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Abstract

:

The Cross-Timbers region of the United States, situated in the southern Great Plains along the western edge of the eastern deciduous forest, was historically Quercus-dominated open forest interspersed with tallgrass prairie and shrubs communities. The historical structure of the Cross- Timbers forests in this region has been altered, mainly due to fire exclusion, such that the current structure is closed-canopy and includes a midstory of fire-intolerant species. This change has reduced many of the important ecosystem services provided. This paper synthesizes existing literature on the Cross-Timbers with the aim of summarizing the current state of Cross-Timbers management related to sustaining ecosystem services and identifying potential research topics and directions needed. Specifically, we consider the ecological, management, and socio-economic issues. In addition, we theorize how the adoption of active forest management will affect ecosystem services and structure of the Cross-Timbers forests.
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1. Introduction


The Cross-Timbers region spans an area of approximately 8 million hectares in the southern Great Plains of the United States, extending from southern Kansas through central Oklahoma, and into Texas [1] (Figure A1). Approximately 4.5 million ha of the Cross-Timbers is in Oklahoma and the majority of the remaining 3.5 million ha is in Texas [2]. This region consists of forest historically dominated by post oak (Quercus stellata) and blackjack oak (Q. marilandica) of variable tree densities interspersed with patches of tallgrass prairie and shrubland of varying sizes. Cross-Timbers trees are relatively short, with mature trees reaching approximately 15 m in height [3,4,5]. When measured in the mid-1950s the Cross-Timbers in Oklahoma was largely an open forest (9.5 m2 ha−1 basal area and 65 trees ha−1) and dominated by post oak (55% basal area and 53% tree ha−1) and blackjack oak (33% basal area and 39% trees ha−1) [6].



The Cross-Timbers region includes portions of metropolitan Tulsa and Oklahoma City in Oklahoma and Dallas-Fort Worth in Texas and the high and increasing population is a major challenge for natural resource management in the Cross-Timbers [7]. Furthermore, the area is important for agriculture and also provides recreational opportunities due to the urban–rural interface, diverse wildlife, relatively abundant water, and the attractive aesthetics associated with this complex landscape [1].



However, most of the land area is not actively managed and many places are experiencing degradation of natural resources which may reduce ecosystem services important for the people within the region [1,8,9]. Largely due to fire exclusion, the forest is undergoing an increase in post oak basal area and encroachment by fire-intolerant trees such as eastern redcedar (Juniperus virginiana) which is leading to densification and mesophication [4]. These changes are disrupting ecosystem services by reducing wildlife habitat for savanna and woodland species [10], reducing livestock grazing opportunities [9], increasing the risk of wildfire [11], reducing water yield to streams and reservoirs [12,13], reducing understory productivity and biodiversity [14], and potentially reducing recreational opportunities. More broadly, the sustainability of the Cross-Timbers region to provide ecosystem services is endangered due to cumulative effects of natural and human induced factors including climate variability, invasive and encroaching species, changes to historic disturbance regimes, and urbanization [1].



Despite its ecological significance and importance to people living within the region, there is little information about the dynamics of the mostly privately-owned Cross-Timbers forests and the social factors that motivate individual owners for its management. Approximately of 90% of forest land across Oklahoma, Texas, and Kansas is privately owned with the 10% of public ownership predominantly in National Forest lands east of the Cross-Timbers region [15]. Given that corporate ownership of forest lands in Texas and Oklahoma (~20% of total forest land) is focused in the more productive, pine growing regions east of the Cross-timbers, the private ownership in the Cross-Timbers is heavily dominated by small, family forest landowners [16].



Research directly related to the management of the Cross-Timbers forests is limited. Most of the ecological research within Cross-Timbers forests focused on government-owned areas with either low productivity or atypical management regimes such that outcomes are not directly transferable to private landowners who own small, fragmented, and often highly disturbed parcels. Although a recent social science inquiry revealed that stakeholders, including the landowners, are willing to implement active management strategies [7], existing knowledge on the privately owned portion of the Cross-Timbers as well as the desire of people to manage them are largely unknown. The Cross-Timbers generally lacks traditional wood and fiber markets. Therefore, management needs and logistics of the Cross-Timbers are different from many other forested regions. As such, important challenges related to the Cross-Timbers’ management are to explore alternative market opportunities [7,15] and to understand social factors to facilitate sustainable management of the Cross-Timbers and the valuable ecosystem services it provides. Therefore, the main objectives of this review are to (1) give a brief history of the Cross-Timbers to provide context regarding the historical ecosystem services relative to their current degraded condition, (2) discuss the current state of the Cross-Timbers’ management related to sustaining ecosystem services, and (3) identify some potential research topics and directions needed to better manage the Cross-Timbers for ecosystem services. Our goal is to provide an impetus and starting point for needed ecological, management, and social research for private lands in the Cross-Timbers to ultimately improve sustainable management for the full range of ecosystem services.




2. Methods


In this study, we performed a systematic review of literature regarding active management of the Cross-Timbers. We performed the literature search using the electronic literature database Scopus (https://www.scopus.com/) up to 31 December 2018.



First, we searched the title, abstract, and keywords using the search criteria: “cross-timber*” OR “cross timber*”. This search criteria resulted in a total of 103 documents published between 1969 and 2018, of which 94 were research papers, four were reports, two were review papers and there was one each of a book chapter, conference paper, and erratum. Within these 103 documents, we conducted a search with location specific keywords ‘Kansas’, ‘Oklahoma’, and ‘Texas’ to narrow down the search to these three states where the Cross-Timbers forests are located. This search criterion resulted in 95 articles (86 research papers, four reports, two review papers, and one each of a book chapter, conference paper, and erratum). These 95 articles broadly highlighted issues pertaining to grassland management, agricultural commodities, natural gas and other power generation activities, as well as ecosystem service related issues.



Since this review was focused on sustaining Cross-Timbers forest resources, we selected 41 articles that highlighted existing knowledge on ecosystem services in the Cross-Timbers. Also, we reviewed other publications that were cited by these articles or were pertinent to the Cross-Timbers region of the southern Great Plains. After careful review of the content, we categorized the existing literature into three broad categories: (a) ecological research; (b) management related research; and (c) social science research. The ecological research highlights fundamental aspects of ecology including the species regeneration, forest composition, forest productivity, etc. The management-oriented research highlights the available information related to use of prescribed fire and herbicides as management tools for active management. The social science research summarizes public perceptions on active management that involves prescribed fire, forest thinning, and herbicide uses.




3. History and Current Condition of the Cross-Timbers


The Cross-Timbers has been long influenced by humans as the current vegetation species assemblages established at approximately the same time as the occupation of the area by Native Americans approximately 4000–7000 before present (B.P). Ref. [17] who used fire to maintain areas of the forests to achieve low tree density and abundant understory layers. Early reports by European-Americans portray the Cross-Timbers region in the 1700s and early 1800s as having areas where densely occurring, small stature trees made it difficult to travel, but also as having an open, park-like structure [18]. Given these contrasting accounts, the forest condition before the European-American settlement was likely a mix of dense forest, woodland, and savanna with a probable reporting bias of historical accounts to favor mentioning dense forests as they posed a memorable and notable challenge to travel. During European-American settlement, forests were high-graded, i.e., the best trees were harvested leaving less desirable trees, and productive areas were converted to agriculture [18].



Before European-American settlement, periodic, dormant-season, surface fires were common in the region with return intervals measured from 2.9–6.7 years [19,20,21,22]. These relatively frequent fires maintained a more open forest structure dominated by fire-tolerant post oaks and blackjack oaks [23]. Fires were largely excluded beginning between the mid-19th to mid-20th century. For instance, at Purtis Creek State Park in Texas, fire scars within the tree ring record indicated that regular and frequent fires occurred until the 1850s after which only four fires occurred, all in the early 1900′s [24].



Fire exclusion led to the conversion of open-woodland and grassland patches to closed-canopy forests that include fire-intolerant, mesic hardwoods such as Ulmus spp., Carya spp., and Celtis spp. [4,23] as well as the encroachment of the more xeric, but fire-intolerant Juniperus spp. (eastern redcedar, Juniperus virginaia, in Kansas, Oklahoma, and north Texas; Ashe juniper, Juniperus ashei, in parts of central Texas). When re-measured during 2007–2008, the Cross-Timbers plots originally measured by [6] in the 1950s had increased in tree basal area from 9.5 to 18.5 m2 ha−1 and increased in tree density from 65 to 109 trees ha−1 [23]. While post oak increased from 55 to 59% of basal area, blackjack oak decreased in absolute numbers and decreased from 33 to 15% of basal area. Reductions in blackjack oak also have been documented by others [4,25] and may stem from greater susceptibility to Biscogniuxia spp. (Hypoxylon canker). Recruitment of oak within the forest matrix [26] and into areas without previous tree cover [27] was correlated to periods of drought.



Between the 1950s and 2008, eastern redcedar basal area in the Rice and Penfound plots increased from 0.1 to 2.7 m2 ha−1 and from 0.7 to 23.9 stems ha−1 [23] with most of the establishment of eastern redcedar occurring after the 1950s as estimated from the ring counts of existing trees [4,28]. Similar to eastern redcedar, mesic hardwoods began to enter the overstory beginning in the 1950s [4]. A fire return interval of between 5 and 10 years appears to be sufficient to purge the understory of mesic hardwoods and eastern redcedar [29] as the trees are still small enough to kill with prescribed fire. For instance, it took 9 years for eastern redcedar to reach breast height (1.37 m) when growing within Cross-Timbers forest [4].



This change in forest structure and composition is causing profound disruption to ecosystem services. The overall increase in canopy cover, eastern redcedar in particular, has caused a reduction in herbaceous understory productivity and biodiversity [14]. This reduces wildlife habitat for economically and recreationally important species such as white-tailed deer (Odocoileus virginianus), wild turkey (Meleagris gallopavo), and northern bobwhite (Colinus virginaianus), as well as woodland and prairie obligate species [1,10]. Increased forest density and eastern redcedar encroachment reduce recreational opportunities associated with hunting and wildlife viewing as well as activities that include access and movement within a more open forest. Along with the loss of wildlife habitat, forest densification is causing the loss of grazing potential as grasses are shaded out by increased forest canopy cover. Additionally, reduced water yield for human and ecological use is anticipated as the herbaceous understory is being displaced by eastern redcedar [13,30].



These changes in forest composition and structure increase the risk of wildfire. The addition of mesic hardwoods and eastern redcedar suppresses understory fine fuels produced by herbaceous plants and the tree leaf litter does not burn as well which reduces the potential use of prescribed fire. However, the infilling of eastern redcedar increases the risk of wildfire because eastern redcedar foliage is extremely flammable during drought and during conditions conducive to wildfire. For instance, canopy cover analysis suggested that eastern redcedar encroachment in the north-central region of the Cross-Timbers forest has increased available fuel loading by 38% through the addition of eastern redcedar foliage and small branches [11]. This increased fuel load elevates the risk of uncontrolled and damaging wild fires that reach the tree canopies and which do not have an historical analog in the Cross-Timbers, likely leading to novel successional pathways [28].




4. Status of Existing Research


4.1. Ecological Research


Much of what we know about the ecology of the Cross-Timbers is focused on unmanaged or lightly managed areas of ecological significance that are often controlled by government entities or non-governmental organizations [3,19,20,22]. While these studies provide insightful information on the ecological status of the Cross-Timbers, they do not represent the vast majority of land ownership within the Cross-Timbers, which is privately held. Notable exceptions are the Rice and Penfound plots [6,23] and work done looking at parcels held in trust by the Bureau of Indian Affairs [4,11].



Since privately owned land is rarely burned, undergoes fragmentation and urbanization, and suffers haphazard disturbance, conclusions based on existing ecological research may not be directly transferable to private landowners. For example, Ref. [31] found that oak species were regenerating in gaps and predicted no change in forest composition at the frequently burned Keystone Ancient Forest Preserve. However, the seedling layer of nearby non-burned private lands were dominated by Celtis spp., Ulmus spp., and Carya spp. [4] with these faster growing [11], mesic species likely more readily filling gaps created by overstory tree mortality in the absence of fire. Likewise, focus on lands that are frequently burned as part of well-informed management by government entities or non-governmental organizations might miss the opportunity to address the Juniperus spp. encroachment issues, which are widespread on less intensively managed private lands [32]. To successfully manage both public and private lands in the Cross-Timbers, the full range of initial starting conditions must be considered and our management tailored accordingly (see ‘potential pathways’ section below).



The productivity of the Cross-Timbers is highly variable due to large heterogeneity in site quality. Analysis of 116 Natural Resource Inventory plots across Oklahoma indicated tree volumes ranged from 14.9 to 102.5 m3 ha−1 and annual growth rate ranged from 0.0 to 4.5 m3 ha−1 y−1 [33]. A fairly productive site near Lake Thunderbird, Oklahoma produced approximately 1.5 dry Mg ha−1 y−1 [34].



Another limitation of much of the ecological research in Cross-Timbers forests is that it tends to focus more on lower productivity sites as these are often the least disturbed and most inaccessible such that they became protected areas or areas of special interest. Consequently, the Cross-Timbers forest is often considered one of the least altered forest types in the United States [5]. There are areas of ‘old growth’ or ‘ancient forests’ in the Cross-Timbers that generally correspond to the combination of steep slopes and infertile soils [5]. These old forests contain some 200–400 year-old trees, and are relatively undisturbed, except for the interruption of the historical, recurrent surface fire regime. This focus on old forests has likely resulted in a general perception that the productivity of the Cross-Timbers is marginal and the Cross-Timbers is of low value. In contrast, the majority of Cross-Timbers forests are privately owned, more productive, and more disturbed which likely accelerates the densification, mesophication, and redcedar encroachment processes.




4.2. Management Related Research


Given the low perceived value of Cross-Timbers forests for traditional economic uses, i.e., timber and fiber, timber management related research is relatively rare. The most researched aspect of management is the impact of prescribed fire. In [29] it was found that prescribed fires with fire frequencies ranging between zero to five fires per decade, did not affect the oak component, but two fires per decade were sufficient to keep fire-intolerant species from establishing in the understory. Research at the same site indicated that C3 graminoids and forbs increased with fire frequency but fire frequency did not affect understory woody plant, C4 graminoid, or legume abundance [35]. In [36] it was found that a fire return interval of two years reduced soil organic matter and carbon but did not affect soil nutrients.



In addition to research on fire return interval, another vein of management research has been brush control to enhance grazing and wildlife potential [37]. For instance, Ref. [38] studied the use of herbicides and burning to reduce overstory hardwood trees. Woody plant specific herbicides increased herbaceous growth with triclopyr having a greater benefit to grasses and tebuthiuron having a greater benefit to forbs. Burning for several years after herbicide application did not have a large effect on herbaceous growth, but prevented later encroachment of eastern redcedar. Ref. [10] compared wildlife habitat use between control areas and experimental plots, and identified that controlled burning and herbicide applications provide favorable habitat for white-tailed deer. Study results suggested that heterogeneous landscapes created through the use of herbicides and prescribed burning can enhance ecosystem services related to wildlife as well as economic returns related to grazing and hunting for landowners in the Cross-Timbers. Ref. [39] analyzed how herbicide use for brush reduction influenced breeding bird populations in the fall and winter seasons in the Cross-Timbers region. The research suggested that excessive use of herbicide for brush management, which would lead to elimination of oak forest, would likely reduce overall richness of nongame bird species. Likewise, conversion of Cross-Timbers forests to grasslands through reduction of the woody plant components would reduce the population of reptiles and amphibians [40].




4.3. Social Science Research


The third category of research focused on the social challenges associated with better management of the Cross-Timbers. Ref. [41] utilized a multi-year linear programming model to develop alternative management objectives with the goal of generating the highest economic return in an efficient manner. The study results suggested that raising livestock, property lease for recreation and hunting, coupled with alternative management practices such as herbicide and prescribed fire would likely provide the highest net economic returns and increase land resource value by 40%. Our literature review suggested that research on social acceptance for active management is particularly sparse. Although not specific to the Cross-Timbers, Ref. [42] conducted research to understand public views about prescribed fire as a management tool. The study findings suggested that liability related concerns were the major reason for lack of enthusiasm for using prescribed fire among Oklahoma residents. Recent social science research found that the general public in the southern Great Plains of the United States, including the Cross-Timbers region, generally prefer mosaic landscapes created through the interaction of fire and grazing [43]. Despite interest in active management, risk and liability issues become major impediments for conducting prescribed burns in this region [44]. While these studies provide some insights into landowner behaviors and socio-economic challenges, the primary focus of the work was geared toward grassland restoration in the Cross-Timbers region.



In recent years, some efforts have been made to understand how stakeholders view management interventions involving the combination of prescribed fire, thinning, and herbicide use in the forested region of the Cross-Timbers [7]. The authors found that the presence of healthy and resilient forests in the region is likely to motivate landowners and other stakeholders to adopt active management practices because they were thought to result in the best opportunities to generate revenues [7]. However, stakeholders thought that the financial burden associated with the practices and the threats related to the risk of escaped fire were a concern for successful implementation of such practices. With a similar line of inquiry, Ref. [15] identified how stakeholders think about potential markets that may bring employment and other income generation activities to the Cross-Timbers. The authors found that abundant natural resources and associated ecosystem services may provide opportunities for non-traditional markets in the region. Possibilities for alternative markets are yet to be fully explored and the lower quality resources and lack of enthusiasm among investors are obstacles to this effort.





5. Potential Pathways


There are several socio-economic impediments to successful implementation of active forest management. As outlined in the Oklahoma Forest Action Plan, land use parcelization in the Cross-Timbers has created more ownerships with smaller landholdings. As a result, forest management is likely expensive to conduct in smaller forested parcels due to diseconomies of scale. Also, there is not a strong market given the generally low value of post oak and blackjack oak and long distance to manufacturing facilities. Therefore, owners may need to accept the risk and costs of prescribed fire and the expense of non-commercial thinning to restore forest structure and improve ecosystem services.



Areas of the Cross-Timbers that currently still reflect the ‘historical’ condition, i.e., savanna and woodland dominated by post oak and the blackjack oak with a diverse and abundant understory, can be maintained by prescribed fire. Combining thinning and prescribed fire can convert the ‘current’ condition, i.e., closed-canopy forest with a midstory dominated by eastern redcedar and mesic hardwoods, back to the ‘historical’ condition. This may improve ecosystem services related to wildlife habitat for species such as deer, turkey, and quail, improve water yield to streams, improve grazing conditions for livestock, and lower the risk of wildfire (Figure A2). However, there are management scenarios that would result in novel forest conditions.



Reinstatement of prescribed fire without thinning (Pathway 1, Figure A2) will reduce the midstory and eventually eliminate many of the mesic hardwood stems. Larger, existing eastern redcedar will likely persist because eastern redcedar stems taller than 3 m typically survive prescribed fire [45] and the fuel condition underneath larger eastern redcedar stems is dominated by duff rather than fine fuels that readily burn. This burning-only management will improve some ecosystem services by increasing the understory abundance and diversity, but the most likely outcome will be a closed-canopy forest consisting of oak and eastern redcedar. The largest impediment to this management regime is the reluctance of landowners to employ prescribed burning due to social factors or liability concerns. In addition, the ecological effects of reintroducing prescribed fire to these systems and the best timing and weather conditions for burning to best achieve desired results is uncertain.



Thinning without using prescribed fire will increase understory productivity in the short term which will cause a transient increase for several desired ecosystem services (Pathway 2, Figure A2). The lack of fire will likely increase the future dominance of eastern redcedar and mesic hardwoods as they comprise the majority of midstory and understory stems [11]. The largest impediment to this management pathway is the lack of markets for harvested stems. Likewise, the ecological response of this management pathway is not certain and may result in undesirable long term responses, i.e., greater redcedar dominance. Additionally, the best specific practices to use for thinning Cross-Timbers stands are not certain.



Regeneration of the Cross-Timbers can be accomplished using techniques such as shelterwood which is successfully used in oak forests in other regions (Pathway 3, Figure A2). However, prescribed fire needs to be incorporated in the management to restore the historical structure. Without including prescribed fire, the ultimate condition will likely resemble the ‘current’ condition or even one with increased dominance by mesic hardwoods. Because eastern redcedar does not stump sprout and is considered shade-intolerant, its ability to reestablish after a shelterwood might be reduced depending on how quickly a closed-canopy develops. Impediments for this management pathway include social and liability issues related to prescribed fire, lack of markets, and lack of a complete understanding related to regeneration dynamics of post oak and blackjack oak in the Cross-Timbers region.




6. Future Research Direction


Given the disruption of historical ecosystem services in the Cross-Timbers and the relatively sparse research to guide management and restoration of these services, there are a number of important research needs that should be pursued.



6.1. Ecological Needs


While ecological research in the Cross-Timbers is relatively abundant compared to research focused on the management and social aspects, additional ecological research is needed on more disturbed, higher productivity areas to better understand the functioning of the majority of lands in the Cross-Timbers. Changes in species composition and forest structure need to be better understood in the context of wildlife habitat, biodiversity, wildfire risk, and water yield. Understanding of productivity and its relationship to site factors is needed to quantify woody biomass production and carbon sequestration. Fortunately, the United States Forest Service is nearing completion of the first round of measurement for their Forest Inventory and Analysis in the Cross-Timbers region of Oklahoma and Texas which will lead to a better understanding of forest composition, structure, and stocking. Given the indications that blackjack oak is declining, research into the extent of decline and its causes are needed should we want to maintain or restore the traditional composition of the Cross-Timbers. Given that the Cross-Timbers is currently in a transition state due to exclusion of the historical surface fire regime, understanding the current trajectory of succession and vegetation recovery from future disturbances such as wildfire and severe drought is needed.




6.2. Management Related Needs


Previous studies provide guidance related to herbicides and prescribed burning to improve wildlife habitat by enhancing understory vegetation and forage productivity. However, no research to our knowledge has focused on purposefully regenerating the oak component which could provide benefits of woody biomass harvest, improved wildlife habitat for forest and woodland species, increased water yield and quality, and reduced risk of wildfire. While previous information on oak regeneration into naturally formed gaps [31,46] is instructive regarding the possible initial response to a shelterwood, the suddenness of gap formation with tree harvesting as well as the response of an understory composed of oak, eastern redcedar, and mesic hardwoods typical of private lands is not known. Research on the silviculture of oak ecosystems in the eastern United States is expansive and, in many ways, pertinent to the Cross-Timbers forest. However, the lower precipitation and more marginal conditions within the Cross-Timbers present additional obstacles for their unmodified adoption. Managers likely need to consider that regeneration from seed is less frequent and the lower overall productivity when adapting practices from other regions.



Given the increase in eastern redcedar and mesic hardwoods, an understanding of how thinning, gap creation, and general canopy disturbance affect the release of these species, as well their competitive interactions with oaks, is needed. A better understanding of the application of prescribed fire in the Cross-Timbers to achieve desired objectives is needed as in many cases the current and likely future forest conditions have no previous analog. Finally, while average productivity of the Cross-Timbers forests is often lower than further east, there is large variation in the Cross-Timbers region with some areas being extremely productive [6]. No research to our knowledge has adequately determined site factors related to high productivity which aid identification of areas that might serve as non-competing hot spots for traditional and non-traditional forest products.




6.3. Social Science Related Needs


Although some efforts have been made to understand the broader economic prosperity and environmental conservation in the Cross-Timbers, minimal efforts have been made to understand the value of cultural ecosystem services (e.g., recreation, hunting, and cultural values). In addition, little has been done to know whether landowners would engage in management activities to restore or improve ecosystem services. As family forest landowners own a majority of the Cross-Timbers, it is imperative to understand their perceptions. Therefore, future research that aims to understand landowner perceptions and willingness to accept (WTA) for management practices is essential.



As management for ecosystem services is based on a holistic management approach that integrates natural and socio-ecological processes [47], it is crucial to understand the cumulative impact of both processes. To this end, an agent based modelling (ABM) research approach can integrate how physical processes and social events can influence the land management decisions in the Cross-Timbers [48]. In addition, ABM tools can simulate both processes over a defined time horizon in the future [48]. In particular, integrating stakeholder perceptions of better management of the Cross-Timbers with the information on tree growth, market opportunities, and watershed management, among others, can provide a complete picture of the future state of the Cross-Timbers.



Finally, research efforts may not result in best practices unless they are linked with outreach and extension. While some outreach outlets in the form of fact sheets, reports, workshops, or demonstrations are available, a targeted strategy is suggested to serve landowners with diverse interests and motivations. As [49] highlighted, given the diversity in opinions and management objectives, a one size fits all formula is not effective in landowner education. Rather, targeted programs need to be designed for each subset of landowners having similar opinions and management objectives. As such, more market oriented research is needed.





7. Conclusions


In this review study, we used a systematic approach to document existing research that highlights the historical significance of the Cross-Timbers and that passive management has led to the loss of traditional ecosystem services associated with these forests. Our synthesis suggests that while management of the Cross-Timbers has been a topic of contemporary research, the focus has been biased towards public lands, lower productivity sites, and those with areas of special interest. Given that Cross-Timbers forests are highly variable in terms of productivity, further research is needed to address management challenges and bottlenecks in the productive areas that may provide a variety of provisioning ecosystem services. Given the lack of current research focus, further investigation on social acceptability, stakeholder perceptions, and willingness to pay is warranted to facilitate management that often comes at a cost to landowners.
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Figure A1. Study area showing distribution of Cross-Timbers oak forests and woodlands, and locations of major metropolitan areas. 
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Figure A2. A conceptual framework showing historical and current state of active management and the possible future pathways. 
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