations that may affect their interpretation. The 

ideal performance data would be estimates of population growth rates, but these rarely 

exist across geographic scales. More available are estimates of species’ densities or in 

some cases demographic rates (e.g. growth, survival, recruitment). Density is appealing 

because it is an integrative measure of population performance, although for long-lived 

species time lags may cause density to be far from equilibrium. For instance, low 

densities may indicate newly colonized sites or declining populations (Ehrlén & Morris 

2015) and density can be manipulated in managed populations. Demographic rates 

provide a more contemporary measure of suitability, but may not reflect long-term 

population dynamics and are rarely collected across large environmental gradients. As a 

result, studies have used vastly different measures of species performance (Box 1.1). 

Moreover, it is unclear how best to quantitatively compare species distributions and 

performance, leading to a variety of approaches in the literature and making it difficult to 

make generalizations (Box 1.1).  

Nonetheless, some studies have reported large mismatches between species 

distributions and their suitable habitat, but with significant variability among species. For 

example, many species are not consistently most abundant in the center of their ranges 

(McGill 2012; Dallas et al. 2017), and their individual demographic rates also appear to 

be only weakly positively related to occurrence probabilities (Canham & Murphy 2016a, 

b, 2017) or even negatively related (Thuiller et al. 2014). The recruitment of new 

individuals (e.g. tree seedlings or saplings) has been commonly examined because it 

may indicate whether species show signs of migration. Although there is again mixed 
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evidence among species and studies, recruitment patterns are generally not well 

matched to adult distributions, and the differences do not tend to suggest directional 

migration in response to changing climate (Zhu et al. 2012; Serra-Diaz et al. 2016; 

Wason & Dovciak 2017). Studies comparing distributions to predicted population growth 

rates have also shown significant mismatches between where species are present and 

where they are predicted to perform well (Diez et al. 2014; Merow et al. 2014; Csergő et 

al. 2017). Overall, these studies offer significant evidence that species are not always 

distributed where they perform best, but the mechanisms and generality of these 

relationships remain poorly understood. 

The implications of mismatches between population performance and distribution 

depends on how variable performance is across the species range. For example, a 

mismatch between population performance and distribution may not result in reduced 

performance if the species is relatively insensitive to environmental variation. 

Conversely, even a small mismatch may cause large performance reductions for species 

with highly variable performance across the gradient (Fig. 1.1). This can be important in 

non-equilibrium distribution cases or instances with many absences due to dispersal 

limitation where the potential distribution of the species is estimated poorly from 

occurrence data alone (Hattab et al. 2017; Merow et al. 2017).  

In this study we outline a novel approach for quantifying the relationship between 

species distributions and performance across environmental gradients, and offer a 

unique test of these relationships. Our approach and analyses focus on quantifying two 

complementary measures of the relationship between species’ performance and 

distribution (Figure 1.1): (i) the mismatch in climate space between species’ optimal 
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performance, measured by density and demographic rates (growth, survival, and 

recruitment), and their peak probability of occurrence, and (ii) the performance cost, or 

the reduction in each performance rate associated with the mismatch, which depends on 

the shape of a species’ response to environmental gradients.  

We analyze density and contemporary demographic rates separately as each 

provides unique information about population and/or individual performance and will 

refer to all of these responses collectively as performance rates for simplicity. We 

quantified these relationships for 59 tree species across the Pacific slope of North 

America in order to ask several questions: 1) How commonly are the optimal conditions 

for each performance rate mismatched from the optimal conditions for a species based 

on occurrence? 2) Within species, do mismatches of different performance rates reflect 

similar patterns? 3) Do species’ traits help explain mismatches between performance 

and distributions? 4) What are the costs, or declines in performance, associated with 

these mismatches? 

We also used this approach to test several hypotheses about how species’ 

competitive abilities, dispersal, and lifespan affect this mismatch between species 

performance and distributions. Specifically, we hypothesized that competitively inferior 

species may exhibit larger mismatches as they are displaced to less than optimum 

environments (Canham et al. 2006; McGill 2012). We also expected that species with 

poor dispersal abilities or long lifespans may exhibit large mismatches due to an inability 

to track suitable habitat.  
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Methods 

Study system/Data 

The US Forest Service’s Forest Inventory and Analysis (FIA) program collects 

individual tree-level data in plots distributed across the United States, making it a unique 

dataset for analyzing the distribution and performance of tree species. Plots are subject 

to variable management activities such as salvage, selective, and clearcut harvesting as 

well as planting and direct seeding. The gridded design helps to ensure that the data are 

representative of the forests in the region as a whole. The plot sampling design consists 

of 1-acre permanent plots in which the diameter at breast height (DBH) and survival of 

all adult trees are measured and tree recruitment is quantified at 5-10 year intervals 

(Woudenberg et al. 2010). In this study we analyzed the data from the Pacific Northwest 

(PNW) regional unit which comprises 21,107 plots in California, Oregon, and 

Washington. Many of these trees have distributions that extend past this region, but for 

simplicity we will refer to the species distribution within this region as the distribution. 

Trees are sampled in a nested design, in which each plot consists of four subplots (24.0 

ft diameter) where all trees >5.0 inches diameter at breast height (DBH) are measured. 

Within each subplot, small trees (<5 in. DBH) and seedlings (<1 in. DBH) are counted 

within a microplot (6.8 ft diameter). From these data, several measures of performance 

can be calculated, including density, growth, survival, and recruitment rates, as well as 

species distributions based on occurrence. 

The forests analyzed in this study span a large geographic gradient in water 

availability, from semi-arid oak woodlands with as little as 4 cm mean annual 
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precipitation (Mooney & Zavaleta 2015) to pacific temperate rainforests receiving 

upwards of 100 cm annually (Waring & Franklin 1979). Water availability has been 

shown to be a key driver of tree performance in California forests (Stephenson 1998), 

and drought and heat related mortality has been underestimated even in mesic forests 

(Allen et al. 2015). Therefore, we focused our analyses on species’ responses to water 

availability while accounting for temperature and stand characteristics. For water 

availability we used soil water balance (SWB) specifically, the Priestley-Taylor alpha 

coefficient (Priestley & Taylor 1972), a dimensionless ratio of annual actual 

evapotranspiration (AET) over potential evapotranspiration (PET). SWB ranges from 0 

for completely dry soils to 100 for saturated soils. We extracted the 50-year normal 

(1950-2000) Priestley-Taylor coefficient from the Global High-Resolution Soil-Water 

Balance dataset which has a resolution of 30 arcseconds (~1 km) (Trabucco & Zomer 

2010). For temperature, we extracted the 30-year normal (1970-2000) mean annual 

temperature to the nearest degree Celsius at the same spatial resolution from WorldClim 

(Fick & Hijmans 2017) (Fig. S1.1). We estimated stand characteristics from FIA plot 

data. We processed all GIS raster layers using the R package raster (Hijmans 2018) and 

all environmental data was extracted for the true plot locations.  

 

Conceptual Framework and Modeling Overview 

Our general framework for quantifying the mismatches between performance and 

distributions is based on statistical models of how occurrence, density, and demographic 

rates respond to key environmental gradients. We focused on responses to the SWB 

gradient, while also accounting for temperature and stand-level variables that could 
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confound estimated relationships with SWB. Thus, our process was to fit statistical 

models of species occurrence and performance across the SWB gradient, and calculate 

the mismatches and associated costs as outlined in Fig.1.  

We fit all distribution and performance models (described below) as Bayesian 

models using Stan (Stan Development Team 2018b) interfaced through R using the 

RStan package (Stan Development Team 2018a). We used non-informative priors for all 

parameters and convergence was assessed visually and using the Gelman-Rubin 

statistic. We used Bayesian models to facilitate calculation of the mismatches and 

performance costs (discussed below). We assessed statistical significance of 

parameters using the credible intervals of the parameters. We defined highly significant 

parameters as having posterior distributions with 95% of its mass on one side of zero, 

and significant and marginally significant parameters as having 90% and 85% 

respectively.  

 

Distribution Models 

To estimate how each species’ probability of occurrence responds to the SWB 

gradient, we fit generalized linear models using a bernoulli error distribution to the 

plot-level presence/absence data from the most recent survey of all FIA plots in the 

region. We omitted plots established by artificial regeneration in order to avoid potential 

biases arising from planting decisions, thereby reducing the number of records by 

10.6%. We restricted our analysis to 59 species represented in at least 25 plots (Table 

S1.1). Species-specific responses to SWB were estimated using first and second-order 

terms in order to allow for nonlinear climatic responses. SWB is the only predictor in the 
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distribution models here, although other key gradients could be substituted to ask 

analogous questions.  

 

Density Models 

To estimate patterns of density across the SWB gradient, we fit generalized 

linear models with a negative binomial error distribution on the plot-level tree density 

data. Similar to occurrence, we fit first and second order terms for the SWB response. 

Because occurrence was based on plots with at least one tree, density was fit to the 

same 59 species as the occurrence models (Table S1.1). 

 

Demographic Models 

To estimate demographic responses to the SWB gradient conditional on 

temperature, competition and stand characteristics, we fit different forms of generalized 

linear mixed models (Detailed descriptions in Supplement). Because survival and growth 

data are tree-level data we also included effects of tree size (DBH). We quantified 

survival from all records of dead trees, either from standing dead records or from repeat 

measurements, but tree removals were not considered mortality events. We quantified 

growth from trees with repeat diameter measurements, and recruitment from counts of 

seedlings within microplots pooled across subplots. All demographic rates models were 

restricted to species with data from at least 25 plots (Table S1.1). The intercept of the 

survival and growth models varied with species and plot to account for species-specific 

plot random effects. We included SWB, temperature, adult stem density, average basal 
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area of neighboring trees, and DBH when applicable, as fixed effects. We included 

second order coefficients for SWB, temperature, and DBH to allow for non-linearities. 

 

Calculation of Performance Mismatch and Cost 

From the distribution models we calculated SWB where each species is most 

likely to occur (SWBpres, Fig. 1.1). Similarly, for each performance model we calculated 

each species’ optimal SWB (SWBopt) as the SWB value at the maximum predicted 

performance. We then calculated predicted performance at SWBpres (Ppres )and SWBopt 

(Popt) These calculations used the partial regressions on SWB, and thus reflect the 

responses to SWB at mean values of the other variables in the regressions.  

Using these values, we quantified each species’ mismatch and cost for each 

performance response. Specifically, we quantified the SWB mismatch as the difference 

between optimum SWB conditions for performance and probability of occurrence, or 

SWBopt - SWBpres. We quantified the cost of a SWB mismatch as the percent reduction in 

predicted performance at the two key SWB values, or Popt - Ppres / Popt- Pmin *100 (Fig. 

1.1). To test the hypothesis that mismatches for different performance responses would 

be similar within species, we conducted linear regressions of mismatches for density and 

the demographic rates as well as among pairs of demographic rates. We quantified the 

strength of the relationship between SWB mismatch and cost separately for positive and 

negative mismatches with Spearman rank correlations due to non-normal distributions of 

these data.  
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Trait Analyses 

There are a number of ways that different species traits may influence 

distribution-performance mismatches (Box 1.2). First, we tested the relationship between 

mismatch and median SWB conditions for all of the plots where a species occurred as a 

proxy for moisture use strategies with simple linear regressions. Next, to test our specific 

hypotheses we used multiple regression models to test the relationship between 

mismatch and six key quantitative traits related to dispersal, migration lags, competition, 

succession, and water relations. We assembled trait data from multiple data sources: 

TRY (Kattge et al. 2011), Bien (Ackerly 2004; Royer et al. 2005; Cornwell et al. 2006; 

Kleyer et al. 2008; Zanne et al. 2009; Blonder et al. 2012; Stevens et al. 2015; 

Ameztegui et al. 2016; Maitner et al. 2018), and the USDA Plants Database (USDA & 

NRCS 2018). We included phylogenetic relationships in the models when the 95% 

credible interval of the phylogenetic signal in residual error of the model (λ) did not 

overlap zero. We extracted the phylogenetic tree from (Zanne et al. 2014) using the 

brranching package (Chamberlain 2016) and excluded one species not in the tree. We 

implemented Bayesian one-step multiple imputation because 14 of the 58 species were 

missing data for one trait and 5 species were missing data for two or more traits. This 

approach minimizes any bias arising from non-randomly distributed missing data among 

species. We built the trait-mismatch multiple regression models in the brms package in R 

(Bürkner 2017).  
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Results 

Performance responses 

Performance responses to the SWB gradient varied substantially among species 

and among density and demographic rates. Because we included quadratic terms for the 

SWB regression coefficient in the models, species responses could be monotonically 

increasing or decreasing or a parabolic shape concave up (unimodal) or concave down 

(U-shaped). Within each of the performance measures, all four shapes were 

represented. We considered a variable to have a significant effect if either its first or 

second order term (or both) was significantly different from zero because either term 

signals a significant response when working with centered predictor variables. For 

density, SWB was the only predictor variable and was significant in 71.19% of species 

(42 out of the 59). In the demographic models which included other covariates, SWB 

was a significant predictor for at least one demographic rate in 82.76% and 37.50% of 

those species had significant responses to SWB across all of the modeled demographic 

rates. There was considerable variability among species and among other variables in 

the demographic models (Fig. S1.3-S1.6). Temperature was a significant predictor of 

performance for at least one demographic rate in 82.76% of species. Stand 

characteristics, measured by stem count and average basal area, were modeled with 

only first order terms and were significant predictors for at least one demographic rate in 

87.93% and 70.68% of species respectively. Out of the significant regression 

coefficients, 82.82% of stem count and 86.11% basal area effects were negative. Tree 

diameter was only included as a predictor for growth and survival and was significant 
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(first or second order term) for at least one of the demographic rates in 94.82% of 

species. 

 

SWB Mismatch 

The mean mismatches along the unitless SWB gradient were negative for all 

performance rates: density, survival, growth, and recruitment (-5.00 17.55, -9.34 25.9,± ±  

-1.35 20.58, -6.20 21.16, mean 1SD ), meaning that many species’ maximum± ± ±  

probabilities of occurrence were in wetter than optimal environments (Fig. S1.7, Tables 

S1.2-S1.3). However, the substantial variability in mismatches and the high prevalence 

of species to have mixtures of positive and negative mismatches (36 of 58 species with 

more than one modeled performance rate) show that interpreting these results as 

evidence that in general species are most likely to occur in wetter than optimal 

environments could be misleading (Fig. 1.2). Survival had the largest median 

mismatches regardless of sign, mismatch magnitude hereafter, followed by growth, 

recruitment, and density (23.69, 12.03, 10.98, and 6.64 respectively). Density 

mismatches were weakly positively correlated with demographic rates (Fig. S1.8; not 

significant for density-survival or density-growth comparison) and also among 

demographic rates, indicating that species have somewhat similar mismatches among 

their different performance measures (Fig. S1.8 not significant for growth-survival 

comparison).  
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Relationship between Traits, Phylogeny, and Mismatch 

The relationship between the median SWB of plots where a species was present 

and the mismatch was significant (Pr>95%, where Pr is the proportion of the posterior 

distribution on one side of zero) and negative for all performance measures. This 

suggests that xeric-adapted species are often most likely to occur in drier than optimum 

conditions for some or all of the performance measures and conversely that 

mesic-adapted species are often most likely to occur in wetter than optimal conditions for 

some or all of the performance measures (Fig. 1.3, Fig. S1.9). These patterns are 

consistent with the predictions of hypothetical tradeoffs between competition and 

tolerance but may also be susceptible to random sampling effects. 

Despite the strong relationship between median SWB and mismatch, only few 

functional traits significantly affected mismatch. Maximum height had a significant 

negative effect on raw mismatch for survival (Pr>95%), indicating that taller species 

tended to have more negative survival mismatches. Lifespan had a positive effect on the 

raw SWB mismatch for density, recruitment, and survival (Pr>85%), indicating that long 

lived species tended to have more positive mismatches. Minimum root depth also had 

positive effects on survival and recruitment mismatch (Pr>85%) and seed mass on 

recruitment mismatch (Pr>85%) (Fig. 1.3). The only significant effects of any traits on 

mismatch magnitude were a negative effect of maximum height on recruitment 

mismatches (Pr>85%) and a positive effect of lifespan on growth mismatches (Pr>85%) 

(Fig. S1.10). Phylogenetic signal (λ) was significant for all models but weak, ranging from 

0.082 to 0.18.  
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Performance Cost and Relationship with SWB Mismatch 

For each performance rate, the cost measured in percent decline ranged from 0 

to 100%. The median decline in performance was greatest for growth (43.35%), followed 

by survival (31.66%), recruitment (10.21%), and density (9.72%) (Table S1.4). We found 

significant (p<0.05) relationships between mismatch magnitude and cost across all 

performance rates and regardless of sign, so while there was still quite a bit of variation, 

in general large mismatches were associated with substantial performance declines (Fig. 

1.4).  

Discussion 

Our analyses show that mismatches between species’ distributions and density 

or demographic rates along the SWB gradient are common but highly variable among 

species. These results extend a growing body of research suggesting that patterns in 

occurrence do not necessarily match current patterns in density and demographic rates 

(Diez et al. 2014; Thuiller et al. 2014; Csergő et al. 2017; Pironon et al. 2017b). Because 

current densities of long-lived species are determined by past demographic 

performance, any factors that lead to changes in performance over time may lead to 

mismatches between current performance and distributions. In addition, competitive 

displacement, dispersal limitation or ‘over-dispersal’ into sink habitats can also all cause 

mismatches. These mismatches can cause large biases in predictions of species’ 

responses to ongoing climate change (Faurby & Araújo 2018) and in some cases may 

indicate extinction debts (Talluto et al. 2017). This may be particularly important for 

hybrid spatial-demographic methods that attempt to infer demographic performance from 
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habitat suitability estimated from occurrence patterns (Akçakaya & Sjögren-Gulve 2000; 

Nenzén et al. 2012). 

 

Relationships among performance measures 

Mismatches between demographic rates and occurrence may arise as an artifact 

of demographic compensation; i.e. when opposing responses of a species’ demographic 

rates to an environmental gradient stabilize population growth rates (Villellas et al. 2015; 

Pironon et al. 2017). 62.07% of species had demographic rates with mismatches in 

opposing directions suggestive of demographic compensation, although raw plot-level 

demographic data correlations were mixed (Fig. S1.11). To fully evaluate this, accurate 

measures of long-term population growth rates are required. Density is a more 

integrative measure of performance than demographic rates, and reflects longer-term 

dynamics; nonetheless, density and occurrence were also often mismatched.  

 

Functional Traits 

These broad patterns of species mismatches appear to be at least partly driven 

by functional traits associated with life history tradeoffs, such as competition vs 

tolerance. Different species may have optimal performance under similar conditions, but 

the less competitive or more tolerant species can be relegated to suboptimal conditions 

(Loehle 1998; Wisheu 1998; McGill 2012). For example, we found that deeply rooted 

species have maximum occurrence rates in drier than optimal environments for 

recruitment and survival, likely because they can tolerate seasonally dry conditions by 

tapping into deep water sources (Fan et al. 2017). Tree height is associated with 
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competitive ability and may help explain why taller trees had smaller recruitment 

mismatches (King 1990; Loehle 1998). However, traits such as height may affect 

multiple processes simultaneously. As trees grow taller, leaf water stress increases due 

to the difficulty of moving water along longer paths against gravity (Koch et al. 2000), 

leaving taller trees more sensitive to changes in soil water. This may therefore increase 

the chances that taller species occur in locations that are wetter than optimal for survival. 

We also found evidence traits associated with climate-tracking may affect 

mismatches. Species with longer lifespans are more likely to have larger mismatches 

and specifically maximum occurrence rates in drier than optimal environments (Fig. 

S1.8). Long-lived species are likely to remain in suboptimal conditions due to slow 

population turnover rates and higher tolerance to environmental variability (Morris et al. 

2008). For such species, distributions may reflect demographic suitability from years or 

centuries previous. Although precipitation in the western US over the past centuries have 

been extremely variable, rising temperatures have increased the vapor pressure deficit, 

effectively making conditions drier for plants, possibly causing these positive mismatches 

for long lived species. We also predicted that traits related to dispersal distance, such as 

seed mass and plant height, would influence mismatches through their effects on climate 

tracking at the leading edge. Plant height is also often a better predictor of seed 

dispersal than seed characteristics (Thomson et al. 2011), suggesting an additional 

mechanism through which height could produce smaller recruitment mismatches.  

We focused our study on water availability because of its importance in this 

region, but species may be simultaneously limited by other abiotic conditions which may 

complicate patterns with functional traits. For example, Pinus attenuata, a closed-cone 
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pine species endemic to serpentine soils has large negative density and survival 

mismatches, indicating that occurrence rates peak in wetter environments and density 

and survival rates peak in drier environments. These negative mismatches likely arise 

because serpentine soils retain more water than neighboring chaparral soils where P. 

attenuata is likely to be outcompeted (Vogl 1973). 

 

Performance Costs 

In general, larger mismatches between a species’ distribution and its 

performance should result in greater costs. However, this relationship need not be linear 

because it depends on the shape of the performance and distribution responses to the 

environment. Our results in fact show a remarkable amount of variability in this 

mismatch-cost relationship, highlighting the variability among species responses (Fig. 

1.4). In particular, the strength of the mismatch-cost relationship depends on both the 

performance measure and the direction of the mismatch (Fig. 1.4).  

Although somewhat counter-intuitive for water-limited ecosystems, many of the 

species in our study did have negative mismatches. Wetter than optimal environments 

can be detrimental to performance for various reasons, including poor soil aeration and 

increased pathogen loads. Poor soil aeration can lead to slower root development, root 

rot and root tissue death. Fungal pathogens, mainly of the genus Phytophthora, are an 

increasing threat to western forests and have higher rates of infection in moist conditions 

(Hansen 2015; Lockman & Kearns 2016). White pine blister rust (Cronartium ribicola), 

requires cool moist conditions for the fungus to sporulate and spread (Geils et al. 2010). 

Although infections are not always lethal, they often weaken trees for years before they 
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finally die from the disease or a multitude of stressors, which could explain the higher 

growth and recruitment costs associated with equivalent negative mismatches in 

comparison to survival.  

 

On the other end of the water gradient, declines in performance due to water limitation 

are well studied. Drought avoidant trees conserve water through stomatal regulation at 

the cost of reduced photosynthesis and growth (McDowell et al. 2008). Trees that 

maintain stomatal conductance in dry conditions often grow dense wood that is more 

resistant to cavitation, but this also poses a cost to growth in dry conditions (Anderegg & 

Hille Ris Lambers 2016). High costs to growth and survival from positive mismatches 

could be caused by aggressive stomatal regulation or steep reductions in xylem 

conductivity after reaching threshold xylem pressures. 

 

Challenges and future directions 

Despite being a unique quantitative test of distribution-performance mismatches, 

a number of inherent difficulties with this type of analysis could influence our results. 

First, even with the extraordinary spatial extent of individual tree data in the FIA dataset, 

rare species are still poorly represented. The 34 rare species excluded from our 

analyses might exhibit particularly interesting performance-distribution mismatches 

precisely due to their restricted distributions. Even for widespread species, there is less 

performance data in areas where a species is rare, risking inflated influence of the few 

records towards the environmental extremes. Nonetheless, there did not appear to be a 

bias in the estimated mismatch related to species rarity (Fig. S1.12). Second, 
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management activity inevitably influences forest dynamics and may influence observed 

mismatches and their relationships to functional traits, both directly through altered 

abundances and/or indirectly through modified competition and disturbances. Our 

inclusion of stand density and average basal area as predictors of the demographic 

rates should account for many effects of stand history, but nonetheless could miss any 

legacies of disturbance or management that are not manifest in these stand 

characteristics. Additionally, assessments of mismatch can be sensitive to which 

variables are included in models. We focused on responses to soil water because of its 

importance for trees in this region, and across North America (Copenhaver-Parry et al. 

2017), however other environmental variables may be uniquely important for different 

species. We chose to model all of the species with the same predictors to enable better 

comparisons. However, it would also be interesting to quantify the variation among 

species in which environmental predictors were most important, and their mismatches 

from those variables. Finally, acquiring environmental data that accurately reflects the 

conditions experienced by individual trees is always challenging. Fine-scale 

microclimates associated with small drainages and riparian zones may be particularly 

important within relatively dry climates, but may not be captured by a 1 km2 SWB grid 

cell. Additionally, species that root into deep water sources may effectively experience 

different conditions than those calculated for water availability in more shallow soil 

horizons (Baldocchi et al. 2004). In such cases, the estimated SWB could appear drier 

than the conditions actually experienced by trees, leading to over-estimation of 

occurrence and performance in dry environments. 
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Two extensions to our approach could further broaden its utility. First, it would be 

powerful to quantify how population growth rates are related to distributions, in addition 

to density and individual demographic rates. With population models the relative 

importance of individual demographic rates for species persistence can be quantified, 

further clarifying the mechanisms underlying distribution-performance mismatches 

(Ehrlén & Morris 2015; Csergő et al. 2017). Population models for long-lived trees are 

challenging but within reach given new quantitative tools (Needham et al. 2018). 

Second, this approach could be used to examine species’ past shifts in distributions 

(Kelly & Goulden 2008; Crimmins et al. 2011) and identify vulnerabilities to ongoing 

change. In particular, the mismatch and performance cost calculated in our framework 

may help indicate which species are under the greatest pressure to track environmental 

changes, and which demographic rates are the most sensitive to these changes. These 

mismatches and costs could be quantified in spatially-explicit analyses to identify, for 

example, either vulnerable portions of a species range or promising locations for 

conservation or assisted migration.  

 

Conclusion 

Historically, trees have been extremely successful at tracking changes in climate 

(Clark 1998), however evidence of climate tracking does not necessarily imply that 

species are in equilibrium with their climatic niche (Ordonez & Williams 2013). Moreover, 

the pace of contemporary change and potential for no-analog climates (Williams & 

Jackson 2007; Loarie et al. 2009) make future predictions more challenging. Our results 

highlight a widespread, contemporary lack of congruence between patterns of species 

32 

https://paperpile.com/c/5uLo1v/Ft9vu+x1gB
https://paperpile.com/c/5uLo1v/Ft9vu+x1gB
https://paperpile.com/c/5uLo1v/Ft9vu+x1gB
https://paperpile.com/c/5uLo1v/U3LG
https://paperpile.com/c/5uLo1v/U3LG
https://paperpile.com/c/5uLo1v/U3LG
https://paperpile.com/c/5uLo1v/UoOL+fV0y
https://paperpile.com/c/5uLo1v/UoOL+fV0y
https://paperpile.com/c/5uLo1v/UoOL+fV0y
https://paperpile.com/c/5uLo1v/CKYb+nUTf
https://paperpile.com/c/5uLo1v/nUTf
https://paperpile.com/c/5uLo1v/S6ml+TfG2
https://paperpile.com/c/5uLo1v/S6ml+TfG2
https://paperpile.com/c/5uLo1v/S6ml+TfG2
https://paperpile.com/c/5uLo1v/S6ml+TfG2


 

occurrence and patterns in density and demographic performance across an important 

soil moisture niche axis. Additionally, our results suggest that life history strategies can 

be useful in understanding mismatches, as made evident by the complex relationships 

between mismatches and functional traits. These kinds of mismatches, particularly when 

associated with large declines in performance, suggest the need for cautious 

interpretation of predictions of how climate change will affect species distributions.  
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Figures 

 

Figure 1.1 Key measurements for quantifying distribution-performance mismatches for 
two hypothetical species. The curves are performance (black) and occurrence (red) 
responses to an environmental gradient, which are estimated from regression models. 
We calculated mismatch (1) as the difference in SWB between the performance 
optimum and occurrence optimum (SWBopt- SWBpres). These hypothetical species show 
positive mismatches, meaning that their peak probability of occurrence is in a drier 
environment than their peak performance. This could be calculated for any 
environmental axes, but we focus here on SWB due to the overwhelming importance of 
water availability in western forests. Performance cost (2) is the difference between the 
predicted performance at SWBopt (Popt) and SWBpres (Ppres) divided by the range of 
performance values to yield % reduction. Here both species have identical mismatches 
(1a and 1b) but species a has a larger performance cost (2a and 2b), illustrating how 
species’ different demographic sensitivities to environmental variables may lead to 
widely varying performance costs given the same mismatch. 
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Figure 1.2 Each species’ SWB mismatch with respect to each performance measure. 
Each point represents the estimated mismatch for a particular performance measure, 
and the line connecting them simply represents the variability among different 
performance measures for a given species. Not all species had data available for all four 
performance measures; thus: A denotes species for which only one performance rate 
was estimated, B denotes two, and C denotes three. Species on the y-axis are ordered 
by increasing mean mismatch value. 
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Figure 1.3 Effects of functional traits and the average SWB conditions which a species 
encounters on the SWB mismatch. Positive relationships mean that increasing trait 
values are associated with when positive mismatches, or when meaning that their peak 
probability of occurrence is in a drier environment than their peak performance, whereas 
negative relationships mean that increasing trait values are associated with negative 
mismatches. For average SWB conditions small values indicate dry conditions and large 
values indicate species wet conditions, so the negative relationship there means that 
species from dry environments are more likely to have positive mismatches and species 
from wet environments are more likely to have negative mismatches. Significance is 
based on credible intervals from Bayesian multiple regression models, results from 
separate models are divided by horizontal line. Asterisks denote high probabilities that 
the effect of a trait is greater or less than zero (*** = probability > 95%; ** = probability > 
90%; * = probability > 85%). We also tested these same effects on mismatch magnitude, 
results for effects on mismatch magnitude are shown in Fig. S1.10. 
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Figure 1.4 Costs to species performance (percent reduction) as a function of SWB 
mismatch. Each point represents the estimated mismatch and cost for a particular 
species. Spearman rank correlations were calculated separately for species with 
negative mismatches and positive mismatches and show that costs increase significantly 
with larger mismatches. Negative mismatches signify when occurrence rates peak in 
wetter environments than the performance rates, whereas positive mismatches signify 
when occurrence rates peak in drier environments than the performance rates.  
 

  

45 



 

Text Boxes 

Box 1.1: Approaches to quantifying the performance-distribution relationship  

Although the relationship between species distributions and performance 

underlies many basic ecological questions, there are no standard methods for making 

this comparison. One reason is that a species’ distribution and its performance can each 

be defined and estimated in substantively different ways. A species’ distribution can be 

characterized by patterns of occurrence or abundance, and at a range of scales. 

Similarly, measures of performance vary from simply abundance to individual 

demographic rates or population growth rates. Here, we provide a brief overview of the 

different approaches and methods that have been used to compare species distributions 

and performance.  

 

Abundance – distribution 

Perhaps the simplest test of how a species’ performance relates to its distribution 

is to analyze how abundance or density varies within its range. The long-standing 

“abundant center,” or “center-periphery” hypothesis is one example, proposing that 

species should be most abundant within the center of their geographic range (Brown 

1984). Empirical support for the relationship between occurrence and abundance has 

been mixed (Dallas & Hastings 2018; Santini et al. 2018).  

However, abundance can be a poor indicator of a species’ performance in 

response to the environment because it also reflects interactions with other species and 

intrinsic population processes (e.g. density-dependence). Moreover, source-sink 
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dynamics can result in large population sizes in unsuitable ‘sink’ habitat (Pulliam 2000). 

Therefore, the remaining approaches discussed below quantify measures of individual or 

population performance, typically based in demographic rates. 

 

Demographic rates – distribution 

Demographic rates (growth, reproduction, survival) are good measures of 

individual performance. In trees these rates are affected by climate, stand dynamics (via 

competition and facilitation), and life stage/ontogeny, so these factors must be 

accounted for when assessing species’ climatic niches. An advantage to working with 

individual rates is their different responses to environmental gradients can have 

important consequences for long-term population dynamics (Doak & Morris 2010; 

Villellas et al. 2015).  

Recruitment rates are commonly used to examine performance-distribution 

relationships because of their importance for species migration (Zhu et al. 2012; 

Serra-Diaz et al. 2016). More simply, population structure can be used. Wason and 

Dovciak (2017) examined the geographic distribution of saplings and adult trees, 

showing that species varied in their tendencies toward shifting distributions across an 

elevation gradient. 

Adult growth and survival are also important for long-lived species like trees. 

Canham et al. (2016a, 2017) quantified how tree species’ demographic rates and their 

probabilities of occurrence both respond to climate gradients, but made only qualitative 

comparisons of these response curves. McGill (2012) calculated the Pearson 

correlations between species’ growth rates (from tree ring data) and their importance 
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values (a measure of relative abundance), finding mostly negative correlations between 

growth rates and importance values. 

 

Population dynamics – distribution 

Finally, population dynamics integrate the performance across a species’ life 

stages, and therefore help to identify the mechanisms linking performance and 

distributions (Schurr et al. 2012). The relationship between population dynamics and 

species distributions are theoretically quite clear: in the absence of dispersal, species 

should only be present in places that support positive population growth rates when the 

species is rare (Godsoe et al. 2017).  

The simplest approach to using population dynamics to compare species’ 

distributions and performance is analogous to the ‘abundant-center’ hypothesis. For 

example, Aikens and Roach (2014) quantified population dynamics of an endemic 

Appalachian plant across its range to show a decline in demographic performance 

toward its range edge, despite there being no such decline in abundance. Similarly, Diez 

et al. (2014) showed that population growth responses to the environment were highly 

decoupled from an orchid’s pattern of distribution. 

A more thorough test of the relationship between distributions and population 

dynamics involves parameterizing a fully spatially-explicit population model and 

comparing projections to observed distributions. For example, Merow et al. (2014) found 

that a population model of the shrub Protea repens accurately predicted occurrences 

and absences 71% and 70% of the time respectively. This approach provides a very 
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useful quantitative measure of mismatch, although the requirement for intensive data 

may limit its applicability across species. 
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Box 1.2: How functional traits may predict mismatches 

Functional traits determine how plants interact with their environment and also 

serve as easy-to-measure proxies for different ‘functions’ such as competitiveness 

(Kunstler et al. 2015), dispersal (Greene & Johnson 1993; Thomson et al. 2011), 

environmental tolerance (Loehle 1998; Hacke et al. 2001) and succession (Valladares & 

Niinemets 2008; Wilfahrt et al. 2014). Because of this, traits offer a promising approach 

for generalizing patterns of mismatches between a species distribution and performance. 

Traits associated with effective range shifts at the leading edge might be associated with 

small mismatches (Angert et al. 2011; MacLean & Beissinger 2017). Conversely traits 

associated with lagging trailing edges may be associated with large mismatches (Hampe 

& Petit 2005). Mismatches may arise from mechanisms other than failing to migrate. 

Traits associated with competitiveness may predict mismatches and traits related to 

environmental tolerance might reflect physiological constraints. In this study, we tested 

whether the direction and/or magnitude of species’ mismatches between their 

distributions and performance were related to specific functional traits within these three 

categories. Here we outline our predictions for these relationships.  

 

Leading edge traits 

Using seed mass as a proxy for dispersal (Greene & Johnson 1993), we expect 

the mismatch magnitude to increase with increasing seed mass due to more limited 

dispersal distances. However, the relationship between seed mass and dispersal ability 

may depend on dispersal modality, being more relevant for wind-or gravity-dispersed 

species and less so for animal dispersed species.  
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Trailing edge traits 

Longer-lived species are more likely to persist in habitats that become suboptimal 

over time, resulting in slower climate adaptation (Jump & Penuelas 2005) and lagged 

climate migration and extinction debts (Talluto et al. 2017). We expect long lifespans will 

correspond to larger SWB mismatches in general. Given that warming since the Little Ice 

Age is reasonably within the lifespan of many of these trees, we expect that longer lived 

trees will experience more positive SWB mismatches as a result of slow climate 

migration upslope or upwards in latitude. 

 

Competitive and environmental tolerance traits 

Higher wood density corresponds to slower growth rates and higher survival 

rates, and is therefore associated with later successional, more competitive species 

(Chave et al. 2009). Therefore, we expect a negative relationship between wood density 

and SWB mismatches in general. However, wood density is also particularly related to 

hydraulic safety margins, as denser wood is often more resistant to drought-induced 

cavitation (Hacke et al. 2001). Because dense-wood species have greater tolerances to 

dry conditions, we expect that wood density could correspond to more positive SWB 

mismatches. 

High specific leaf area (SLA) indicates a resource-acquisitive or ‘fast’ strategy 

(Wright et al. 2004) which we would expect to be less competitive in general and 

correspond to higher SWB mismatches. However, high SLA is also associated with 

shade tolerance (Hallik et al. 2009) which could counteract the pattern expected from 
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being out-competed. Additionally, high SLA species are more likely to be stronger 

competitors in conditions where resources are more abundant, whereas low SLA 

species are more likely to be stronger competitors in more resource poor environments. 

We expect high SLA species to occur more often in wetter than optimal conditions and 

low SLA species to occur more often in drier than optimal conditions, resulting in a 

negative relationship between SLA and raw SWB mismatch. 

Root depth is an important contributor to performance along water gradients, with 

deep roots performing better in seasonally dry conditions and shallow roots performing 

better in moist, frequently waterlogged soils where the water table is shallow (Fan et al. 

2017). We therefore expect shallow rooted species to occur more often in wetter than 

optimal environments and deeply rooted species to occur more often in drier than 

optimal environments, due to their ability to tolerate dry conditions. These differences are 

expected to result in a positive relationship between root depth and the raw SWB 

mismatch.  

Tree height may influence mismatches in distinct ways. Taller trees are superior 

light competitors, therefore we may expect a negative relationship between maximum 

height and SWB mismatch magnitude. However, this competitive advantage may be 

context-dependent because of tradeoffs between height and cold-hardiness (Loehle 

1998). Additionally, tall trees are more susceptible to soil drying as the water potential 

gradient required to move water up to the canopy scales with tree height (Koch et al. 

2000). Because of this, we expect that taller trees will be more likely to have smaller or 

more negative mismatches as populations would not be able to persist in drier than 

optimal environments  
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Supplemental Materials 

Modeling details 

We fit different forms of generalized linear mixed models to estimate responses 

of survival, growth, and recruitment to SWB, temperature and stand variables. For 

survival, we fit a generalized linear mixed model with a bernoulli error distribution to 

quantify how survival of individual trees within plots respond to tree- and plot-level 

covariates. Survival was quantified from all records of dead trees, either from standing 

dead records or repeat measurements (Table S1.1). The intercept of each model varied 

with species and plot, accounting for species-specific plot random effects. We included 

tree size (DBH), SWB, temperature, adult stem density, and average basal area as fixed 

effects. We included second order coefficients for both diameter, SWB, and temperature 

to allow for non-linearities. 

We fit a linear mixed model to quantify growth responses to the same tree- and 

plot-level covariates included in the survival model. We used a normal error distribution 

and also modeled the variance with a diameter predictor to accommodate 

heteroscedasticity. We fit species independently to keep residual variances 

species-specific and to speed model fitting. We quantified tree growth as the annualized 

basal area increment (cm2), or the difference between basal area at time (t+1) and basal 

area at time t, annualized based on the census interval (which varies between 5-10 

years). Because growth data is restricted to trees with repeat measures, we were left 

with 50 species to analyze for growth (Table S1.1.). To improve model performance we 
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excluded growth outliers with a chi-squared test and a p-value threshold of p=0.001 

based on each species’ distribution of basal area increments. 

For recruitment, we fit a zero-inflated negative binomial (ZINB) model to the 

number of seedlings within each plot, pooled across subplots due to the small size of the 

microplots. Again, we restricted our analyses to species where seedlings were present in 

at least 25 plots, leaving 55 out of the 60 species (Table S1.1). The ZINB model 

accounts for distinct zero-generating processes for these data. There may be zero 

seedlings due to recruitment failure or due to sampling failure when seedlings were not 

found in the small microplots by chance. The ZINB for recruitment is a Bernoulli-negative 

binomial mixture model, where both models contribute to the observed abundance of 

recruits in the plots. We modeled the mean of the NB process with species-specific 

responses to SWB, temperature and adult density (BA and count) and included the 

second-order term for SWB and temperature. The NB dispersion parameters and the 

Bernoulli probability parameter were modeled as species-specific with no other 

predictors. 
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Table S1.1 Number of observations for plot-level responses and number of observations            
(trees) and plots for tree-level responses for each species. 

 Plots 
adults 
present 

Tree 
records 
growth 

Plot 
records 
growth 

Tree 
records 
survival 

Plot 
records 
survival 

Plots 
recruits 
present 

Abies amabilis 1576 10064 700 27199 1555 1275 

Abies concolor 2483 12473 1060 35150 2418 1588 

Abies grandis 2443 8880 1062 25354 2381 1724 

Abies lasiocarpa 1267 4101 470 14389 1185 989 

Abies magnifica 467 2374 167 7693 454 261 

Abies procera 465 1041 176 2779 448 157 

Abies shastensis 284 1373 116 4166 275 185 

Acer glabrum 361 NA NA 1050 359 343 

Acer macrophyllum 1046 1784 444 4898 1013 248 

Aesculus californica 112 163 37 549 110 70 

Alnus rhombifolia 92 NA NA 421 92 28 

Alnus rubra 1316 3078 498 10417 1261 181 

Arbutus menziesii 1065 2363 433 6775 1031 368 

Betula papyrifera 131 144 41 682 125 NA 

Calocedrus decurrens 1598 4731 737 12139 1563 926 

Cercocarpus ledifolius 561 NA NA 4190 554 196 

Chamaecyparis lawsoniana 109 258 39 909 101 35 

Chamaecyparis nootkatensis 202 483 70 1700 200 157 

Chrysolepis chrysophylla 467 688 170 2183 447 468 

Cornus nuttallii 245 152 77 593 238 234 
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Fraxinus latifolia 86 146 30 471 84 40 

Juniperus californica 97 NA NA 619 96 NA 

Juniperus occidentalis 1391 3491 611 8259 1352 657 

Juniperus osteosperma 49 NA NA 336 49 NA 

Larix lyallii 41 NA NA 367 39 22 

Larix occidentalis 1647 3117 740 8334 1551 362 

Lithocarpus densiflorus 824 5118 337 15980 806 914 

Malus fusca 36 NA NA 107 35 26 

Picea engelmannii 1124 2420 476 6956 1069 560 

Picea sitchensis 282 541 112 1603 271 60 

Pinus albicaulis 348 584 101 2704 321 211 

Pinus attenuata 136 115 30 779 119 39 

Pinus contorta 3071 16360 1377 49695 2919 1653 

Pinus coulteri 26 NA NA NA NA NA 

Pinus jeffreyi 783 2316 311 6335 748 184 

Pinus lambertiana 1363 1519 509 4843 1299 508 

Pinus monophylla 268 847 88 2661 252 110 

Pinus monticola 1014 937 309 3359 928 504 

Pinus ponderosa 5795 23441 2815 55427 5638 2219 

Pinus sabiniana 313 252 91 846 300 69 

Populus balsamifera 210 249 83 734 208 38 

Populus tremuloides 196 285 68 1054 178 198 

Prunus emarginata 188 74 36 526 176 327 
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Prunus virginiana 39 NA NA 110 37 154 

Pseudotsuga menziesii 9368 48768 4478 127731 9095 3767 

Quercus agrifolia 240 620 75 2170 240 125 

Quercus chrysolepis 1142 4587 416 14259 1116 1103 

Quercus douglasii 421 1373 163 3713 418 78 

Quercus garryana 429 1422 168 4239 417 217 

Quercus kelloggii 1147 2679 450 7680 1112 464 

Quercus lobata 92 NA NA 395 92 NA 

Quercus wislizeni 325 808 82 3437 312 226 

Sequoia sempervirens 258 2012 112 6531 258 133 

Taxus brevifolia 371 361 159 974 361 358 

Thuja plicata 1834 5758 816 14447 1785 854 

Torreya californica 25 NA NA 77 25 32 

Tsuga heterophylla 2999 16530 1430 43186 2942 1819 

Tsuga mertensiana 1074 6052 484 14975 1057 699 

Umbellularia californica 390 926 144 2774 383 342 
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Table S1.2 SWB mismatch summary by demographic rate 

 Mean SD Minimum Maximum Median N positive N negative 

Density -5.00 17.55 -59.16 33.91 -1.91 20 38 

Survival -9.34 25.90 -65.00 33.91 -11.02 22 36 

Growth -1.35 20.58 -42.14 52.76 -2.97 19 29 

Recruitment -6.20 21.16 -49.82 55.00 -4.74 20 34 

 
Table S1.3 Mismatch magnitude summary by demographic rate 

 Mean Median Minimum Maximum 

Density 12.29 6.64 0.29 59.16 

Survival 23.12 23.69 0.89 65.00 

Growth 16.59 12.03 0.25 52.76 

Recruitment 16.10 10.98 0.03 55.00 

 
Table S1.4 Percent cost summary by demographic rate 

 Mean Median Minimum Maximum 

Density 28.83 9.72 0.00 100.00 

Survival 41.75 31.66 0.00 100.00 

Growth 47.62 43.35 0.00 100.00 

Recruitment 32.22 10.21 0.00 100.00 
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Figure S1.1 Map of soil water balance and temperature. Panel a shows spatial variation 
in SWB (50 year normal Priestley-Taylor coefficient). Panel b maps temperature (30-year 
normal °C). Lighter colors signify dry or cool conditions, darker colors signify wet or hot 
conditions. 
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Figure S1.2 Phylogenetic tree extracted from Zanne (2014) and pruned to include only 
the species included in our study.  
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Figure S1.3 Median parameter estimates and 90% CI for density regression coefficients.            
Positive median parameter estimates are blue, negative are red. Dark circles indicate            
>90% of the posterior distribution does not overlap 0. 
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Figure S1.4 Median parameter estimates and 90% CI for growth regression coefficients.            
Positive median parameter estimates are blue, negative are red. Dark circles indicate            
>90% of the posterior distribution does not overlap 0. 
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Figure S1.5 Median parameter estimates and 90% CI for survival regression           
coefficients. Positive median parameter estimates are blue, negative are red. Dark           
circles indicate >90% of the posterior distribution does not overlap 0. 
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Figure S1.6 Median parameter estimates and 90% CI for recruitment regression           
coefficients. Positive median parameter estimates are blue, negative are red. Dark           
circles indicate >90% of the posterior distribution does not overlap 0. 
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Figure S1.7 Histogram and overlaid density plots of estimated mismatches for each 
demographic rate. 
 
 

 
Figure S1.8 Bivariate plots comparing SWB mismatch values between the density and 
the three demographic rates: growth, survival, and recruitment. Each point represents 
the estimated mismatches for a particular species. Solid lines indicate significant 
(p<0.05) relationships. 
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Figure S1.9 Relationship between species’ estimated SWB mismatch and the median 
SWB conditions in which they occur. Each point represents the estimated mismatch for a 
particular species along the unitless SWB axis, and points are semi-transparent so that 
species with the same mismatches are visible. Solid lines indicate significant (p<0.05) 
linear relationships. 
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Figure S1.10 Effects of functional traits and the average SWB conditions which a 
species encounters on the mismatch magnitude. Positive relationships mean that 
increasing trait values are associated with larger absolute mismatches, whereas 
negative relationships mean that increasing trait values are associated with smaller 
absolute mismatches. For average SWB conditions small values indicate dry conditions 
and large values indicate species wet conditions, so the negative relationship there 
means that species from dry environments are more likely to have larger absolute 
mismatches than species from wet environments. Significance is based on credible 
intervals from Bayesian multiple regression models, results from separate models are 
divided by horizontal line. Asterisks denote high probabilities that the effect of a trait is 
greater or less than zero (*** = probability > 95%; ** = probability > 90%; * = probability > 
85%). 
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Figure S1.11 Violin plots of the distributions of species-level correlations between the 
each pairwise combination of performance measures. Correlations were calculated from 
the average raw plot-level performance measure for each species.  
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Figure S1.12 Relationships between number of records and mismatch magnitude. 
Number of records was not a significant predictor for absolute mismatch size for any of 
the performance rates. Every point represents a species-specific model. 
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Chapter 2  
Growth reduction and recovery from drought across three conifers suggest 

susceptibility of large trees 

Abstract 

Worldwide, increasing frequency and severity of droughts threaten to change 

forest ecosystem functioning and community structure. Understanding forest resilience 

and its components, resistance and recovery, has important implications for 

management strategies. However, the relationship between drought responses 

(resistance and recovery) and species hydraulic strategies, tree size, competition, and 

local microclimate are poorly understood. Here, we quantified the differences in tree 

growth reduction and recovery for three montane conifers (Abies concolor, Pinus jeffreyi , 

and Pinus lambertiana) in California. We used tree ring analysis to quantify 

growth-drought relationships across a climatic gradient and examine the roles of tree 

size (DBH) and competition (tree density) in drought response. As expected we found 

that trees sustained larger growth reductions (lower resistance) during the most intense 

droughts and that recovery suffered as a result of larger growth reductions. However, we 

found that recovery varied among species and among populations more than growth 

reduction (inverse of resistance). Trees in the driest locations suffered the largest growth 

reductions, but this was not always compensated for by higher recovery rates. In 

particular, cold dry locations as opposed to warm dry locations showed particularly poor 

recovery, likely due to shorter growing seasons. We also found that larger trees are 
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more susceptible to drought due to poorer recovery, particularly in extreme drought 

years, but not because of differences in growth reduction. Surprisingly, some trees 

recovered better in more competitive environments. Our results demonstrate the 

importance of considering all components of the drought response, particularly recovery 

and tree size-mediated responses. Specifically, large trees and those in cold dry 

populations may be more susceptible to drought due to reduced recovery rates.  

Introduction 

Droughts are predicted to increase in frequency and intensity with climate 

change. Droughts have numerous impacts on forest ecosystems, including shifts in 

species distributions (Allen & Breshears 1998) and altered community composition 

(McIntyre et al. 2015) which can have profound effects on forest productivity (Morin et al. 

2018) and ecosystem function (Anderegg et al. 2013). Tree resilience to drought can 

broadly be described as the ability to return to pre-drought function. Resilience can be 

achieved either through high resistance, where performance is not significantly reduced 

by the drought event, or through adequate recovery post-drought (Lloret et al. 2011; 

Hodgson et al. 2015). Drought resilience may be influenced by factors at differing scales 

ranging from species-level drought strategies, regional climatic variation or local 

adaptation, individual tree size, and the local  interactions like competition. 

Understanding how all of these factors work together to affect tree growth patterns and 

the responses to drought events is poorly understood.  

Species-specific physiological responses and hydraulic traits mediate forest 

resilience to drought. The impact of physiology on drought responses has been well 
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studied in ecosystems where the extremes of both drought tolerance and avoidance are 

found, for example in pinyon-juniper woodlands (McDowell et al. 2013). Drought 

strategies may influence either or both of the components of resilience - resistance and 

recovery. For example, drought tolerant, or anisohydric, trees which maintain stomatal 

conductance despite increasing vapor pressure deficits may show high resistance, yet 

poor recovery because growth is maintained throughout the drought event (Kannenberg 

et al. 2019b). On the other hand, drought avoidant, or isohydric, trees which 

conservatively regulate stomata may show large growth reductions, but may have better 

recovery due to their ability to avoid xylem damage (West et al. 2008; Brodribb & 

Cochard 2009).  

Different populations of a species may also vary in their resilience to drought for 

several reasons. Recovery from drought has been found to vary with temperature and 

precipitation (Schwalm et al. 2017). Site-level characteristics beyond climate may be 

important for drought responses. Fine scale topographic and edaphic variables influence 

water availability. For example, south and west facing aspects are subject to increased 

insolation and higher evaporative demand in the northern hemisphere (Stephenson 

1998), soil depth influences the water holding capacity (Vilà-Cabrera et al. 2013), and 

plant accessible water can be stored 10 to 20 m below the surface in regolith (Klos et al. 

2018). Furthermore growth the year following drought is affected by water table depth 

(Kannenberg et al. 2019a). Additionally, species-specific drought strategies are also 

subject to local adaptation and thus will likely vary across a species’ range (Moran et al. 

2017). These hydraulic strategies have been found to be highly dynamic and may range 
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from isoyhdry to anisohydry within one species depending on the environmental context 

(Hochberg et al. 2018; Guo et al. 2020).  

In addition to species or population-level drought response strategies, local 

factors such as tree size and competitive environment could also be important mediators 

of drought response. Large trees, for example, have experienced higher rates of drought 

related mortality (Bennett et al. 2015; Fettig et al. 2019; Stovall et al. 2019), although 

there is debate over the role of forest community composition in these patterns 

(Stephenson & Das 2020; Stovall et al. 2020). Theory predicts that tall trees are more 

vulnerable to hydraulic stress as water must be moved along longer paths (McDowell & 

Allen 2015) and large, competitively dominant trees tend to have high leaf area to 

sapwood ratios which are not advantageous during drought (Clark et al. 2016; Jump et 

al. 2017). Large drought-stressed trees have an increased frequency of bark beetle 

infection (Restaino et al. 2019; Stephenson et al. 2019) providing multiple avenues for 

large trees to fare poorly during and after drought conditions. Increased competition has 

also been associated with increased drought mortality (Young et al. 2017) and 

decreased growth (Gleason et al. 2017). Trees in dense competitive environments may 

be subject to increased competition for water (D’Amato et al. 2013; Bottero et al. 2017). 

In one case, higher drought mortality rates were found on more mesic, northern slopes 

due to the increased competition there (Guarín & Taylor 2005). Additionally, thinning 

treatments have been shown to reduce drought-related mortality (Vernon et al. 2018; 

Restaino et al. 2019).  

In this study we sought to identify how drought resilience, through both resistance 

and recovery, is influenced by species-level strategies as well as regional and local scale 
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processes. We quantified drought responses of three co-occurring species: Abies 

concolor, Pinus jeffreyi, and P. lambertiana across a latitudinal gradient using tree ring 

data recording annual growth increment from 1895-2018. Specifically, we asked i) How 

do species differ in their resilience to droughts of varying intensity? ii) How do resistance 

and recovery vary across the climatic gradient? iii) Are drought resistance and recovery 

mediated by tree size and competition? We hypothesized that the most drought tolerant 

species in our study, P. jeffreyi would exhibit large growth reductions but good recovery 

due to its likely isohydric and deep rooted strategies although Peltier et al. (Peltier et al. 

2016) found poor recovery for closely related P. ponderosa and that A. concolor would 

exhibit smaller growth reductions and better recovery (Bigelow et al. 2014). Second, we 

hypothesized that trees from the more xeric populations in our study region would be 

more resilient to drought than those from the more mesic populations. Last, we 

hypothesized that larger trees and trees in more competitive environments (denser 

stands) would be less resilient to drought and would show larger growth reductions, 

poorer recovery or both.  

Methods 

Field Sampling 

We established four research sites along a latitudinal gradient in California in the 

Southern Sierra Nevada and Peninsular Mountain Ranges (fig. S2.1). Average site 

temperatures range from 4.5 to 11.1°C and annual precipitation ranges from 642 to 1114 

mm, mostly in the winter months (fig. S2.2). At each site we selected a high and low 

elevation sub-site roughly 300m different in elevation (table S2.2). We focused on three 
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widespread species of the Sierra mixed conifer community: Abies concolor, Pinus 

lambertiana, and Pinus jeffreyi. We sampled three clustered ‘neighborhoods’ at each 

sub-site where we sampled cores from at least ten neighboring trees of our three focal 

species. We mapped, using a centimeter-grade GPS unit, and measured the diameter at 

breast height (DBH, ~1.3 m) for every focal tree and all additional neighboring trees 

within a 20m radius, including non-focal species (fig. S2.3, table S2.1). From each focal 

tree we extracted two cores from opposite sides of the stem at breast height and 

perpendicular to the slope at the site. Across the entire study we sampled cores from 

239 trees (table S2.2). We sampled a low elevation sub-site in the northernmost location, 

Mammoth Lakes, but excluded it from analysis due to generally different vegetation 

types and soil parent material; we could not locate a suitable permissible replacement 

low elevation site there. Additionally P. ponderosa cores were collected from three of the 

sub-sites. We used these cores to improve cross-dating confidence, but excluded them 

from the analysis due to low representation of the species in our sample.  

Cores were prepared by standard mounting and sanding methods (Speer 2010) 

and scanned with a 6400dpi high resolution scanner (Epson 11000 XL). From the 

scanned images we visually and statistically cross  dated and measured the ring widths 

with the CDendro suite (Larsson 2008) (table S2.3). We detrended individual growth 

series to ring with indices (RWI) with a two-thirds series length spline in the dplR 

package in R and analyzed individual growth series.  
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Drought 

We used the standardized precipitation evapotranspiration index (SPEI) as a 

measure of water availability, which has the advantage of accounting for increased 

drought severity as a result of increased water demand from evapotranspiration 

(Vicente-Serrano et al. 2010). We estimated annual SPEI from monthly precipitation and 

temperature data at ~800m resolution from PRISM from 1895-2018 (PRISM Climate 

Group Oregon State University 2016) using the Thornwaithe equation in the spei 

package (Vicente-Serrano et al. 2010) in R (R Core Team 2019). The SPEI for a given 

year incorporated the SPEI from the previous year’s October to the calendar year’s 

September to reflect a typical hydrological year. We defined droughts as the years in the 

lower tenth percentile for SPEI (Peltier et al. 2016) (fig. S2.4).  

 

Estimating Growth Reduction and Recovery 

We estimated growth reduction due to drought as the difference between each 

tree’s average non-drought RWI and the RWI during an individual drought year 

standardized by the average non-drought RWI. 

rowth ReductionG =
RWInon−drought 

RWInon−drought − RWIdrought      

Growth reduction ranges from -1 to 1 because in many years we observed that 

growth during the drought year was higher than average non-drought RWI. We 

calculated recovery as the difference between expected growth rate in the year following 

a drought, given the climate of that year, and the actual observed growth rate 

(Kannenberg et al. 2019a). The difference reflects the ability for a tree to recover from 
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the drought (fig. 2.1). To make these calculations, we first built species-specific 

hierarchical models of annual RWI as a function of SPEI, latitude, elevation, and 

characteristics of the competitive neighborhood. The hierarchical models were used to 

allow partial pooling of information across latitudes and elevations, within species 

(supplemental methods).  These models were used to predict growth rates given climate 

in the years following drought, and recovery was calculated as the difference between 

the actual RWI in the year following a drought event and the predicted RWI for that site, 

tree, and SPEI. 

ecovery RWIR =  actual − RWIpred  

Here, is the estimated growth for the year post-drought given the local andRWIpred 
 

environmental conditions for that tree. Models were fit using the brms package (Bürkner 

2017) in R (R Core Team 2019), using default noninformative priors, and convergence 

was assessed using the Gelman-Rubin statistic and visual assessment of four chains 

run for 2000 iterations.  

  

Statistical analysis 

We addressed each question with a unique model to test our hypotheses of how 

factors at differing scales influence drought responses (table 2.1). Within each question 

we fit separate models with the above-calculated quantities - growth reduction and 

recovery - as response variables, with outlier responses removed (z-score less than -3 

or greater than 3). We fit all models using the brms package (Bürkner 2017) in R (R Core 

Team 2019), using default noninformative priors, and convergence was assessed using 

the Gelman-Rubin statistic and visual assessment of four chains run for 2000 iterations. 
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For the first two questions we used model selection based on WAIC (Watanabe 2013; 

Gelman et al. 2014) to assess the significance of predictors. For the third question, we 

chose a model based tailored to the question to avoid selecting among many candidate 

models. We measured statistical significance as when the 95% of the posterior 

distribution of each regression coefficient did not overlap zero. In cases where we were 

interested in the difference among groups, we measured significance using the 

distribution resulting from the difference between the two posterior distributions of 

interest. 

To test our hypothesis that P. jeffreyi is in general more resilient to drought we 

quantified overall species specific differences in their growth reduction and differences in 

how species respond to SPEI (drought intensity). Similarly for recovery we quantified 

overall species differences and species specific responses to growth reduction in the 

previous year (experienced drought severity). We also estimated differences in the 

variability of growth reduction and recovery for each species by including species as a 

predictor for the variance term. We used model selection to test between models that 

included only the main effects of species and the main predictor, either SPEI or growth 

reduction in the previous year (additive), and models that included the interaction 

between species and the main predictor (interaction). We also tested between models 

that include an overall variance term and a variance term affected by species.  

To test our hypothesis that populations from more xeric locations are more 

resilient to drought, we quantified the effects of variation among the sampled sites on 

drought resilience by allowing the overall drought response to vary by region and also by 

allowing the relationship with the main predictor (SPEI or growth reduction) to vary 

78 

https://paperpile.com/c/2ZhgR6/KMvK+9rgX
https://paperpile.com/c/2ZhgR6/KMvK+9rgX
https://paperpile.com/c/2ZhgR6/KMvK+9rgX
https://paperpile.com/c/2ZhgR6/KMvK+9rgX


 

regionally. This encapsulates differences that might arise from site-level differences in 

overall aridity or environmental suitability (intercept differences) and also regional 

differences in how the species responds to water availability or drought severity (varying 

slope). We used model selection to test between models that allowed region to affect 

only the overall response difference (varying intercept) and the models that allowed 

region to affect the slope of the relationship between the main predictor and response 

(varying slope). We modeled regional variation hierarchically to partially pool information 

across site locations. We used the intra-class correlations (ICC), or variance partitioning 

coefficient which describes the proportion of the observed variation linked to group 

clustering to test for the importance of the grouping variable, in this case Region. The 

ICC approaches zero if the groups are uninformative and the ICC approaches if 

individual samples within a group behave identically but differ among groups. We chose 

to model each species separately for questions two and three to increase the speed of 

model fitting. 

Last, to test our hypotheses that larger trees in more competitive environments 

are less resilient to drought we added to the previous models the effects of tree size 

(DBH) and competitive neighborhood (summed basal area). We centered and 

standardized these predictor variables by their mean and standard deviation so that the 

strength of regression coefficients may be compared. Specifically, for each response we 

tested for differences in the overall response among trees of different sizes and among 

trees in variably competitive environments and we tested whether tree size or 

competition modified the drought responses via changes in the relationship with the 

main predictor (SPEI or growth reduction). For example, we tested whether large Jeffrey 
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pines sustained larger growth reductions in general and if the relationship between 

drought intensity and the sustained reduction varies across tree sizes.  

Results 

Species responses to drought 

Model selection supported that there were no species differences in how growth 

reduction responded to SPEI (fig. 2.2, table S2.4). Growth recovery, on the other hand 

varied among species, as supported by model selection (table S2.5). In the most severe 

droughts P. lambertiana had the highest recovery, mostly because of a flatter response 

to drought severity. All three species had significantly different intercepts, and P. 

lambertiana had a significantly flatter slope than P. jeffreyi (fig. 2.2). Variability in how 

growth reduction responded to SPEI  and recovery responded to growth reduction was 

species specific, as supported by model selection (table S2.6). The two Pinus species 

had greater variability in growth reduction compared with A. concolor. However, there 

was no significant difference between the two Pinus species. Similar to growth reduction, 

the variation in the response of the two Pinus species was greater than A. concolor (fig. 

S2.5). 

 

Regional variation in drought responses 

There was significant variation among the four sites in growth reduction from 

droughts. The Intraclass correlation coefficient (ICC) among sites, was 0.69, 0.59, and 

0.34 for growth reduction, for A. concolor, P.jeffreyi, and P. lambertiana respectively. The 

ICC for recovery was 0.05, 0.03, and 0.03 for A. concolor, P.jeffreyi, and P. lambertiana 
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respectively, indicating that there was also a substantial amount of variation among trees 

within regional groups. The varying slope model was supported for both responses 

indicating the importance of regional differences in how drought intensity and severity 

influence growth reduction and recovery (table S2.6).  

Growth reduction was most sensitive to drought intensity (SPEI) in the Mammoth 

region, followed by San Jacinto, Sequoia national forest and Sequoia National Park (fig. 

2.3 a-c, fig. S2.6). All of the contrasts except for the contrast between San Jacinto and 

both Sequoia national forest and Mammoth for P. jeffreyi and the contrast between 

Sequoia national forest and Sequoia national park intercepts were significant (fig. S2.7). 

Recovery was most sensitive to growth reduction in the previous year in Sequoia 

National Park although recovery in general was lowest in Mammoth and Sequoia 

national forest and highest in San Jacinto (fig. 2.3 d-f). For A. concolor none of the 

intercepts were significantly different, although the Mammoth slope is the most negative 

followed by Sequoia national forest (not significant) followed by Sequoia National park 

and then San Jacinto. For P. jeffreyi  the patterns are qualitatively the same, although for 

the intercept only Sequoia national park is significantly different from the other regions 

and the slopes between all pairs except for the Mammoth-Sequoia National Forest and 

San Jacinto-Sequoia National Park pairs. The patterns for P. lambertiana match those of 

the other species. Only the Sequoia National Park-San Jacinto intercepts are 

significantly different; all of the slopes are significantly different (fig. S2.8).  
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Impact of tree size and competition on drought responses 

When we introduced the effects of tree size (DBH) and competition to the models 

of how growth reduction responded to SPEI and how recovery responded to growth 

reduction it did not change any of the patterns described above. Large trees suffered 

larger growth reductions during drought and poorer recovery. These negative effects 

arose from an overall effect of tree size or through the interaction with the main 

predictors SPEI and growth reduction or both. Large P. jeffreyi trees were more sensitive 

to drought intensity resulting in larger trees sustaining larger growth reductions (median 

interaction= -0.06) (fig. 2.4, fig. S2.9). Larger A. concolor and P. jeffreyi trees recovered 

from drought more poorly than their smaller counterparts regardless of the magnitude of 

the growth reduction in the previous year (median main effects = -0.04, -0.15) (fig. 2.4, 

fig. S2.9). Increased competition led to lower recovery rates during less severe drought 

events and higher recovery rates during severe drought events in P. jeffreyi and P. 

lambertiana through interactions with the main predictor, growth reduction (median 

interaction= 0.04, 0.03, respectively). 

Discussion 

Understanding how regional and local factors interact with inherent species 

differences to influence drought resilience of trees is critical for building better predictions 

of drought responses across large spatial scales. Overall, this study showed that 

responses to drought can vary among co-occurring species with different hydraulic 

strategies. Our results coincide with previous studies that found higher rates of drought 

mortality among yellow pines which include P. jeffreyi (Fettig et al. 2019; Stephenson & 
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Das 2020) and high sensitivity of A. concolor tree rings to water availability (Hurteau et 

al. 2007). The variability in drought responses across the environmental gradient 

highlights that growth rates are vulnerable to drought related reductions even in 

drought-adapted populations (Anderegg et al. 2019). Additionally, factors like 

temperature which affects growing season length may have important effects on 

recovery rates (Truettner et al. 2018). The poor drought resilience of large trees in this 

study adds to a growing body of evidence of the susceptibility of large trees to drought 

(Fettig et al. 2019; Stovall et al. 2019; Stephenson & Das 2020). In addition to higher 

mortality rates as found in previous studies, these results show that large trees can be 

susceptible to larger reductions to growth during a drought year and poorer recovery 

than their smaller counterparts in line with observed increases in sensitivity with size 

(Trouillier et al. 2019) and theoretical predictions (McDowell & Allen 2015). 

 

Species responses to drought 

Species resilience to drought is shaped by underlying physiological mechanisms, 

but these processes may influence both the tree’s capacity to resist damage and recover 

from drought events. For example, avoidance mechanisms can have both beneficial and 

detrimental effects on recovery. Allocating resources to root growth is a common 

avoidance mechanism (Klein et al. 2011) which would diminish the resources available 

for stem growth but may benefit recovery in the long term (Brunner et al. 2015). On the 

other hand, avoidant trees are prone to depletion of nonstructural carbon stores because 

of stomatal closure and defoliation, which limits future recovery (Galiano et al. 2011; 

Guada et al. 2016). Our results suggest that while all three species are equally 
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susceptible to similar growth reductions during a drought year, among the two more 

isohydric species, P. jeffreyi’s avoidance mechanisms may impact recovery negatively 

while P. lambertiana may employ mechanisms that are more beneficial to recovery (fig. 

2.2). We expected lower recovery of A. concolor relative to the pines due to its more 

anisohydric behavior (Bigelow et al. 2014). We did not expect the observed high 

recovery of P. lambertiana in comparison to P. jeffreyi based on findings of 

comparatively low drought tolerance of P. lambertiana seedlings (Legras et al. 2010). 

However, the differences in recovery may in part reflect the differences in microsites 

where these species tend to occur. P. jeffreyi  is often found on well-drained, infertile soils 

(Jenkinson 1980) whereas A. concolor density has been linked to thicker mineral soil 

layers (Meyer et al. 2007). Additionally, trees may have access to deep soil horizons and 

weathered bedrock. Specifically, P. lambertiana compensates for its inability to tolerate 

drought stress by growing a deep taproot (Kinloch & Scheuner 1990). Regolith has been 

found to be an important water reservoir (O’Geen et al. 2018) and Bales et al (Bales et 

al. 2011) found that roughly one third of evapotranspiration came from below depths of 

1m, so even within one site trees may be exposed to different environmental stressors.  

 

Regional variation in drought responses 

We found significant variation in drought responses among regions, with the most 

arid regions, San Jacinto and Mammoth, showing the largest growth reductions in 

response to drought (fig. 2.3). This was a surprising result because provenance trials 

have shown that trees from drier areas are often locally adapted to drought and perform 

better under drought conditions (Moran et al. 2017; Isaac-Renton et al. 2018; Depardieu 
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et al. 2020). This result instead suggests that although certain populations may be 

locally adapted to drought, they are not invulnerable and may be even more susceptible 

to drought-related damage. However, some of this effect may be related to the 

comparison of drought years across different sites. Because SPEI is a standardized 

metric of drought, the actual experienced drought conditions would be more severe in 

the arid sites compared to the more mesic sites. An SPEI of zero corresponds to the 

median cumulative probability of the water deficit for the region. This standardization 

treats drought as an inherently population-level experience, accounting for local 

adaptation along this large environmental gradient. Nonetheless, the actual drought 

conditions in more xeric environments have a larger actual water deficit, which likely 

contributes to the stronger growth reductions even if those populations are relatively 

drought adapted.  

Soil characteristics may also account for regional variation in responses to 

drought through their effects on water retention. This aspect of drought stress may not 

be accurately estimated by our calculation of SPEI, which does not include fine scale 

meteorological or edaphic variables. Sites in Sequoia National Park were composed of 

deep, well-drained soils where trees showed no significant increases in growth reduction 

with increased drought in contrast to the shallow poorly developed soils in the San 

Jacinto mountains.  

Patterns in recovery, however, were less site-specific and are not subject to the 

aforementioned issues related to standardization of the drought index and the potential 

error in estimating effects of fine scale edaphic variables because drought severity is 

estimated by the growth reduction during the drought year. This is reflected in the ICC 
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results showing high site-specific correlations in growth reduction and low site-specific 

correlations in recovery. Interestingly, trees in the two driest locations (San Jacinto and 

Mammoth) had the most different recovery rates. Both of these regions receive similar 

amounts of annual precipitation, but the population in Mammoth is on average 4 to 6° 

cooler (fig S2.2) and a shorter growing season. Longer growing seasons in the southern 

population may provide trees the opportunity to recover from drought in the previous 

year by replacing lost photosynthetic area lost to drought-induced needle shedding 

(Galiano et al. 2011).  

Alternatively, the patterns in recovery may also suggest that the southernmost 

population is locally adapted to intense droughts through higher recovery rates, but not 

the population at the Mammoth site which is also in a dry locale (fig. 2.3). Although weak 

genetic structure is generally expected in wind dispersed species, the distance between 

the Peninsular (San Jacinto) and Sierra Nevada ranges may be enough to allow 

differentiation, as found in P. lambertiana between the Sierra Nevada and Cascade 

ranges (Vangestel et al. 2016). This is also reflected in the similarity of recovery rates 

after high growth reduction events among the three populations in the Sierra Nevada in 

contrast to the San Jacinto population.  

 

Impact of tree size and competition on drought responses 

Large trees have been found to have higher drought-related mortality rates 

(Bennett et al. 2015; Stovall et al. 2019) due to the nonlinear increase of the effects of 

gravity and hydraulic path resistance with increasing tree height (Koch et al. 2000; 

McDowell & Allen 2015). Additionally, large trees have been found to have more 
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sensitive annual growth increments to fluctuations in available water (Trouillier et al. 

2019). In our results, the largest trees also fared worse in droughts, specifically during 

recovery, although large P. jeffreyi trees also sustained large growth reductions in 

intense droughts (Fig. 2.4). Bark beetle infestations of drought-weakened trees likely 

also exacerbate the drought effect on large trees as the most widespread bark beetles in 

these areas have been shown to preferentially attack large trees (Restaino et al. 2019; 

Stephenson et al. 2019). The response of large trees to drought are particularly 

important because large trees contribute disproportionately to biomass and carbon 

sequestration of forests across the globe and even more so in temperate forests 

(Stephenson et al. 2014; Lutz et al. 2018).  

Increased competition is well established as a mechanism for increasing water 

competition (D’Amato et al. 2013; Bottero et al. 2017; Gleason et al. 2017) and drought 

related mortality (Young et al. 2017). In addition, increased density may attract high 

densities of bark beetles with aggregating behavior (Raffa et al. 2008; Blomquist et al. 

2010) leading to higher infestation and mortality rates (Restaino et al. 2019). The lack of 

significant negative effects of competition on growth reductions during drought in this 

study was counterintuitive but may have a variety of explanations. Low density stands 

may encourage structural overshoot - or high investment in aboveground biomass and 

leaf area (Clark et al. 2016; Cavin & Jump 2017) leaving those trees particularly 

vulnerable to drought. Alternatively, it is possible that higher densities simply reflect 

better microsite conditions, allowing for better resilience to drought. A positive correlation 

between microsite quality and density may also help explain the better recovery from 

more severe droughts by trees in competitive environments because the process of 
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recovery takes place in less stressful years where competition may be ameliorated. It is 

worth considering, however, that our metric of competition -- summed basal area of the 

trees surrounding a focal individual -- is a conservative estimate of competition and does 

not take into account the size of the focal tree in relation to the competitive trees. 

However, including a metric of competition which includes the focal tree size, such as 

the hegyi index, poses an issue for the inference of tree size effects because tree size is 

correlated with the competition index.  

 

Conclusion 

Drought and extreme disturbances can have profound effects on ecosystem 

function (Anderegg et al. 2013; Frank et al. 2015; Yang et al. 2018) and better 

predictions rely on understanding the broad scale patterns but also understanding the 

impacts of regional and local factors. Across our study, drought intensity is an important 

predictor of how much growth is reduced during a drought event. Legacy effects in the 

form of reduced growth in the year or years following drought (Peltier et al. 2016; 

Kannenberg et al. 2019a; Peltier & Ogle 2019) are widespread. Although we only 

measured the one year recovery, we found the most severe droughts not only reduce 

growth but also reduce a tree’s capacity to recover during that period. A further 

examination of the legacy effects in subsequent years or the cumulative effects of 

subsequent droughts (Lloret et al. 2011; Gao et al. 2018) would be a useful extension. 

These results also highlight the important role of species, regional variation, and tree 

size on tree resilience to drought. Large diameter trees are disproportionately important 

to forest communities and ecosystem function (Stephenson et al. 2014; Lutz et al. 2018) 
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and are additionally threatened by fire regime changes (Lutz et al. 2009), and pest 

outbreaks (Stephenson et al. 2019) in addition to drought. Our results highlight that 

considering the impact of climate as well as local and regional factors are important for 

fully understanding how droughts impact the growth of trees.  
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Tables 

Table 2.1 Best fit models for each question. 

Question Response 
variable 

Model (brms model specification) 

How do species’ 
drought responses 
differ? 

Growth 
Reduction 

Reduction ~ Species + SPEI  
Sigma ~ Species 

Additive 
 

Recovery Recovery ~ Species + Reduction + 
Species:Reduction 
Sigma ~ Species 

Interaction 

How does regional 
variation affect 
species’ drought 
responses? 
 
* Each species is 
modeled separately 

Growth 
Reduction 
 

Reduction ~ SPEI + (SPEI | Region) Varying slope 

Recovery Recovery ~ Reduction + (Reduction | 
Region) 

Varying slope 

How do local 
variables (DBH, 
competition) 
influence species’ 
drought responses 
within regions? 
 
* Each species is 
modeled separately 

Growth 
Reduction 

Reduction ~ SPEI + DBH + BA + 
DBH:SPEI + BA:SPEI + (SPEI | 
Region) 

 

Recovery Recovery ~ Reduction +  DBH + BA 
+ DBH:Reduction + BA:Reduction + 
(Reduction | Region) 
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Figures 

 
 
Figure 2.1 Hypothetical tree ring growth of a species through time ( , black line)RWIactual  
fluctuates above and below an average non-drought year average growth rate ( ,RWI  
gray dashed line. We generated predicted growth for the environmental conditions of 
each year in the absence of drought effects the year previous ( , red line) withRWIpred  
species-specific hierarchical models of annual growth as a function of climate and site 
and tree random effects. Growth reduction is measured as the difference between 

 and in any drought year divided by . Recovery is measured as theRWIactual RWI RWI  
difference between and . Negative recovery indicates poor recovery orRWIactual RWIpred  
a large deficit, zero indicates that actual growth is exactly as predicted, and positive 
recovery indicates that actual growth is larger than predicted.  
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Figure 2.2 Growth reduction increases with more intense droughts and recovery 
declines in years following larger growth reductions. Median and 95% credible intervals 
(gray region) of parameter estimates for a) growth reduction and b) recovery of A. 
concolor, P. jeffreyi, and P. lambertiana. Points represent individual tree-drought year 
data. Although model selection did not support species level differences in growth 
reduction, we depict the linear fit of the additive model to illustrate the lack of differences 
between species growth reduction overall and their relationship to drought intensity. 
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Figure 2.3 Relationships between growth reduction and SPEI (a - c) as well as recovery 
and growth reduction (d - f) are modified by regional differences. Median and 95% (gray 
region) credible intervals of parameter estimates for growth reduction and recovery of A. 
concolor (a, d), P. jeffreyi (b, e), and P. lambertiana (c, f) for each region. 
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Figure 2.4 Larger P. jeffreyi  trees suffer larger growth reduction during the most severe 
droughts (b). Larger A. concolor and P. jeffreyi trees show poorer recovery than their 
smaller counterparts. The median (lines) and 95% CI (shaded regions) of the estimated 
linear predictor is shown.  
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Supplemental Materials 

Supplemental Methods:  

We constructed a bayesian hierarchical model to predict Species specific 

spline-detrended individual tree growth as a function of the drought index SPEI. We 

included the hierarchical effects of each neighborhood within a site as well as a unique 

tree identifier to account for tree and site specific differences in growth.  

 
Predicted growth was estimated as the median of 1000 draws from the linear predictor 

for each of the SPEI values from one year post-drought for each tree.  
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Figure S2.1 Map of locations of sampled trees. 
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Figure S2.2 Average temperature and precipitation for the period 1895 - 2018. 
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Figure S2.3 Average species composition across the three neighborhoods within each 
site. Plot areas were calculated as the area of the convex hull around all of the sampled 
trees because plot size was irregular. Species abbreviation descriptions are outlined in 
table S2.1.  
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Table S2.1 Species list and abbreviations for mapped and measured trees. 

Species abbreviation notes 

Abies concolor ac  

Abies magnifica am  

Abies spp. ax A. concolor or A. magnifica 

Arctostaphylos spp. ar  

Calocedrus decurrens cd  

Juniperus occidentalis jo  

Pinus coulteri pc  

Pinus jeffreyi pj  

Pinus lambertiana pl  

Pinus monticola pm  

Pinus ponderosa pp  

Quercus keloggii qk  

Quercus spp.  qx Q. wislizeni or Q. 
chrysolepis 

Sequoiadendron 
giganteum 

sg  

Unidentifiable xx Unidentifiable standing 
dead 
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Table S2.2 Core sampling details. P. ponderosa cores aided in cross-dating, but were 
removed prior to further analysis. 

Region Elevation (m) N trees 

  AC PJ PL PP 

Mammoth 2604 17 12 0 0 

Sequoia National Park 2080 12 10 6 1 

Sequoia National Park 2288 11 10 8 0 

Sequoia National 
Monument 

1914 10 10 9 0 

Sequoia National 
Monument 

2218 17 7 5 0 

San Jacinto Mountains 1895 3 2 12 12 

San Jacinto Mountains 2234 11 13 8 0 

 
 
Table S2.3 Cross-dating statistics. P. ponderosa cores aided in cross-dating, but were 
removed prior to further analysis. 

Region Elevation (m) N trees N cores rbar rbar_eff EPS 

Mammoth 2604 29 56 0.388 0.476 0.896 

Sequoia National Park 2080 29 55 0.200 0.254 0.818 

Sequoia National Park 2288 29 56 0.145 0.189 0.695 

Sequoia National 
Monument 

1914 29 58 0.285 0.357 0.832 

Sequoia National 
Monument 

2218 29 59 0.265 0.334 0.832 

San Jacinto Mountains 1895 29 59 0.324 0.392 0.881 

San Jacinto Mountains 2234 32 67 0.281 0.369 0.836 
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Figure S2.4 Annual SPEI among the four sampled regions. Labeled points with 
horizontal dashed lines indicate drought years (lower 10th percentile).  
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Table S2.4 Growth reduction model selection. 

Predictors ΔWAIC Δ SE 

SPEI 0.00 0.00 

SPEI + Species 1.78 3.06 

SPEI * Species 3.86 3.71 

 
 
Table S2.5 Recovery model selection 

Predictors ΔWAIC Δ SE 

SPEI * Species 0.00 0.00 

SPEI + Species 5.51 9.90 

SPEI 12.47 11.84 

 
 
Table S2.6 Species specific variance model selection 

Response Predictors ΔWAIC Δ SE 

Growth reduction Species-specific variance 0.00 0.00 

Overall variance 46.08 15.61 

Recovery Species-specific variance 0.00 0.00 

Overall variance 33.67 20.2 
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Table S2.7 Model selection for regional effects of drought responses 

Response Species Predictors ΔWAIC Δ SE 

Growth reduction A. concolor  Varying slope 0.00 0.00 

No regional effects 43.31 12.81 

Varying intercept 45.11 12.72 

P. jeffreyi Varying slope 0.00 0.00 

Varying intercept 41.84 12.89 

No regional effects 43.82 12.92 

P. lambertiana Varying slope 0.00 0.00 

No regional effects 18.42 7.84 

Varying intercept 19.30 7.45 

Recovery A. concolor  Varying slope 0.00 0.00 

Varying intercept 1.85 5.96 

No regional effects 12.91 9.35 

P. jeffreyi Varying slope 0.00 0.00 

Varying intercept 7.99 8.35 

No regional effects 22.44 12.98 

P. lambertiana Varying slope 0.00 0.00 

Varying intercept 4.84 8.15 

No regional effects 36.24 11.88 
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Figure S2.5 Intercept, slope, and variance estimates for species-specific relationships 
between growth reduction and SPEI (a) and recovery and growth reduction (b). Median, 
66% (thick line) and 95% (thin line) credible intervals of parameter estimates for growth 
reduction and recovery of A. concolor, P. jeffreyi, and P. lambertiana. Parameters are 
significant when the 95% credible interval does not cross zero.  
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Figure S2.6 Intercept and Slope estimates for region-specific relationships between 
growth reduction and SPEI (a - c) and recovery and growth reduction (d - f). Median, 
66% (thick line) and 95% (thin line) credible intervals of parameter estimates for growth 
reduction and recovery of A. concolor (a, d), P. jeffreyi  (b, e), and P. lambertiana (c, f) 
for each region. Parameters are significant when the 95% credible interval does not 
cross zero.  
  

111 



 

Figure S2.7 Parameter contrasts for region-specific relationships between growth 
reduction and SPEI. Median and 95% credible intervals of all of the pairwise regional 
contrasts for each parameter. Contrasts between parameters are significant when the 
95% credible interval does not cross zero. 
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Figure S2.8 Parameter contrasts for region-specific relationships between recovery and 
growth reduction. Median and 95% credible intervals of all of the pairwise regional 
contrasts for each parameter. Contrasts between parameters are significant when the 
95% credible interval does not cross zero. 
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Figure S2.9 Overall slope estimates of the relationship between tree size and 
competition and their interactions with SPEI on growth reduction (a - c) and growth 
reduction on recovery (d - f) for A. concolor  (a, d), P.jeffreyi (b, e), and P. lambertiana (c, 
f). Median, 66% (thick line) and 95% (thin line) credible intervals of parameter estimates 
are displayed, estimates that are significant are black.  
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Chapter 3 
Competition and climate mediate growth synchrony in forests 

Abstract 

The causes and consequences of synchrony are important for understanding 

community and ecosystem function, particularly in an era of global change. However, 

inferring ecological processes from synchrony is challenging because its meaning 

depends on scale. At the regional level, synchronous performance among populations 

reflects the strong control of environmental variables, as performance should 

synchronize under high stress. At the local level, high temporal synchrony among 

individuals within a population indicates strong niche overlap because individuals that 

share similar resource requirements and strategies respond similarly. Here we jointly 

examine the role of both regional climate and local competition on patterns of growth 

synchrony among four co-occurring montane conifers across a latitudinal and elevational 

gradient. Specifically, we quantified synchrony differences among intra and interspecific 

pairs of neighboring trees as proxy for niche overlap. At broader scales, we tested 

whether spatial and temporal climatic variation determine population level synchrony. 

Intraspecific synchrony was stronger than interspecific synchrony in half of the species, 

suggesting that temporal patterns in growth may contribute to species coexistence in the 

community, but this is not ubiquitous. Additionally, populations in dry locations are more 

synchronous, largely driven by increased sensitivity of the least drought-tolerant species, 

A. concolor. Synchrony overall has increased steadily over the last century, particularly 
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in dry locations in response to increasing variability in water availability. These results 

suggest that increased frequency and duration of drought, as well as densification and 

increasing dominance of A. concolor, have the potential to alter the strength and 

patterns of synchrony, which could affect coexistence among species and regional 

ecosystem functions. 

Introduction 

Observations of synchronous population dynamics or performance among 

species in nature have fascinated biologists for decades, beginning with Elton’s 

description and analysis of spatially correlated fluctuations in animal populations as a 

response to environmental fluctuations (Elton 1924). The causes and consequences of 

synchrony are integral to understanding the impact of regional climate on ecosystems 

(Tejedor et al.  2020), the maintenance of species diversity (Chesson & Huntly 1997; 

Adler et al.  2006), and ecosystem stability (Wilcox et al. 2017), particularly in an era of 

global change (Black et al. 2018; Kharouba et al. 2018; Hansen et al. 2020). However, 

the causes and consequences of synchrony are not fully understood and may in fact be 

scale-dependent.  

At regional scales, climate is typically considered the primary driver of 

synchronous growth rates among trees (Tejedor et al.  2020). Environmental stress can 

strengthen growth synchrony among trees within a population, as environmental 

conditions become the most important factor determining growth. This is the reason 

trees from marginal habitats are typically chosen for dendroclimatology, as they are 

more likely to exhibit strong climatic signals (Fritts 1976). Low within-population 
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synchrony is associated with the importance of biotic factors like competition in shaping 

growth dynamics relative to climate (Anderegg & HilleRisLambers 2019). Widespread 

high within-population synchrony can also contribute to high spatial synchrony due to the 

Moran effect, whereby the synchrony of spatially distinct populations with similar density 

dependence is determined by synchronous exogenous variables, like climate (Moran 

1953) because of the lower importance of biotic factors regulating these populations. 

Synchrony among individuals and species at local scales has an important role in 

community dynamics and ecosystem functioning. Asynchrony promotes ecosystem 

stability though compensatory dynamics when the decline or extirpation of one species is 

countered by the growth of another (Clark & McLachlan 2003; Craven et al. 2018). For 

example, Wilcox et al. found that species and population level asynchrony increased the 

stability of local communities and larger metacommunites respectively across plant 

communities globally (Wilcox et al. 2017). However, natural communities tend to covary 

positively together, and evidence for compensatory dynamics are rare, suggesting that 

abiotic factors are relatively more important than competition for driving population 

fluctuations (Houlahan et al.  2007) Although high synchrony may arise when competition 

is less important than climate, it does not necessarily mean that competition is weak or 

absent (Freckleton et al.  2009) 

High synchrony among individuals at local scales indicates the potential for 

strong competition through niche overlap because those individuals respond similarly to 

limiting factors. Theory predicts that correlations between per-capita growth rates under 

neutral dynamics when species are ecologically equivalent will always be positive 

(Loreau & de Mazancourt 2008; Scranton & Vasseur 2016). Coexistence among species 
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then is promoted through differential responses to resources and the environment 

(Gonzalez & Loreau 2009; Tredennick et al. 2017). These differences can be 

fluctuation-independent where species differences ensure that intraspecific competition 

is stronger than interspecific competition regardless of environmental fluctuations 

(Loreau & de Mazancourt 2008). Or, temporal fluctuations in the environment can 

promote diversity when species trade off which environmental conditions are most 

favorable, concentrating intraspecific competition relative to interspecific competition 

(Chesson 2000; Adler et al. 2006). These stabilizing differences may only arise when 

individual variation is considered and result in stronger synchrony among intraspecific 

rather than interspecific pairs even if synchrony among all individuals is positive (Clark 

2010).  

Species interactions are context-dependent and may range from competitive to 

facilitative as abiotic stress increases (Lortie & Callaway 2006; Louthan et al. 2015). 

Consequently, the prevalence and strength of synchrony may also be dynamic, 

changing across space and through time. For example, Usinowicz et al. (Usinowicz et al. 

2017) found that aseasonal, stable conditions in the tropics supported more asynchrony 

of seed production favoring coexistence among tree species through decreased 

competition than in boreal forests (Usinowicz et al. 2017). Under warming, drying, and 

potentially more variable environmental conditions, within-population synchrony is 

projected to increase (Black et al. 2018; Tejedor et al. 2020) particularly through the 

strengthening of dry season growth limitation. However, warming has also been found to 

increase synchrony in non-drought constrained environments through advancing the 

growing season (Shestakova et al. 2016). This increased synchrony among species and 
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among individuals has the potential to weaken compensatory dynamics and reduce the 

individual variation needed to maintain coexistence among species.  

In this study we sought to quantify the effects of regional and temporal climate 

variation on the synchrony of tree growth rates both within local populations and among 

populations along a large climate gradient. Specifically, using correlations in increment 

growth from tree rings of four montane conifers in California, we asked whether: i) 

synchrony of growth rates is greater among intraspecific neighbors than interspecific 

neighbors ii) growth is more synchronous in populations located in more stressful 

habitats and iii) patterns in growth synchrony are changing through time due to 

spatiotemporal variation in the environment. We hypothesized that drier or more variable 

environmental conditions would result in higher within-population synchrony through 

stronger climatic limitation of growth, and that differences between intra and interspecific 

synchrony would become smaller under more stressful conditions. 

Methods 

Field Sampling 

Montane mixed conifer forests in California are an important and widespread 

plant community. Due largely to fire suppression these forests have changed from an 

open to closed canopy structure and the community composition has shifted towards 

shade-tolerant species like A. concolor (Mooney & Zavaleta 2015). We established four 

research sites along a latitudinal gradient in California in the Southern Sierra Nevada 

and Peninsular Mountain Ranges (fig. S3.1). Average site temperatures range from 4.5 

to 11.1°C and precipitation ranges from 642 to 1114 mm, mostly in the winter months 
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(fig. S3.2). Within each site we selected a high and low elevation sub-site. We focused 

on four widespread species of the community: Abies concolor, Pinus jeffreyi, Pinus 

lambertiana, and Pinus ponderosa. We sampled three clustered ‘neighborhoods’ at each 

sub-site where we sampled cores from at least ten neighboring trees of our four focal 

species. From each focal tree we extracted two cores from opposite sides of the stem at 

breast height and perpendicular to the slope at the site. Across the entire study we 

sampled cores from 206 trees (table S3.1, fig. S3.3). All sampling took place between 

2015 and 2019. We mapped, using a centimeter-grade GPS unit, and measured the 

diameter at breast height (DBH, ~1.3 m) for every focal tree and all additional non-cored 

trees within a 20 m radius, including non-focal species (fig. S3.4, table S3.2). Although 

other species were present at some sites, they were recorded, but not sampled.  

Cores were prepared by standard mounting and sanding methods (Speer 2010) 

and scanned with a 6400dpi high resolution scanner (Epson 11000 XL). From the 

scanned images we visually and statistically crossdated and measured the ring widths 

with the CDendro suite (Larsson 2008). (table S3.3) We detrended individual growth 

series to ring with indices (RWI) with a two-thirds series length spline in the dplR 

package in R.  

 

Climate data 

We extracted monthly precipitation and temperature data at the ~800m resolution 

from PRISM from 1895-2018 (PRISM Climate Group Oregon State University 2016). We 

used the standardized precipitation evapotranspiration index (SPEI) a unitless measure 

of water availability which accounts for both precipitation and evapotranspiration in the 
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estimation of water deficits or surplus (Vicente-Serrano et al.  2010). We estimated 

annual SPEI from the monthly precipitation and temperature data using the Thornwaithe 

equation in the spei package (Vicente-Serrano et al. 2010) in R (R Core Team 2019). All 

climate data were annualized from the previous year’s October to the calendar year’s 

September to reflect a typical hydrological year.  

 

Data analysis 

In dendrochronology rbar, or the average correlation of all of the individual series 

annual growth increments within a given site is a measure of chronology quality and also 

a measure of covariance or synchrony among the individuals at a site (Fritts 1976; 

Wigley et al. 1984). Applying this measure of synchrony, we conducted three analyses to 

test our hypotheses (each discussed in further detail below). First, to quantify differences 

in intra versus interspecific synchrony and the effects of regional climate, we utilize 

pairwise correlations between the individual tree ring series as a measure of synchrony 

among trees within a given site. Then, to explore changes through time and their 

relationship with temporal patterns in climate, we estimated the pairwise Pearson 

correlations for 30 year intervals lagged by 10 years. For the time-varying approach we 

utilized the mean interseries correlations (rbar) for unique species pairings at the 

neighborhood level and time sample summarizing over individuals to improve and speed 

model fitting.  
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Local, regional, and species pair-level synchrony patterns 

To quantify the differences between intra versus interspecific synchrony as well 

as the effects of spatial climate variability we used a Bayesian hierarchical mixed 

modeling approach taking the individual pairwise pearson correlations among the annual 

growth series of individual trees within a neighborhood as the response (details in 

supplement). This allowed us to simultaneously address our hypotheses that 

intraspecific synchrony would be greater than interspecific synchrony and that drier, and 

more stressful sites would show overall higher synchrony but smaller contrasts between 

intra- and interspecific synchrony. We modeled hierarchical, fully nested effects of 

species pair, site, and neighborhood to allow for partial pooling and to improve estimates 

where data were sparse. Although we had no a-priori hypotheses, we suspected that 

distance between individual trees and their size differences would influence synchrony 

patterns and included them as predictors. We estimated size ratio as the larger DBH 

divided by the smaller DBH.  

Specifically, to quantify the difference between intra versus interspecific 

synchrony for each species we took the difference between the posterior distributions of 

the intraspecific-pair intercept and all of the interspecific-pair intercepts. Similar to the 

methods we used to quantify species pair-level synchrony patterns, we quantified 

site-level differences in synchrony as the site-specific intercept and calculated 

differences among sites by taking the difference between the posterior distributions 

among all of the sites. To estimate the effects of regional climatic variation on synchrony, 

we used linear univariate regression taking the mean posterior estimates of the site level 

effects as the response to site-level average precipitation over the time series. 
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Synchrony through time 

We quantified how synchrony has changed through time with generalized 

additive models (GAM) using smoothing splines with pairwise tree correlations averaged 

at the species-pair within neighborhood level as the response. We fit an overall model to 

assess general trends through time, as well as separate models to estimate 

smooth-factor interactions for each of the species pairings and each of the sites to 

assess trends at the species pair and site levels. To quantify changes through time we 

divided the time samples in half; pre- and post-1970 estimates and averaged the 

estimated synchrony (2000 draws of the linear predictor) for those time points. We took 

changes through time as the differences between the posterior distributions of the linear 

predictor pre- and post-1970 time periods.  

 

Synchrony relationship with climate 

To test the hypotheses regarding the association of changes in synchrony with 

changes in climate averages and climate variability, we built models to estimate the 

relationship between key climate variables and synchrony, measured again as site 

pairwise tree correlations averaged at the species-pair within neighborhood level. These 

models included a hierarchically varying intercept for species pairs, representing overall 

species pair and site differences in synchrony, as well varying intercepts and slopes, 

representing site-specific responses, or sensitivity, to the temporally varying climate 

variable (details in supplement). We used model selection to select the most informative 

climate variable due to multicollinearity among climate variables.  
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We fit all models using the brms package (Bürkner 2017) in R (R Core Team 

2019) in R, using default noninformative priors, and convergence was assessed using 

the Gelman-Rubin statistic and visual assessment of four chains run for 2000 iterations. 

For the linear models we used model selection among candidate models based on 

WAIC (Gelman et al. 2013; Watanabe 2013) prior to assessing the significance of 

predictors. We did not use model selection among the generalized additive models. We 

measure significance as when the 95% of the posterior distribution of each regression 

coefficient did not overlap zero. In cases where we were interested in the difference 

between groups, we measure significance as when the 95% of the resulting distribution 

from the difference between the two posterior distributions of interest does not overlap 

zero. 

Results 

Synchrony differences among species 

Overall, growth of P. lambertiana and A. concolor individuals were more strongly 

correlated with the growth of neighboring intraspecific trees than P. ponderosa and P. 

jeffreyi individuals (fig. 3.1a. Mean ρ = 0.459, 0.442, 0.320, 0.288, respectively). From 

the regression models, P. lambertiana and A. concolor were the only species where 

growth synchrony, measured as the species-pair effect on between-tree correlations in 

growth, among neighboring intraspecific trees exceeded the growth synchrony among 

neighboring trees of other species (fig. 3.1b) although the differences between 

intraspecific synchrony among P. lambertiana trees is only marginally significantly 

greater than synchrony among individuals of P. lambertiana and P. ponderosa or A. 
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concolor (93% CI). Because we modeled the effects of species-pair on synchrony as 

hierarchical, the differences between intra and interspecific effects on synchrony may be 

dampened due to hierarchical shrinkage. This is when estimates informed by sparse 

data, like the estimates for P. ponderosa, trend closer to overall average synchrony while 

estimates informed by more data remained more ‘true’ to the data. However, we 

consider these estimated differences as a conservative estimate. 

 

Local and regional effects on pairwise synchrony 

We found no significant differences among synchrony at different sites (fig. S3.5) 

based on the posterior estimates of the site effect on between-tree correlations in 

growth. However, qualitative patterns reflect higher synchrony in driest sites (fig.3). This 

pattern appears to be primarily driven by the strong negative relationship between 

synchrony among A. concolor individuals although is not likely driven by differences in 

the species composition of the samples (fig. S3.3, S3.5). Species-site interactions were 

supported by model selection and when measuring the contrasts between intraspecific 

and interspecific synchrony within particular sites the broadscale patterns in differences 

between intra and interspecific synchrony hold, however there is site level variation 

causing some of the contrasts to turn from significant to nonsignificant (fig. S3.6). No 

broad patterns emerge among the site-species interactions except that white fir appears 

to have smaller differences in intra- versus inter-specific synchrony contrasts at the high 

elevation subsites of the more mesic locations. 
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Synchrony changes through time 

Overall synchrony through time, or the average correlation of annual growth 

among trees within a given site, has increased. From the GAM, we observed an increase 

in synchrony from the 1950s to the 1970s. Average post-1970 growth synchrony, or the 

average linear predictor from the GAM post-1970 was significantly higher than average 

pre-1970 growth synchrony (fig. 3). Increases in synchrony were not consistent across 

all species pairs (fig. 3). In particular, intraspecific synchrony among A. concolor 

individuals significantly increased after 1970 potentially reflecting that conditions 

(environmental changes or stand level densification) may be increasing stress and/or 

competition among A. concolor trees. Also notable is the large, although nonsignificant 

increase in synchrony between P. jeffreyi  and P. ponderosa individuals. At the site level, 

synchrony has increased over time in the four driest sites but has not changed in the 

three more mesic sites (fig. S3.7).  

 

Synchrony responses to environment 

Variability in water availability (SPEI SD) was the best predictor of changes in 

synchrony among growth of neighboring trees through time according to model selection 

(Table S3.4). Similar to the patterns we found among climatic site differences, growth 

synchrony among trees was sensitive to SPEI variability only in the driest sites. Although 

growth synchrony significantly increased with increasing SPEI variability only at the 

driest site, we found >80% probability of a positive relationship between SPEI variability 

and growth synchrony at three of the other dry sites had a  (fig. 3.4, fig. S3.8, San 

Jacinto high, low, and Sequoia national forest). To test whether increased synchrony in 
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response to increasing SPEI variability was primarily driven by responses in A. concolor, 

we tested a model which allowed responses to SPEI SD to additionally be species as 

well as just site specific, however within any given site there were no significant 

differences among species pairs (fig. S3.9).  

Discussion 

Synchronous performance among individuals has different meanings at different 

scales. Here, we aimed to reconcile the influence of regional climate and competition on 

synchrony through correlations in increment growth of trees analyzed at the individual 

and population level over the past century. Locally, we found significant asynchrony in 

tree growth among species, which can contribute to stabilizing mechanisms of species 

coexistence in the community (Clark 2010), although we only found evidence of these 

patterns among half of the species pairs. Over the entire time period, synchrony was 

higher in drier environments, both warm and dry and cool and dry. Across our sampled 

sites we found increases in synchrony over the past century. At the driest sites, these 

increases are related to contemporary increases in the variability of water availability. 

Finally, growth synchrony among intra and interspecific trees varies across space and 

time, though not always in ways that we predicted, suggesting that climate change may 

continue to alter species and community-specific patterns of synchrony in the future. 

 

Synchrony differences among species 

Overall, growth among neighboring trees, regardless of species, was generally 

highly synchronous. Nonetheless, across multiple sites we found evidence for 
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differences in intra versus interspecific synchrony in half of the species we sampled. 

Both A. concolor and P. lambertiana exhibited higher synchrony among intraspecific 

pairs, suggesting the presence of niche differences between each of these two species 

and their neighbors which would help promote coexistence. However, niche 

differentiation is difficult to infer from synchrony alone, as evidenced by the lack of 

significant differences in intra- and interspecific synchrony in P. jeffreyi and P. 

ponderosa. Additionally, stabilizing mechanisms that would contribute to lower 

synchrony may themselves fluctuate from year to year (Diez et al. in review) for P. 

lambertiana’s growth responses. Shared environmental responses, competition, and 

facilitation can all simultaneously contribute to growth synchrony, so negative impacts of 

neighboring trees on an individual’s growth could be obscured in observational field 

data. Additionally, coexistence may not solely rely on patterns in individual growth. 

Differences in early life stages, namely differential recruitment (KelIy & Bowler 2002; 

Angulo et al.  2013) frequency dependent seedling mortality (Lambers et al. 2002) and 

competition among understorey trees are all important for maintaining forest diversity. 

The posterior distributions of the contrast between intra-versus interspecific 

synchrony are still informative even if not significantly different from zero. In all cases 

except for the comparison between P. jeffreyi and P. ponderosa, there was a greater 

than 50% probability that intraspecific synchrony was greater than interspecific 

synchrony. The variation in the overall relationship may reflect the fact that intra- and 

inter-specific synchrony differences only emerge at the individual level (Clark et al. 

2010). Individual variation may also simply increase asynchrony among intraspecific 

competitors as in the case of P. jeffreyi and P. ponderosa. In both of these species, 
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particularly in P. jeffreyi, we found a higher incidence for micro-rings which can be 

difficult to detect, crossdate and measure and are a likely contributor to low intraspecific 

synchrony. Additionally, these species also were more likely to have sections of growth 

releases and suppression, and although we detrended the tree ring series before 

analysis, noise from abiotic events like insect or disease outbreaks may not have been 

fully removed.  

 

Regional climate effects on within-population synchrony 

Within-population synchrony has been shown to be an indicator of environmental 

stress (Anderegg & HilleRisLambers 2019; Tejedor et al. 2020). In line with this, we 

found higher synchrony in more stressful sites, including both the low-latitude warm and 

dry sites as well as the transmontane (rainshadow) cold, dry site. Interestingly, this trend 

is largely driven by regional variation in synchrony among A. concolor individuals (fig. 

3.2, fig. S3.6). A. concolor is the least drought tolerant among the sampled species, so it 

would follow that its growth is more sensitive to available water. Indeed Hurteau et al. 

(Hurteau et al. 2007) found that A. concolor’s higher growth-climate sensitivity made it 

the best candidate for climate reconstruction among other montane conifers (Hurteau et 

al.  2007). We ruled out differences in A. concolor abundance as a factor in determining 

site-level synchrony as the relative abundance of each species did not change 

monotonically with environmental stress (fig. S3.3).  
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Synchrony changes across space and time 

Species interactions, and thereby their synchrony are subject to vary across 

environmental gradients (Lortie & Callaway 2006). Although our results show that 

differences in growth synchrony among intra and interspecific tree competitors vary 

across space (fig. S3.6) and time (fig. 3.3) we did not find higher differences in intra 

versus interspecific synchrony in less stressful environments. One important contrast 

between our study and others that found larger differences between intra and 

interspecific synchrony in less stressful environments is that our study was performed at 

a smaller geographic scale (Usinowicz et al. 2017). It may be that the resource use 

patterns within the species that we studied did not vary substantially, or simply that there 

was more individual variation in climate response within any given site than across sites. 

Additionally, we analyzed growth patterns among competing adult trees versus analyzing 

patterns in recruitment dynamics. Lastly, because we modeled the site and species 

varying regression coefficients hierarchically, differences among contrasts may be 

dampened by hierarchical shrinkage, or the tendency for a parameter estimate to track 

closer to the overall mean if it is informed by sparse data. Thus, our results represent 

conservative estimates but avoid issues of spurious significance arising from low sample 

sizes (Gelman et al. 2012).  

High synchrony among spatially separated populations can limit ‘rescue effects’, 

the ability of dispersal to recolonize a declining population (Brown & Kodric-Brown 1977; 

Koenig & Liebhold 2016). Higher contemporary spatial synchrony has been detected 

across multiple taxa (Natalini et al. 2015; Koenig & Liebhold 2016) and has been 

attributed to increased sensitivity to climate and/or increased spatial autocorrelation of 
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climate which can amplify the Moran effect. Although we did not measure spatial 

synchrony here, within-population synchrony is nonetheless an indicator of  the 

importance of environmental stress for shaping growth responses (Tejedor et al. 2020). 

Consistent with the increased importance of the Moran effect, we found that 

within-population synchrony has increased in recent decades, particularly among the 

least drought-tolerant species, A. concolor (fig. 3.3) and at the driest sites (fig. S3.7), and 

this rise in synchrony is best explained by increasing variability of water availability (SPEI 

SD; fig. 3.4). Similarly, Black et al. (Black et al.  2018) found that increasing variability in 

the North Pacific High, which strongly influences precipitation on the west coast of North 

America, has resulted in increased synchrony among terrestrial and marine ecosystems 

(Black et al. 2018) Other studies have demonstrated increases in synchrony in 

water-limited environments due to increases in overall drought stress via warming and/or 

reduced precipitation (Shestakova et al. 2016). However, it is worth noting that increased 

sensitivity to climate does not always result in higher synchrony, particularly in 

conjunction with decreases in the spatial autocorrelation of climate. For example, 

Sangüesa-Barreda et. al (Sangüesa-Barreda et al.  2019) found that increases in 

growth-climate sensitivity desynchronized tree growth among populations in an instance 

where drought events were uncoupled (Sangüesa-Barreda et al. 2019). Taken together, 

changes in climate have been shown to alter synchrony patterns, but the changes are 

largely dependent on the sensitivity to primary limiting factors and any changes in 

spatiotemporal patterns among the factors themselves.  

In summary, this study has demonstrated that local asynchrony among species is 

present although only among a portion of the studied species, suggesting that stabilizing 
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differential responses of annual tree growth to environmental factors exist, but are not 

ubiquitous in this community. Growth is only a single component of the population 

dynamics of trees and further studies quantifying the synchrony among species 

recruitment and mortality patterns would help improve our understanding of temporal 

coexistence mechanisms in these communities. In addition, we have demonstrated 

contemporary increases in synchrony among growth of trees. Synchrony and changes in 

synchrony are highly dependent on regional influences, in this case, variability in 

available water. Taken together, the variation in site and species-specific changes in 

synchrony, in conjunction with the comparison of intra versus interspecific synchrony, 

highlights that changes in climate or local interactions that result in even small changes 

in synchrony could have profound impacts on local communities, and in turn, populations 

at larger regional scales. 
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Figures 

 
Figure 3.1 Differences in intra- versus interspecific synchrony. The left column (a) shows 
the distributions of all of the unique pairwise pearson correlations between all 
neighboring trees for each species pair.  The right column  (b) shows the contrast 
between estimated intraspecific and interspecific synchrony among neighboring trees 
from the regression models. Intraspecific synchrony is greater than interspecific 
synchrony when the contrast estimates are positive. 
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Figure 3.2 Synchrony is elevated at drier sites. Each point represents the estimated 
mean synchrony among neighboring trees derived from the hierarchical model. Mean 
interseries correlations among all of the trees at a given site (rbar) from the raw data are 
marked as larger grey points (excluded from regression statistics). 
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Figure 3.3 Overall, synchrony has increased through time as shown with the overall 
spline fit in a. The black line shows the estimated population-level synchrony over 
decades and the gray shaded region marks the 95% credible interval. There is much 
variation across species pairs; points represent the rbar, or mean pearson correlation 
values among all pairs of trees for each grouping of species within a neighborhood for 
shifting 30 year time blocks, vertical lines show 1SD. To make quantitative comparison 
we summarized estimates from before and after 1970 (b). Shown here are the median 
expected correlations at the overall level and at the species-pair level from the 
smooth-factor interaction models (not pictured) as well as the 50% (thick lines) and 95% 
(thin lines) credible intervals.  
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Figure 3.4 The relationship between synchrony and increases in precipitation variability 
only affect the driest sites. Overall synchrony has increased in the driest sites (a). Points 
depict mean interseries correlation (rbar) values averaged at the site level, or average 
pearson correlation values among all pairs of trees for each grouping of species within a 
neighborhood for shifting 30 year time blocks, vertical lines show 1SD. SPEI variability 
has increased over the past century (b). Points depict the SD of SPEI for a 
corresponding 30 year block at each site.  Significant relationships between SPEI SD 
and synchrony from the model (c) are denoted as solid lines, shaded regions represent 
95% CI.  
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Supplemental Materials 

Supplemental Methods: 

To estimate the effects of species pair and spatial climatic variation on tree 

growth synchrony, we constructed models with the following structure. 

 

Where synchrony is quantified as the pearson correlation between any two trees within a 

neighborhood. We modeled hierarchical, fully nested effects of species pair, site, and 

neighborhood. Additionally, we included the effects of distance between trees and the 

size ratio (ratio of DBH of the two paired trees).  
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To estimate the effects of variable climate on synchrony through time we 

constructed models with the following structure. 

 

We constructed separate models for the following environmental variables calculated for 

the thirty year time segments: mean total annual precipitation (mm), the coefficient of 

variability of precipitation (CV), mean annual temperature (°C), the CV of temperature, 

the standardized precipitation evapotranspiration index (SPEI), and the standard 

deviation of SPEI. We performed selection using leave-one out cross validation (Table 

S3.4).  
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Figure S3.1 Map of locations of sampled trees 
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Figure S3.2 Average temperature and precipitation for the period 1895 - 2018. 
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Table S3.1 Core sampling.  

Region Elevation (m) N trees 

AC PJ PL PP 

Mammoth 2604 17 12 0 0 

Sequoia National Park 2080 12 10 6 1 

Sequoia National Park 2288 11 10 8 0 

Sequoia National 
Monument 

1914 10 10 9 0 

Sequoia National 
Monument 

2218 17 7 5 0 

San Jacinto Mountains 1895 3 2 12 12 

San Jacinto Mountains 2234 11 13 8 0 
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Figure S3.3 Species composition of tree-ring samples; relative proportions of samples 
from each species at each site. 
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Figure S3.4 Average species composition across the three neighborhoods within each 
site. Plot areas were calculated as the area of the convex hull around all of the sampled 
trees because plot size was irregular. Species abbreviation descriptions are outlined in 
table S3.2.  
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Table S3.2 Species list and abbreviations for mapped and measured trees. 

Species abbreviation notes 

Abies concolor ac  

Abies magnifica am  

Abies spp. ax A. concolor or A. magnifica 

Arctostaphylos spp. ar  

Calocedrus decurrens cd  

Juniperus occidentalis jo  

Pinus coulteri pc  

Pinus jeffreyi pj  

Pinus lambertiana pl  

Pinus monticola pm  

Pinus ponderosa pp  

Quercus keloggii qk  

Quercus spp.  qx Q. wislizeni  or Q. 
chrysolepis 

Sequoiadendron 
giganteum 

sg  

Unidentifiable xx Unidentifiable standing 
dead 
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Table S3.3 Crossdating statistics 

Region Elevation 
(m) 

N trees N cores rbar rbar_eff EPS 

Mammoth 2604 29 56 0.388 0.476 0.896 

Sequoia National Park 2080 29 55 0.200 0.254 0.818 

Sequoia National Park 2288 29 56 0.145 0.189 0.695 

Sequoia National 
Monument 

1914 29 58 0.285 0.357 0.832 

Sequoia National 
Monument 

2218 29 59 0.265 0.334 0.832 

San Jacinto Mountains 1895 29 59 0.324 0.392 0.881 

San Jacinto Mountains 2234 32 67 0.281 0.369 0.836 
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Figure S3.5 Patterns of elevated synchrony at drier sites (fig. 3.2) are driven by regional 
differences in intraspecific A. concolor synchrony. Each point represents the estimated 
mean synchrony for each species pair at a site derived from the hierarchical model.  
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Figure S3.6 No significant differences in synchrony were detected among sites. Average 
site level estimates are represented by squares, while site-species-pair level estimates 
are represented by circles. Points show the median value, 50% and 95% intervals shown 
by thick and thin lines respectively. 
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Figure S3.7 Overall, synchrony has increased through time as shown with the overall 
spline fit in a. The black line shows the estimated correlation over decades and the gray 
shaded region marks the 95% credible interval. There is much variation across sites. 
Points in a show the mean pearson correlation values for each site, vertical lines show 
1SD. To make quantitative comparison we summarized estimates from before and after 
1970 (b). Shown here are the median expected correlations from the smooth-factor 
interactions (points) as well as the 50% (thick lines) and 95% (thin lines) credible 
intervals.  
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Figure S3.8 Estimated slopes of the relationship between the standard deviation of SPEI 
and growth synchrony at each site for the time-varying analysis. Points represent the 
median posterior and lines represent the 50%, 75%, and 95% intervals.  
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Figure S3.9 Estimated slopes of the relationship between the standard deviation of SPEI 
and growth synchrony for each site-species combination for the time-varying analysis. 
Points represent the median posterior and lines represent the 50%, 75%, and 95% 
intervals.  
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Table S3.4 Model selection results among environmental predictors 

Variable Δ WAIC Δ SE Model weight 

SPEI SD 0.00 0.00 0.71 

Precipitation CV  1.79 5.21 0.29 

Temperature mean 14.84 12.71 0.00 

SPEI mean 16.08 12.83 0.00 

Temperature CV 28.99 17.01 0.00 

Precipitation mean 36.04 14.38 0.00 
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Conclusion 

Synthesis 

Forests of the Western United States are vast, diverse ecosystems that boast the 

largest (Sequoia gigantea), tallest (Sequoia sempervirens), and oldest (Pinus longaeva) 

trees across the globe. These forests also support many ecosystem services ranging 

from provisioning services in the form of water, timber, and fuels; to regulating services 

by carbon sequestration and erosion control; and cultural services through providing 

recreational, educational and even spiritual experiences (Reid et al. 2005). Human 

development, altered fire regimes, pest outbreaks, and drought all threaten the health 

and productivity of these forests and research aimed at understanding and mitigating 

these threats are a major priority.  

Drought, particularly in California, is a key threat that needs to be studied; the 

unprecedented  2012-2016 drought left nearly 150 million trees dead (Axelson et al. 

2019). As anthropogenic warming continues, droughts are likely to become more 

frequent and more severe in the future (Williams et al. 2015). Even gradual changes in 

water availability have the potential to affect forests by driving changes in habitat 

suitability (Crimmins et al. 2011) adding pressure for species to shift their distributions 

and ‘track’ their optimal environment. Changes to the community composition of 

hydraulic traits driven by mortality and species turnover in recent decades  have already 

been observed (Trugman et al. 2020). My research aimed to examine multiple key facets 

of how changes in available water affects forests of the Western United States extending 

my focus to individual trees, populations, communities, and their distributions. My 
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research is unique in that I aimed to draw connections across scales; to understand how 

population responses to water availability scale to the distribution, and how local and 

regional environmental variation affect individual and community level responses.  

I addressed several knowledge gaps in my dissertation. First, to understand how 

species will shift their distributions in response to climate change we must have an 

understanding of how their demographic responses to key environmental gradients 

shape those distributions and whether or not those two things are in equilibrium. This is 

important because evidence for species being in disequilibrium with their suitable 

habitats is widespread, however predictive modeling techniques rely on the assumption 

that a species’ occurrence rates adequately represent their suitable habitat (Araújo & 

Pearson 2005). I conducted a comprehensive analysis of the mismatches between the 

performance (individual growth, survival, reproduction, and density) and distribution of 

trees in the Western United States along a water availability gradient (Chapter 1). In 

addition, I explored functional traits as an avenue to generate hypotheses about the 

mechanisms driving these mismatches. I compared the ‘performance cost’, or the 

amount a performance measure was reduced across the mismatch as a means to 

compare species sensitivity to the environmental gradient and their pressure to migrate. 

These results help to provide more evidence of the generality of performance-distribution 

mismatches. Additionally, the relationships with functional traits can aid in the 

development of hypotheses regarding individual species responses, fueling further 

research.  

Second, while much research has been devoted to understanding forest 

responses to drought, much is still unknown about how individual tree responses are 
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influenced by local and regional variability, particularly in natural settings. Tree size is an 

important variable in drought responses, yet much is unresolved as to whether large 

trees are susceptible to drought because of physiological constraints (McDowell & Allen 

2015), bark beetle damage (Stephenson et al.  2019), or because generally taller species 

are more susceptible in general (Stephenson & Das 2020). Additionally, local 

microclimate and edaphic variables can have dramatic influence on drought responses 

(Kannenberg et al.  2019). I quantified the effects of tree size, local and regional variation 

on drought resilience (Chapter 2). I quantified both the reduction of growth during 

drought and the growth during the recovery period (one year post drought) from tree 

rings of three montane conifers across a latitude and elevation gradient in California. The 

results help to resolve the relationship that tree size, species, and regional variation are 

all important factors in drought responses.  

Third, while managing for mixed forests is a priority, little is known about the 

functioning of coexistence mechanisms within forests (Cordonnier et al. 2018). Most 

empirical studies of coexistence focus on small spatial scales and species with short 

lifespans. In addition, much of the existing research focuses on the recruitment stage 

(Lin et al. 2012), but adult growth is often positively correlated with population growth 

(Silvertown et al. 1993) and warrants more research. Patterns in synchrony can help 

illustrate how coexistence mechanisms function in the community, although the causes 

and consequences of synchrony are not fully understood and may in fact be 

scale-dependent. I quantified the synchrony of tree growth rates both within competitive 

neighborhoods and among populations and the effects of regional and temporal climate 

variation on synchrony at these scales (Chapter 3). Using tree ring data from four 
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montane conifer species I quantified the differences in intra- versus interspecific 

synchrony, the effects of regional climate variation on population-level synchrony, and 

how synchrony among tree growth rates have changed over the past century. 

The management implications of this research are manifold. There is growing 

research to support that species distributions are not in equilibrium with their optimal 

habitat which fuels further research to develop methods to account for this 

(García–Roselló et al. 2019). Much of this work has been devoted to estimating the 

distributions of invasive species (Václavík & Meentemeyer 2012; Merow et al. 2017). 

This research suggests that this effort should extend beyond invasive species, because 

performance-distribution mismatches may be widespread. Second, management 

strategies to mitigate drought mortality are paramount, particularly following the recent 

drought in California. Our research suggests that large trees are particularly vulnerable 

to immediate drought damage, and due to their disproportionate importance for 

ecosystem services are an important management target. Last, mixed forests generally 

provide higher productivity and stability than monocultures (Cordonnier et al. 2018), in 

addition temporal asynchrony among growth rates individuals and/or species can also 

promote higher productivity and stability (Wilcox et al. 2017). As synchrony among 

neighboring trees has increased over the past century, these forests may experience 

lower stability although more research is needed to fully understand the effects of 

increases in synchrony in these forests.  
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Future Directions 

This dissertation touched the surface of a number of relevant questions in 

ecology and there are a number of future directions to pursue that would increase the 

utility and generality of the findings presented here. The research presented in chapter 

one could be extended first by using population models rather than individual 

performance rates to quantify distribution mismatches is an important avenue to explore 

especially given that our results found that different performance rates had different 

mismatches. A second extension would be to examine whether performance-distribution 

mismatches predict past range migrations from historic data. An interesting future 

direction for both chapters two and three would be to incorporate additional data. 

Increasing the spatial resolution of the sampling design would be an interesting way to 

explore the contrasting effects of broad scale climatic gradients with microsite 

differences. For example with a dataset like the tree ring samples collected from FIA 

plots the same questions could be asked, but the broad spatial coverage would help 

tease out whether patterns were driven by microsite differences. Last, an interesting 

contrast to the patterns in synchrony described in chapter 3 would be quantifying 

frequency dependence among growth rates -- a more true test of coexistence 

mechanisms in the community. Pairing these results could yield interesting insight into 

the relationship between competition and synchrony in tree growth. Overall this research 

has addressed several knowledge gaps and laid a foundation upon which further 

research can build contributing to the understanding of how changes in water availability 
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affect forests at multiple scales, a research area that remains a critical component for 

predicting the ecological impacts of global change.  
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