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A B S T R A C T   

During recent decades there has been widespread oak decline and mortality in the Missouri Ozarks, USA. We 
extracted data of 18,403 oak trees measured during 1999–2019 from the US Forest Service’s Forest Inventory 
and Analysis (FIA) database to examine the spatiotemporal patterns of oak decline and mortality and associated 
risk factors. The Missouri Ozarks were classified into three spatial clusters with low (<1.0%), moderate 
(1.0–1.5%) and high (>1.5%) annual oak mortality rates using kernel smoothing and the Jenks natural breaks 
method. Oaks within each spatial cluster were further divided into four, five and three risk groups respectively 
with differentiated annual mortalities (0.35%–3.05%) using a classification and regression tree model. The 
Kaplan-Meier survival analyses showed that oak trees from individual spatial clusters and risk groups responded 
differently to droughts, a major regional or sub-regional inciting factor of oak decline. Droughts could have a 
three to nine year lagged impact on tree mortality in the high risk groups, whereas had little effect on oak 
mortality in the low risk groups. Tree species, crown class, and stand age were the regionwide predisposing 
factors of oak decline. However, localized disturbances and geographic/vegetation conditions (e.g., drought, fire, 
insects, aspect, elevation, ecoregions, historical forest types) could either incite or alleviate the decline process 
and the fate of declining trees depending on the differentiated spatial clusters or risk groups. Resource managers 
can base associated risk factors and spatial clusters to rank risk levels to prioritize and plan management ac
tivities to mitigate oak decline and mortality.   

1. Introduction 

An investigation by Allen et al. (2010) indicated that the impacts of 
increasing drought and heat stress have influenced tree mortality 
worldwide and that many of these forests are expected to become 
increasingly vulnerable to drought induced tree mortality. Over the past 
century oak decline has been reported in the United States, Europe and 
Asia (Gottschalk and Wargo, 1997; Brasier and Scott, 1994). Oak decline 
and mortality incidences have been reported since the early 1900s (Beal, 
1926; Balch, 1927) in the southeastern United States. In the early 1980s, 
a large increase of visible oak decline and mortality events was seen in 
mixed hardwood forests in the eastern United States (Bechtold et al., 
1987; Brown, 1993). Since the 1990s, large-scale oak decline episodes 
have been observed, becoming increasingly severe as numerous fully 
stocked and over-stocked oak and/or oak-dominated forests approach 

physiological maturity in the Ozark Highlands of Arkansas and Missouri 
(Bruhn et al., 2000; Spetich, 2004; Fan et al., 2011; Wood et al., 2018) 
and elsewhere in the southeastern United States (Starkey et al., 1989; 
Oak et al., 1996; Wang et al., 2013; Bendixsen et al., 2015). Oak decline 
has dramatically changed species composition and stand structure, 
decreased timber value, reduced wildlife habitat quality, and increased 
fuel loads (Wang et al., 2013), resulting in a serious concern regarding 
the sustainability of oak forests. 

Mortality following recent droughts accounted for 15% − 28% of red 
oaks (Quercus rubra L., Q. velutina Lam., Q. coccinea Muenchh. and 
Q. falcate Michx.) basal area loss in the Ozark Highlands (Starkey et al., 
2004; Voelker et al., 2008). Besides droughts, oak mortality is closely 
associated with tree characteristics, site, and stand conditions as well as 
human activities, insects and diseases (Oak et al., 1996; Haavik et al., 
2011; Fan et al., 2012a; Wang et al., 2013; Spetich et al., 2016; Wood 
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et al., 2018). Due to rising temperature and global warming in the 
southeastern United States, the effects of extreme drought on oak 
decline and mortality are expected to increase in the Ozark Highlands 
(Dai, 2011; Fan et al., 2012a; Spetich et al., 2016) and across the 
fourteen-state central hardwood forest region of the eastern United 
States (Vose et al., 2015; Oak et al., 2016). Oak decline analysis based on 
10 years of inventory data (1999–2010) indicated that the red oak 
decline reached its peak in 2008–2009, two years after the end of the 
2006 drought (Spetich et al., 2016). 

Previous studies of oak decline have examined and quantified risk 
factors, hazard indices, regeneration dynamics, spatiotemporal patterns, 
and the effect of alternate harvesting techniques on oak decline and 
mortality (Spetich and He, 2008; Fan et al., 2012a; Spetich et al., 2016). 
Fan et al (2006, 2011) classified oaks into different risk groups based on 
repeatedly measured tree and stand data from a landscape-level study 
and modeled stand hazards by using tree characteristics and site/stand 
conditions. Similar statistical procedures or models developed may be 
applicable to the entire Ozark Highlands and over a longer time period. 
However, differentiation in landscape and regional variables as well as 
historical forest conditions may limit their applicability to other areas 
due to variations in disturbance regimes (e.g., drought, fire, insect, 
disease) and temporal changes of vegetation cover (Heitzman et al., 
2007; Kabrick et al., 2008; Hanberry et al., 2014). Our models may also 
have applicability outside of the U.S. as “red oaks from the eastern USA 
have been introduced in Europe, and Q. rubra is currently used 
throughout western Europe, not only as an ornamental tree but also as a 
plantation species for veneer or timber production” (Kremer et al. 2004). 

Starkey et al (2004) proposed a conceptual model of oak decline 
syndrome in red oaks (Quercus rubra L., Q. velutina Lam., Q. coccinea 
Muenchh. and Q. falcate Michx.) by dividing the risk factors based on 
their function into three categories: predisposing factors (e.g., tree and 
stand conditions), inciting factors (drought, defoliating insects, frost, 

stand disturbance), and contributing factors (boring insects, canker 
fungi, root disease). Spatially, oak trees across landscapes and ecor
egions may grow in similar stand and site conditions (predisposing 
factors), but experience distinct disturbance regimes (inciting and 
contributing factors), resulting in great variations in oak decline and 
mortality (e.g., Oak et al. 2016). It is imperative to develop a new model 
that examines oak decline and mortality by landscape variables, site/ 
stand conditions, disturbances, historical forests, and physiography to 
help forest managers mitigate oak decline at the landscape and regional 
level. In this study a modeling approach that includes the above factors 
was developed to evaluate oak decline and mortality in the Ozark 
Highlands of Missouri. The primary objective of this study is to examine 
recent oak mortality and develop multilevel oak mortality models. 
Specifically, this study addressed the following objectives: 1) Mapping 
the spatial variations of oak decline and mortality across the entire 
Missouri Ozarks; 2) Identifying risk groups and quantifying their long- 
term survival patterns under recurrent droughts for mapped risk re
gions; and 3) examining risk factors that affect oak decline and mortality 
by mapped risk regions and/or groups. The multilevel modeling results 
and findings will provide useful information for prioritizing treated 
areas and developing management guides and recommendations for 
restoring and managing oak forests. 

2. Methodology 

2.1. Study area 

The Ozark Highlands, located in the central USA, extends across the 
states of Missouri, Arkansas, Oklahoma, and Kansas. A significant 
portion of the Ozarks is located in southern Missouri (Fig. 1). The Ozark 
Highlands is a section under the central interior broadleaf forest prov
ince and contains 17 (13 in Missouri) subsections (Cleland et al., 2007). 

Fig. 1. Map of the Ozark highlands of Missouri (A), seven historical forest types (B) and thirteen ecological sub-regions (C) in the study area.  
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The highlands include high plateaus of steep hills and low rolling hills. It 
is dominated by oak-hickory and oak-pine forest types (Mcnab et al., 
2007) including oak (Quercus spp.), hickory (Carya), shortleaf pine 
(Pinus echinata), elm (Ulmus), ash (Fraxinus), and maple (Acer) (Oak 
et al., 1996; Wood et al., 2018). Historically, seven forest types occurred 
in the Ozark Highlands, with oak open woodland as the most dominant 
component (Hanberry et al., 2014). The Climate in the Ozark Highlands 
is temperate, having mild winters with a mean January temperature of 
4 ◦C and hot summers with a mean August temperature of 27 ◦C (Haavik 
et al., 2011). The formations of rock in this area are limestone, sand
stone, and shale. The landform and topography are characterized by 
deep valleys, steep ledges, and cliffs with elevations up to 750 m with 
slopes facing all cardinal directions (Adamski, 1995). 

2.2. The FIA data 

In this study, we used only Missouri Ozarks FIA data. In Missouri, the 
USDA Forest Service’s FIA program started the annual measurement 
scheme in 1999 with a goal of measuring 20% of the entire FIA plots 
every year, but this target is not always met due to funding and other 
limitations. From 1999 to 2019, there were four inventory cycles for 
each FIA plot: cycle 5 (1999–2003), cycle 6 (2004–2008), cycle 7 
(2009–2013), and cycle 8 (2014–2019). As of the date of data 

compilation, data measurements for the last cycle were not completed; 
therefore, we had partial data for that portion of the study. All trees (i.e. 
>12.7-cm diameter at breast height) in each plot were used from the 
four-time period remeasurement with survival status (live or dead). A 
total of 31,037 trees, all live in cycle 5, were followed in this analysis. 
Among those trees, there were 18,403 individual remeasured oak trees 
including ten major oak species in the Ozark Highlands (Table 1). In
dividual tree data and associated stand level and landscape level infor
mation were gathered and merged from the FIA database. These 
variables were classified into three categories: tree/site/stand variables, 
landscape/regional variables, and disturbances and management vari
ables based on their potential roles in oak decline (Starkey et al., 2004; 
Table 1). Tree/site/stand variables are the direct factors that predispose 
oaks to decline and subsequently determine the levels of risk (Fan et al., 
2006), whereas landscape/regional variables may affect or incite oak 
decline and control the large-scale spatial patterns of oak decline and 
mortality by regulating biotic and abiotic factors and disturbance re
gimes (Fan et al., 2012a). Disturbances and management variables 
measured at microscales are important inciting and/or contributing 
factors and can either alleviate or exaggerate the decline process and 
affect the dynamics of oak decline conditions (Fan et al., 2011). These 
data were downloaded and/or calculated from either the FIA database 
or other data sources. The monthly Palmer Drought Severity Index 

Table 1 
Potential risk variables used to evaluate oak decline and mortality. Risk variables are divided into three groups: tree, stand and site variables, landscape and geographic 
variables, and disturbance/management variables based on the spatial scale on which they were measured and/or the role they played.  

Data *Type Variables Classification Time Sources 

Tree, stand, and site variables Tree status 1: live; 0: dead 1999–2019 Forest Inventory and Analysis data mart 
Oak species *White oak (Q. alba, a) 

#Scarlet oak (Q. coccinea, b) 
#Shingle oak (Q. imbricaria, c) 
#Blackjack oak (Q. marilandica, d) 
*Chinkapin oak (Q. muehlenbergii, e) 
#Northern red oak (Q. rubra, f) 
#Shumard oak (Q. shumardii, g) 
*Post oak (Q. stellata, h) 
#Black oak (Q. velutina, i) 
#Southern red oak (Q. falcata, j) 

Crown class  
1: Dominant 
2: Codominant 
3: Intermediate 
4: Overtopped 

Diameter at breast height (DBH) Continuous (cm) 
Basal area in larger trees (BAL) Continuous (m2/ha) 
Basal area of live trees Continuous (m2/ha) 
Site productivity Low (<3.5 m3/ha/yr.) 

Medium (≥3.5 & < 8.4 m3/ha/yr.) 
High (≥8.4 m3/ha/yr.) 

Physiographic class Xeric sites 
Mesic sites 

Growing stock Continuous (%) 
Stand age Integer (years) 
Stand origin 1: artificial; 0: natural  

Data Type Variables Classification Time Sources 

Landscape/Geographic Variables Elevation Continuous (m) 2019 Extracting from FIA plot data 
Slope Continuous (degree) 
Aspect North-facing vs. south-facing 
Coordinate (latitude, 
longitude) 

Continuous 

Historical forest type Categorical variables (shapefile) Hanberry et al.2014 
Ecoregion Categorical variables (shapefile)  

Environmental Protection Agency 
Disturbances/management 

Variables  
Insect and disease: 1=yes, 0=no 1999–2019 Forest Inventory and Analysis data 

mart Weather (storms, ice): 1=yes, 0=no 
Fire: 1=yes, 0=no 
Treatment (cutting, site preparation, harvest): 1=yes, 
0=no 
Ownership: public=0, private=1 

*white oak group; # red oak group based on by the United State Forest Service’s classifications 
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(PDSI) for each of the four climate divisions in the Missouri Ozarks was 
downloaded from the National Climatic Data Center (https://www. 
ncdc.noaa.gov/). A year was divided into growing season (May- 
October) and dormant season (November-April), and the drought 
severity in a single growing season is represented by the cumulative 
monthly PDSI, a sum of PDSIs from May to October. The cumulative 
yearly PDSI was calculated as the sum of cumulative growing season 
PDSIs for the previous n (n = 0, 1, 2,…) years. 

2.3. Data analysis 

We extracted all live oak trees (n = 18,403) in cycle 5 (1999–2003) 
from the 1470 FIA plots and tracked each tree’s status (live vs. dead) 
during the following three consecutive inventory cycles (6, 7 and 8). The 
cumulative oak mortality in terms of percent of dead oak trees among all 
oak trees in each FIA plot was calculated for cycles 6, 7 and 8 as an 
indirect measure of oak decline. Considering the weak trend of spatial 
continuity in mean annual oak mortality (the cumulative oak mortality 
in the measurement cycle divided by the number of years between cycle 
5 and the following measurement cycles) of FIA plots (Fan et al., 2011), 
the nonparametric “kernel smoothing” (Wand and Jones, 1995) was 
applied to map the spatial variation of oak decline severity (the % of 
mean annual oak mortality in cycle 8) using the approach described by 
Fan et al. (2011). With the unimodal distribution of smoothed annual 
oak mortalities, the Jenks natural breaks method (Jenks, 1967) was used 
to classify the Missouri Ozarks into disjoint sub-regions (spatial clusters) 
showing differentiated oak decline and mortality classes (objective 1). 

Within each of the identified sub-regions, the nonparametric classi
fication and regression tree (CART) (Breiman et al., 1984) was used to 
classify oak trees into different risk groups (objective 2) by using tree 
status (live versus dead) in the most recent cycle (cycle 8) as the 
response variable and tree, site and stand variables (Table 1) as the 
predictors. To obtain an honest estimate of oak mortality, we set the 
minimum node size of n = 250 trees (the product of tree number and 
cumulative oak mortality > 10) and used the cross-validation to remove 
nonsignificant or superficial partitions to develop the best CART model 
using the R package: rpart (Therneau et al., 2013). We then followed Fan 
et al. (2006) to apply the Kaplan–Meier (product limit) method (Kaplan 
and Meier 1958), coupled with the log-rank method, to analyze the 
survival patterns of individual risk groups. Analysis of covariance 
(ANCOVA) and multiple comparisons (Habib et al., 2017) were used to 
analyze the mean annual trend of cumulative oak survival rate that was 
calculated by using annual mortality of oak trees from 1999 to 2019. The 
mean cumulative mortality (the proportion of dead oak trees) and 
standard error of each risk group by measurement year was estimated by 
using the bootstrapping method (n = 500) (Arellano, 2019) and tree 
mortality (transformed using the arc sine square root function for 
normality correction) between different risk groups was compared via 
Tukey’s HSD test (Althouse, 2016). Recurrent droughts are a major 
inciter of large-scale oak decline episodes and great temporal variations 
(e.g., Fan et al. 2012a). But, oak trees may respond differently to 
droughts depending the tree’s health condition, and the timing, 
magnitude and duration of drought events (Oak et al., 1996). To eval
uate the lag effects of recurrent droughts on oak mortality, the cross- 
correlation coefficient (r(d), equation (1)) at delay d (0 ≤ d < N 
years) between annual mortality and cumulative yearly PDSI series was 
calculated for each risk group (Fan et al., 2012a), 

r(d) =
∑N− 1

i=0 (x(i) − x )(y(i − d) − y )
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑N− 1

i=0
(x(i) − x )2

√

×

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑N− 1

i=0
(y(i − d) − y )2

√ (1)  

where series x(i) and y(i) (i = 0, 1, 2, …, N − 1) represent the annual 
mortality and PDSI series, respectively. 

To quantify the effect of stand factors and management activities and 

disturbances on tree mortality (objective 3), tree status (a binary vari
able: live or dead) in the last inventory cycle was regressed against all 
predictor variables measured at the first inventory cycle (Table 1) 
through the logistic regression model (Hilbe, 2009; Fan et al., 2012b). 
Among the predictor variables, BAL was significantly correlated with 
tree stocking, and thus the BAL/stocking ratio, a new measure of 
competition, was used in the logistic regression to replace both vari
ables. We did not find any significant correlation (multicollinearity) 
among other predictor variables. A stepwise method with the signifi
cance level of 0.05 was chosen to select the significant factors associated 
with the mortality of the remeasured oak trees for each of the three 
mortality clusters. The Hosmer-Lemeshow test was conducted to mea
sure the goodness of fit of the selected models. All statistical analyses 
were conducted using the statistical R software (R development Core 
Team 2011). 

3. Results 

3.1. Spatiotemporal patterns of oak decline and mortality 

Across the Ozark Highlands of Missouri, oak decline and mortality 
varied spatially with ecoregions (Chi-squared = 464.51, df = 24, p- 
value < 0.001) and historical forest types (Chi-squared = 278.02, df =
14, p-value < 0.001), and three spatial clusters (sub-regions) with 
differentiated annual oak mortality rates of ≤1%, 1–1.5%, and >1.5% 
were identified (Fig. 2). Higher mortality mostly occurred in the 
following eco-subregions: St. Francois Knobs and Basins Subsection 
(223Aa), Current River Hills Subsection (223Af), Elk River hill sub
sections (223Ah), and Prairie Ozark Border Subsection (223Ai), or in the 
historical forest types including Oak Forests and Oak/Pine Open 
Woodlands (Figs. 1 and 2). 

3.2. Oak risk groups and the effect of PDSI on oak survival patterns 

Within each oak decline and mortality class (sub-region), oak mor
tality varied significantly with species, crown class, and basal area in 
larger trees (BAL ≥ 9.6 m2 ha− 1 versus BAL < 9.6 m2 ha− 1) (Fig. 3). Four, 
five and three risk groups were classified for the low (annual mortality 
≤ 1%), moderate (annual mortality > 1% but ≤ 1.5%) and high (annual 
mortality > 1.5%) risk sub-regions, respectively (Fig. 3, Table 2). The 
cumulative survival (1-mortality) rate decreased with time either line
arly or nonlinearly and varied by risk group (Fig. 3). Within each sub- 
region, the cumulative survival rates were significantly different 
among risk groups except for risk groups B, C and D in the sub-region of 
moderate mortality based on Tukey’s HSD (honestly significant differ
ence) test (P < 0.05). Oaks experienced high mortality before 2007 and 
around 2012 following recurrent droughts as shown by steep slopes in 
the Kaplan-Meier survival curves (Fig. 3). Cross-correlation between the 
growing season PDSI and mortality showed that the cumulative impact 
of droughts might last as long as nine years for the high risk intermediate 
and suppressed red oak groups (group D in the sub-region of low severity 
and group E in the sub-region of moderate mortality) (Fig. 3, Table 3). 
No significant correlations were found between oak mortality and PDSI 
for the remaining risk groups. 

3.3. Risk factors that affect oak decline and mortality 

For all three risk classes (spatial clusters), logistic regression fits the 
data well based on the Hosmer-Lemeshow tests (P > 0.05) (Table 4). 
Tree and stand characteristics including species, crown class and stand 
age appeared in all three models, reflecting their universal significance 
in predisposing oak decline and mortality- a phenomenon largely 
attributed to competition and senescence as oaks approach physiolog
ical maturity. In addition, BAL/stocking was found to be significant in 
the low and moderate risk classes, historical forest types were significant 
in the moderate and high risk classes, and aspect was significant for the 
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low and high risk classes. Further, physiographic class and ownership 
were significant in the low risk class, fire disturbance was significant in 
the moderate risk class, and elevation and weather and insect distur
bances were significant in the high risk class (Table 4). 

4. Discussion 

4.1. Spatial variations of oak decline and mortality 

Forests around the world are susceptible to drought and heat asso
ciated tree mortality (Allen et al., 2010), and oaks (Quercus spp.) are the 
most widely distributed genus of forest trees worldwide (Kremer et al. 
2004). There have been at least five major drought induced oak mor
tality events across Europe from 1892 to 1961 (Delatour, 1983). Gott
schalk and Wargo (1997) reported drought influenced oak decline 
across more than 20 countries. In the United States, oaks are keystone 
species and a dominant component of the forest ecosystems of the 
central highland mountain area (Greenberg and Collins, 2015). Sporadic 
symptoms of oak decline and mortality had been reported since the 
1960s or earlier (Dwyer et al., 1995; Fan et al., 2008; Spetich and He, 
2008; Fan et al., 2012a). Understanding the mechanisms and dynamics 
of oak mortality and decline and the effects of natural and human dis
turbances has been the focus of many studies (Fan et al., 2011; Fan et al., 
2012c; Greenberg and Collins, 2015; Spetich et al., 2016; Kinkead et al., 
2017). In this study, similar methods from Fan et al., 2006 and 2011 
were extended and applied to the entire Ozark Highlands of Missouri to 
study the mechanisms and associated factors of oak decline and mor
tality such as distribution patterns, risk groups, and impacts of distur
bances at the regional level. The distribution of oak decline and 
mortality followed a spatially heterogeneous (non-stationary) pattern 
that was related to ecoregions and historical forest conditions across the 
Ozark Highlands (Fan et al., 2012a; Fan et al., 2012b). Ecoregions such 
as basins and river hills located in the Mark Twain National Forest and 
historically dominated by oak forests and oak/pine open woodlands 

(Wang et al., 2007) had higher mortalities. Most forest stands in this area 
were fully stocked or over-stocked and had reached their physiological 
maturity, thus suffered recurrent oak decline and mortality incidences as 
part of the natural process of tree senescence (Wang et al., 2013). In a 
western Mediterranean region study with a focus on Italy and Spain 
(Gentilesca et al., 2017) reported that reducing tree density could lead to 
deeper root systems of remaining trees enabling heightened water use of 
these trees resulting in greater drought resistance. 

Compared to environmental factors (e.g., Kabrick et al., 2008), 
studies on the effects of historical land use and vegetation change on oak 
decline have been largely overlooked. However, such studies are of 
paramount importance and may shed light on historical disturbance 
regimes and vegetation dynamics. Historically, the dominant vegetation 
in the Ozarks consisted of oak woodlands and oak savannahs maintained 
by frequent, low-intensity fires. However, oak forests covered only a 
small portion of the Ozarks (Spetich et al., 2004; Heitzman et al. 2007; 
Hanberry et al. 2014). A century of fire suppression has significantly 
changed the vegetation structure and composition, which was believed 
to be the major cause of widespread oak decline and mortality in the 
Ozarks. Restoring open oak woodlands and oak savannas to areas 
dominated by high-density oak forests is a practical approach to alle
viate oak decline and mortality (Dey and Fan, 2009; Oak et al., 2016). 

4.2. Oak risk groups and temporal changes of oak mortality 

The red oak group species were plagued by decline with consistently 
higher mortality than the white oak group species. The risk groups 
further differentiated oak decline and mortality among oak trees based 
on tree species, crown class and BAL. Even though multiple factors 
might contribute to oak decline and mortality, recurrent droughts had 
been proven to be a major inciting factor (Starkey et al., 2004), affecting 
the spatiotemporal patterns at large spatial scales (e.g., a landscape or 
ecological sub-region). Recurrent droughts can trigger and exaggerate 
oak decline and mortality; therefore, the footprint of droughts could be 

Fig. 2. Kernel-smoothed annual oak mortality showing the three oak decline and mortality classes (low: ≤1%, moderate: 1–1.5%, and high: >1.5%) in the Ozark 
Highlands of Missouri. 
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evaluated based on concordant or lagged temporal patterns in tree 
mortality and the shift of hot spots of oak decline episodes across the 
stricken landscape or region (Fan et al., 2012a; Haavik et al., 2015). 

Individual trees, however, may respond to drought differently by 
tree and stand characteristics (predisposing factors), the time (season), 
duration and severity of droughts (inciting factors), and post-drought 
disturbances such as outbreak of red oak borers (Enaphalodes rufu
lus), and Armillaria root disease (contributing factors, Starkey et al., 
2004). The CART models and the Kaplan-Meier survival curves 

developed for individual risk groups provided a practical, visual tool to 
unfold drought effects. Following the recurrent droughts in early- or 
mid-2000s (2000, 2005–2007), severe oak decline and mortality as 
shown by a steep slope in the survival curve in the drought year or 
following the drought were observed among the risk groups composed 
of predominantly intermediate and suppressed red oak group species 
(group D in the low severity cluster, group E in the moderate severity 
cluster, and group C in the high severity cluster) (Fig. 3, Table 2). The 
increasing mortality following droughts was also pinpointed, to a less 

Fig. 3. Oak risk groups (terminal nodes A-E of the CART models) and survival curves for the low, moderate and high oak decline and mortality classes (spatial 
clusters) in the Ozark Highlands of Missouri. The number in the terminal nodes is the cumulative mortality rate (0–1). Oak species codes (a-j) and crown class codes 
(1–4) are defined in Table 1, and BAL is basal area in larger trees (m2 ha− 1). Lower case letters to the right of survival curves showed the trend differences (with same 
letters representing statistically non-significant differences) between risk groups (multiple comparisons, Tukey test); vertical bars showed the 95% confi
dence intervals. 
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degree, in other risk groups (groups A and B). In addition, a concordant 
increase in mortality following one recent severe drought in 2012 was 
observed in the survival curves of most risk groups (Fig. 3, Table 2). 
Cross correlations between the cumulative growing season PDSI and 
mortality showed that the drought impacts might perpetuate for three to 
nine years among the high risk groups (group D in the low severity re
gion and group E in the moderate severity region) (Table 4, Fan et al., 
2012a). Drought was also reported as the main influence activating oak 
decline in the Mediterranean Basin (Gentilesca et al., 2017). 

There were great variations in mortality among different risk groups 
(Table 2). For instance, the cumulative mortality of some intermediate 

and suppressed red oak group species (group E in the moderate severity 
region) could reach as high as 61% within a period of 16 years (from 
2003 to 2019) with a mean annual mortality of 3.8%. In contrast, the 
risk groups composed of dominant and codominant white oak group 
species (group A in the low and moderate severity regions) had the 
lowest annual mortality of <1% among all risk groups (Table 2). 
Existing projections of tree mortality are mostly based on empirical 
statistical models that lack quantifications of functionally mortality 
mechanisms and processes, and thus are difficult to predict long-term 
realistic mortality, especially under frequent environmental stresses 
(Thomas et al., 2002; Allen et al., 2010; Gentilesca et al., 2017). Unlike 
those tree-level and stand-level mortality models, in this study we 
attempted to project oak mortality by individual risk groups which were 
derived based on the conceptual model of red oak decline syndrome 
(Starkey et al., 2004). The development of mortality models inherently 
considered the functional roles and spatiotemporal scales of involved 
risk factors and thus could more accurately project long-term oak 
decline and mortality. Fan et al (2011) estimated stand hazards based on 
the relative proportion of different risk groups. This allows proactive 
managements and treatments to be prioritized by risk groups, helping 
mitigate and reduce the hazard of oak decline and mortality. In this way 
oak trees highly prone to decline could be prioritized to be salvaged 
prior to widespread mortality. 

4.3. Risk factors associated with oak decline and mortality 

Tree- and stand-level variables including tree species, crown class, 
and stand age are the most important predisposing determinants of oak 
decline and mortality (Starkey et al., 2004; Fan et al., 2011; Wang et al., 
2013). In addition, site variables such as aspect, elevation and physio
graphic condition are indirectly related to oak decline and mortality for 
some sub-regions with higher mortalities found on mesic sites or sites of 
low elevations, or north-facing aspects. One explanation to these pat
terns of oak mortality by site variables was that large proportions of red 
oak group species occurred on some sites rather than the presumed 
constraints of resources (e.g., moisture, nutrients) (Kabrick et al., 2008). 
However, localized disturbances such as drought, wind, flood, frost, ice, 
and insect damage could stress resource and/or declining tree conditions 
and incite oak decline compared to non-disturbed forests, contributing 
to differentiated spatial variations of oak decline and mortality across 
the Ozarks (Starkey and Oak, 1989; Starkey et al., 2004; Wang et al., 
2013). 

Oak decline and mortality is a natural process which is largely pre
disposed by tree and stand characteristics even though geographic fac
tors, natural and anthropogenic disturbances may influence this process. 
The local or sub-regional significance of these variables reflect the 
complexity of the oak decline and mortality syndrome across the Ozark 
Highlands, suggesting that management priorities and guidelines should 
be tailored by individual mortality or risk classes. For instance, fire as an 
integral process of oak ecosystems could be an effective tool to mitigate 
oak decline and mortality, especially in the moderate mortality classes 
risk class (Dey and Fan, 2009; Fan et al., 2012c), whereas weather (e.g., 
frost, drought) and insect incidences exaggerated oak decline and 
mortality in the high risk class (Fig. 3), likely due to the combination of 
the hazard of being in the high risk group which was primarily associ
ated with tree and stand conditions and additional stresses causing 
further trauma. Related findings derived from this study were solely 
based on analyses of repeatedly measured FIA data and could be viewed 
as tentative guidelines for management decision making. Field experi
mental studies are needed regarding effects of natural and human dis
turbances on oak decline and mortality. A precision strike strategy 
combining prescribed fire and harvest treatments can be developed and 
prescribed for the mitigation of oak decline and mortality and to create 
resilient oak forest ecosystems in the Ozark Highlands. 

In the meantime, there are a number of treatments that have been 
recommended to reduce the impacts of oak decline and may have utility. 

Table 2 
Oak risk groups identified by CART in the Ozark Highlands of Missouri.  

Severity 
region 

Oak 
risk 
group 

Tree characteristics Accumulative 
mortality (%) 
(1999–2019) 

Low A dominant and codominant white 
oak, chinkapin oak, Shumard 
oak, post oak, and southern red 
oak 

7 

B scarlet oak, shingle oak, 
blackjack oak, northern red oak, 
and black oak with BAL < 9.6 m2 

ha− 1 

14 

C scarlet oak, shingle oak, 
blackjack oak, northern red oak, 
and black oak with BAL ≥ 9.6 m2 

ha− 1 

21 

D intermediate and suppressed oak 
trees 

31 

Moderate A dominant and codominant white 
oak, chinkapin oak, Shumard 
oak, post oak, and southern red 
oak 

12 

B intermediate and suppressed 
white oak and southern red oak 

24 

C intermediate and suppressed 
chinkapin oak, Shumard oak, 
and post oak 

39 

D dominant and codominant 
scarlet oak, shingle oak, 
blackjack oak, and black oak 

31 

E intermediate and suppressed 
scarlet oak, shingle oak, 
blackjack oak, and black oak 

61 

High A white oak and Shumard oak 23 
B post oak and southern red oak 36 
C scarlet oak, shingle oak, 

blackjack oak, Chinkapin oak, 
and black oak 

51  

Table 3 
Cross-correlations between cumulative growing season PDSI and annual oak 
mortality in susceptible risk groups showing the significant lagged effect of 
recurrent droughts.  

Delay Years Low subregion Moderate subregion 
Group D Group E 

R P r p 

0 − 0.65  0.006 * − 0.60 0.015 * 
1 − 0.49  0.056  − 0.52 0.037 * 
2 − 0.35  0.185  − 0.46 0.072  
3 − 0.31  0.243  − 0.40 0.126  
4 − 0.44  0.084  − 0.50 0.047 * 
5 − 0.69  0.003 * − 0.68 0.003 * 
6 − 0.75  0.001 * − 0.76 0.001 * 
7 − 0.69  0.003 * − 0.79 0.000 * 
8 − 0.49  0.055  − 0.67 0.004 * 
9 − 0.35  0.178  − 0.59 0.016 * 
10 − 0.29  0.273  − 0.50 0.049 * 

*Significance level ≤ 0.05. 
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Table 4 
Estimated regression coefficients of logistic regressions to evaluate the effect of risk factors on oak decline and mortality by kernel- 
smoothed severity (low, moderate, high) regions of oak decline and mortality.  

Variables Estimated coefficients Standard Error Odds ratio P value 

Low mortality (983/6706; P*= 0.139) 
Intercept  − 3.229  0.224  0.040  < 0.001 
BAL/Stocking  0.001  0.000  1.001  0.007 
Stand age  0.007  0.002  1.007  < 0.001 
Aspect     
North Reference    
South  − 0.182  0.076  0.834  0.017 
Physiographic     
Mesic sites Reference    
Xeric sites  − 0.209  0.076  0.811  0.006 
Crown classes     
Dominant Reference    
Codominant  0.255  0.161  1.290  0.114 
Intermediate  1.500  0.173  4.483  < 0.001 
Overtopped  1.857  0.303  6.404  < 0.001 
Species     
White oak (a) Reference    
Scarlet oak (b)  1.149  0.227  3.153  < 0.001 
Shingle oak (c)  1.223  0.393  3.397  0.002 
Blackjack oak (d)  2.295  0.175  9.926  < 0.001 
Chinkapin oak (e)  0.150  0.211  1.162  0.476 
Northern red oak (f)  0.792  0.162  2.207  < 0.001 
Shumard oak (g)  0.657  0.499  1.929  0.188 
Post oak (h)  0.432  0.107  1.540  < 0.001 
Black oak (i)  1.356  0.109  3.883  < 0.001 
Southern red oak (j)  0.538  0.630  1.712  0.393 
Ownership     
Public Reference    
Private  − 0.200  0.089  0.818  0.024  

Moderate mortality (2431/9890; P*= 0.100) 

Intercept  − 3.043  0.163  0.048  <0.001 
BAL/Stocking  0.001  0.000  1.001  0.016 
Stand age  0.009  0.001  1.009  <0.001 
Crown classes     
Dominant Reference    
Codominant  0.061  0.107  1.062  0.570 
Intermediate  1.065  0.118  2.902  <0.001 
Overtopped  1.479  0.250  4.390  <0.001 
Historical forests     
Oak closed woodland Reference    
Oak forest  0.320  0.097  1.378  0.001 
Oak open woodland  0.046  0.084  1.047  0.587 
Oak savanna  0.166  0.114  1.180  0.144 
Oak/pine closed woodland  0.090  0.095  1.094  0.343 
Oak/pine forest  0.183  0.167  1.201  0.273 
Oak/pine open woodland  0.371  0.122  1.450  0.002 
None forest  0.043  0.103  1.044  0.673 
Species     
White oak (a) Reference    
Scarlet oak (b)  1.556  0.094  4.737  <0.001 
Shingle oak (c)  1.514  0.342  4.544  <0.001 
Blackjack oak (d)  2.409  0.134  11.122  <0.001 
Chinkapin oak (e)  0.554  0.152  1.740  <0.001 
Northern red oak (f)  1.070  0.121  2.916  <0.001 
Shumard oak (g)  0.405  0.318  1.500  0.202 
Post oak (h)  0.510  0.081  1.666  <0.001 
Black oak (i)  1.551  0.072  4.715  <0.001 
Southern red oak (j)  0.541  0.359  1.718  0.132 
Disturbances     
No fire disturbance Reference    
With fire disturbance  − 0.144  0.066  0.866  0.029  

High mortality (679/1807; P*= 0.685) 

Intercept  − 2.279  0.446  0.102  <0.001 
Elevation  − 0.001  0.000  0.999  0.024 
Stand age  0.015  0.003  0.000  
Aspect     
North Reference    
South  − 0.268  0.114  0.765  0.019 
Crown classes     
Dominant Reference    
Codominant  − 0.115  0.207  0.892  0.581 

(continued on next page) 
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For instance, Williams and Dumroese (2013) suggested reducing 
drought driven mortality by changing species and selective cutting. 
Johnson et al. (2019) suggests thinning stands through removal of 
vulnerable trees in intermediate or suppressed crown classes, and 
removal of drought prone tree species. In central Europe forests Thomas 
et al. (2002) management suggestions included intensive thinning and 
maintaining an adequate age class distribution. In the Ozark Highlands 
Spetich et al. (2016) suggested favoring retention of native decline 
resistant white oak over red oak, the use of prescribed fire and the use of 
landscape-scale modeling to help identify potential hot spots for oak 
decline so that limited forest management funds could be utilized 
effectively. In a review of decline across the eastern U.S. Oak et al. 
(2016) suggested managing the susceptibility of stands to oak decline by 
changing species composition to native decline resistant species and 
reducing vulnerability of forests by improving overall stand vigor. 

5. Conclusions 

The three oak decline and mortality classes (spatial clusters) in 
combination with the nested oak risk groups revealed the spatiotem
poral patterns of oak decline and mortality in the Ozark Highlands of 
Missouri. Ecoregions and historical forest types have been proven to be 
the major determinant of differentiated mortality patterns at large scales 
(landscape or ecoregion), and severe decline and high mortality in
cidences mostly occurred in oak forest and oak/pine open woodland in 
the St. Francois Knobs and Basins Subsection. In addition, disturbances 
such as droughts, insects, wind storms, and ice damage were found to be 
significant contributors of oak mortality in this area, causing more 
declining trees to die. Even though oak risk groups responded differently 
to natural disturbances, a consistent difference between risk groups was 
observed over different inventory cycles. These risk groups can be 
strategically used with other tree, stand and site variables such as stand 
age, tree competition status (BAL/stocking), aspect and slope for stand 
hazard evaluation and for prioritizing proactive silvicultural treatments. 

Overall, options to control and mitigate oak decline in the Ozark 
Highlands include combined management prescriptions and a precision 
strike strategy: 1) using the risk groups of oak mortality to determine the 
priority groups to be managed; 2) according to the stand conditions 
(regeneration or fully and over stocked stands), cutting methods such as 
thinning, partial harvest, and clearcut could be applied to reduce the 

competition of overstory trees or release overstory canopy; and 3) pre
scribed fire could be used to complete site preparation to reduce un
derstory fuel load and undesired vegetation, and promote regeneration 
and survival of oak seedlings. However, further experimental studies are 
needed to develop efficient management options such as the fire inter
val, burning season and fire intensity (Fan et al., 2012c; Kinkead et al., 
2017). 
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