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Abstract:



We propose a conceptual framework for the development of closed canopy oak (Quercus) stands that incorporates the influence of intermediate-severity canopy disturbance events, provides for the possibility of multiple developmental pathways, and does not narrowly define an endpoint given the stochastic nature of natural disturbances. The proposed model differs from the current oak stand development model in three primary ways. First, our proposed model acknowledges more than one mixed stage of development after an intermediate-severity disturbance based on the pre-disturbance condition and disturbance agent. Second, we suggest that these discrete mixed stages may progress in their development along different pathways and stands may be structurally dissimilar when they reach the complex stage. Third, we contend that the complex stage of development in oak stands is not usually achieved in the absence of the mixed stage because the return interval of these events is shorter than the period required for oak stands to reach the complex developmental stage via gap-phase processes alone. Our proposed framework for oak stand development should aid decision making in oak-dominated systems.
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1. Introduction


The ability to forecast stand growth and development is critical in forest management as some degree of predictability is required for decision making [1]. Thus, stand development models provide a basis for long-term forest planning. Oliver and Larson [2] provided a process-based model of growth and development for even-aged stands following catastrophic disturbance. In this model, stand development is divided into four discrete phases based primarily on competition for growing space. Listed sequentially, these are stand initiation, stem exclusion, understory reinitiation, and complex stages of development. Each phase exhibits unique stand structures and marks a discrete period in the development of the stand. The Oliver and Larson [2] model established the relationships between canopy disturbance events and the progression of stands along the developmental pathway from one stage to the next. Based on the Oliver and Larson [2] model of stand development, Johnson et al. [3,4] established a conceptual model for the development of oak (Quercus) stands (Figure 1). Johnson et al. [4] categorized canopy disturbances based on spatial extent, severity, and frequency, and disturbance events were broadly grouped as stand initiating (i.e., catastrophic), incomplete stand-scale (i.e., intermediate-severity events too localized to be classed as stand initiating and too large to be classed as gap scale), or gap scale (i.e., localized). Unlike the Oliver and Larson [2] model, the oak development model includes a mixed stage of development following intermediate-severity disturbances. Johnson et al. [4] noted that oak stands in the mixed developmental stage are ubiquitous because the events that create them are so common. Our purpose is to elaborate upon the importance of intermediate-severity disturbances and the resultant mixed stage of oak stand development, which are poorly understood and we contend underappreciated.


Figure 1. Model of oak stand development adapted from Johnson et al. [4] illustrating forest disturbances and their relation to stages of stand development and disturbance-recovery rates.
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2. Background on Disturbance and Development in Oak Stands


In the oak stand development model, a catastrophic disturbance regenerates a new stand and so begins the stand initiation stage of development. In this developmental phase, stem density is high and thus, competition-induced mortality is common [5]. The trees that are able to overtop competitors (i.e., the winners) will eventually stratify to form a true canopy and crown closure marks the beginning of the stem exclusion stage of development. During the stem exclusion phase, competition-induced mortality remains high. The death of canopy trees during this stage results in relatively small gaps and freed growing space is rapidly captured by adjacent trees. By age 40 years the loss of these canopy trees is sufficient to result in increased rates of crown extension, height, and radial growth [6,7]. The recruitment of seedlings to sapling and small tree size classes marks the onset of the understory reinitiation stage of development. In oak stands, these understory stems are typically comprised of more shade-tolerant species [8,9,10]. With stand age, the size of canopy gaps created by a fallen tree increases and the ability of neighboring trees to close gaps decreases [5], but during the understory reinitiation phase, the gaps are still of the size that they most often close by lateral branch extension rather than subcanopy height growth [11,12,13,14]. The period in stand development when most gaps are sufficiently large so that they fill by subcanopy recruitment rather than lateral crown expansion marks the beginning of the complex developmental stage. At this stage, oak stands should exhibit structural characteristics that are typically used to define old-growth conditions. Some authors have proposed multiple old-growth stages for some forest cover types [15], but the current oak model recognizes a single complex stage.



In the current oak development model, the large gaps that characterize structure of the complex stage result from the gap-scale disturbance processes that occur continuously throughout prior stages of development. Although gaps in older stands occur less frequently than in earlier stages of development, because older stands contain fewer individuals and have reduced competition and mortality rates [5], the gaps in complex stage stands are relatively large. These gaps take long periods to close, which increases the probability of a new individual recruiting to the canopy [12,16,17,18]. In the current oak stand development model, the structural changes with maturity are driven by these gap-scale disturbance events in the absence of larger exogenous disturbances. Johnson et al. [4] posit that stand initiation commences following a catastrophic disturbance and development progresses from one stage to the next via gap-scale disturbances, but a disturbance of the intermediate scale alters development to the mixed stage. The model does not discern different mixed stages based on the stage of development at the time of the intermediate-severity disturbance or specific intermediate-severity disturbance agents. Once the mixed stage is created by an intermediate-severity disturbance, the stands may then continue progression along a pathway driven by more localized disturbances until the complex stage is reached, a catastrophic disturbance regenerates the stand, or development is altered by a subsequent intermediate-severity event.



We propose a revised conceptual model of oak stand development driven by canopy disturbance events (Figure 2). Our goal is to build on the concepts provided by prior authors using the Johnson et al. [4] framework as an archetype. Our revised model of oak stand development differs from the existing model in three fundamental ways. First, our proposed model acknowledges more than one mixed stage of development (i.e., a broad range of structural conditions) after an intermediate-severity disturbance based on the pre-disturbance condition (i.e., the stage of development) and disturbance agent. Second, we suggest that these discrete mixed stages may progress in their development along different pathways and may be structurally dissimilar when they reach the complex stage (i.e., they do not necessarily converge). Third, we contend that the complex stage of development is not usually achieved in the absence of the mixed stage. Below we provide our basis for these modifications and summarize our revised model of oak stand development. Based on the variability inherent in oak-dominated systems across the temperate zone, we present a conceptual framework rather than a mathematically derived classification scheme for understanding developmental pathways of oak stands. We note that our conceptual framework is appropriate for closed canopy oak stands (i.e., forests and woodlands) and may not be an appropriate framework for the development of oak stands with perpetual open canopies (i.e., oak savannas).


Figure 2. Conceptual model of oak stand development shaped by canopy disturbance events. Light gray lines indicate the developmental pathway driven by gap-scale disturbances, medium gray lines by intermediate-severity disturbances, and black lines by catastrophic disturbances. Note the variability of residual stand structures after intermediate-severity disturbance events is depicted to vary left to right from uniform to aggregated to linear patterns of tree mortality based on disturbance agent. The mixed stage is also depicted to vary top to bottom based on pre-disturbance condition (MSE: mixed stage from stem exclusion, MUR: mixed stage from understory reinitiation, and MCS: mixed stage from complex stage). Likewise, a wide range of structural conditions is depicted in the complex stage based on disturbance history.
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3. Conceptual Model of Oak Stand Development


3.1. Multiple Mixed Stages


The current model of oak stand development only recognizes a single mixed stage following an intermediate-severity disturbance, regardless of the stage of development at the time of the event or disturbance agent. The response of a stand to a disturbance event is controlled in part by the pre-disturbance stand condition. Elements of stand structure, such as stem density, canopy tree height, quadratic mean diameter, crown volume, and the vertical distribution of foliage, differ between the stem exclusion and understory reinitiation stages of development. Therefore, it follows that the same intermediate-severity disturbance event would impact oak stands of these two stages of development differently (i.e., the same wind event would result in different structures based on the initial structural condition). For example, larger trees are more likely to be killed by strong wind events relative to smaller trees [19,20,21,22,23]. The mortality of these larger trees would result in larger canopy gaps and larger inputs of coarse woody debris. Characteristics of the disturbance may be driven by pre-disturbance structure. More work is needed to quantify the effects of intermediate-severity disturbances on oak stands at different stages of development, but it serves to reason that stands in the stem exclusion and understory reinitiation stages would not structurally resemble each other after an intermediate-severity disturbance event. We contend that intermediate-severity disturbances do not homogenize residual structures of stands that exhibit different pre-disturbance conditions. Therefore, our revised model of oak stand development recognizes a broad range of mixed stages based on the stage of development at the time of the disturbance event.



Examples of natural intermediate-severity disturbance agents include low intensity tornadoes, ice storms, floods, mixed severity fires, insect outbreaks, and pathogens (Table 1). By definition, intermediate-scale disturbances are those greater in extent than gap-scale events, but not stand replacing. Thus, the range of disturbance events that may be classed as intermediate severity is considerably greater than the range of gap-scale and stand replacing events. This inherent variability in biological legacies, which represent the effects of prior disturbances [24,25], from intermediate-severity events makes forecasting the developmental pathway difficult and complicates model development. For example, two different intermediate-severity disturbance events may leave the same residual basal area in a stand, but the size, number, and spatial distribution of residual trees may be considerably different (note the range of mixed stage conditions depicted in Figure 2 with uniform, aggregated, and linear patterns of disturbance). A species-specific insect outbreak may remove trees singly or in small groups beyond the background mortality rate from throughout a stand (canopy gaps formed beyond the background rate would be an intermediate-severity event), whereas a low intensity tornado may remove most all trees in a linear swath, but leave the majority of the stand undisturbed [23,26,27].



Table 1. Examples of studies that have examined intermediate-severity disturbances from a variety of disturbance agents in oak-dominated stands.







	
Disturbance agent

	
Location

	
Dominant species

	
Citation






	
Drought

	
North Carolina, USA

	
Mixed oak

	
[28]




	
Flood

	
Illinois, USA

	
Mixed oak

	
[29]




	
Flood

	
Tochigi Prefecture, Japan

	
Mongolian oak (Q. mongolica)

	
[30]




	
Ice storm

	
Connecticut, USA

	
Northern red oak (Q. rubra)

	
[31]




	
Ice storm

	
Missouri, USA

	
White oak (Q. alba), northern red oak

	
[32]




	
Ice storm

	
Ohio, USA

	
Mixed oak, hickory (Carya spp.), tulip-poplar

	
[33]




	
Ice storm

	
Virginia, USA

	
Chestnut oak (Q. prinus)

	
[34]




	
Ice storm

	
Virginia, USA

	
Chestnut oak, white oak, scarlet oak (Q. coccinea)

	
[35]




	
Ice storm

	
Virginia, USA

	
Mixed oak

	
[36]




	
Insect outbreak

	
Pennsylvania, USA

	
Mixed oak

	
[37]




	
Mixed severity fire

	
Algarve District, Portugal

	
Cork oak (Q. suber)

	
[38]




	
Mixed severity fire

	
California, USA

	
California black oak (Q. kelloggii)

	
[39]




	
Mixed severity fire

	
Indiana, USA

	
Black oak (Q. velutina)

	
[40]




	
Pathogen

	
North Carolina, USA

	
Northern red oak

	
[41]




	
Pathogen

	
North Carolina, USA

	
Mixed oak

	
[42]




	
Pathogen

	
Tennessee, USA

	
White oak, tulip-poplar

	
[26]




	
Pathogen

	
Virginia, USA

	
Chestnut oak, northern red oak, white oak

	
[43]




	
Pathogen

	
Yamagata Prefecture, Japan

	
Mongolian oak

	
[44]




	
Wind event

	
Alabama, USA

	
Mixed oak, hickory

	
[45]




	
Wind event

	
Alabama, USA

	
White oak

	
[23]




	
Wind event

	
Illinois, USA

	
Mixed oak

	
[46]




	
Wind event

	
Jeju-do Province, South Korea

	
Mongolian oak

	
[47]




	
Wind event

	
Missouri, USA

	
Mixed oak, overcup oak (Q. lyrata)

	
[20]




	
Wind event

	
North Carolina, USA

	
Scarlet oak, chestnut oak, black oak

	
[48]




	
Wind event

	
Oklahoma, USA

	
Blackjack oak (Q. marilandica), post oak (Q. stellata)

	
[49]










Based on pre-disturbance condition and disturbance agent, resultant structures from intermediate-severity disturbances may vary widely, not only horizontally, but also vertically. Impacts of an intermediate-severity disturbance in stem exclusion stage stands, with a single stratum, may substantially differ from the impacts of understory reinitiation or complex stage stands, which have two or more vertical strata. Tree crowns have not differentiated in stem exclusion stands and thus, these stands may not contain individuals that are more or less likely to be removed by intermediate-severity disturbances because of tree traits. However, in multi-strata stands larger trees in dominant positions may be more susceptible to windthrow or damage from glaze accumulation and small trees may be more susceptible to some fire events.



We emphasize that the mixed stage should not be confused with the complex stage of development. Mixed stage stands may contain a single age class of canopy trees and may not contain large trees at wide spacings that characterize older, complex stage stands. Although an intermediate-severity disturbance may enhance structural complexity, these events do not by themselves create the structures epitomized by stands in the complex stage. In this respect, our proposed model does not differ from Johnson et al. [4].




3.2. Development of Mixed Stage Stands


Based on the current model of oak development, in the absence of additional exogenous disturbance, stands in the mixed stage would transition to the complex stage via gap-scale processes. As the impacts of intermediate-severity disturbances would be different based on stage of development, so should the responses of the stands. The stem exclusion phase, for example, lacks advanced reproduction to take advantage of new growing space, the smaller and younger canopy trees during this phase may sprout more prolifically, and the residual canopy trees may respond more vigorously relative to later stages of development [50,51,52,53]. Additionally, if the intermediate-severity event resulted in uniform mortality (i.e., trees killed individually rather than in groups), the openings formed by the loss of canopy trees in the stem exclusion phase may be smaller and the vigorous perimeter trees may close the voids relatively quickly. Although these openings may provide a mechanism for seeds to germinate and perhaps for seedlings to establish, the probability of canopy accession by one of these new germinates would be relatively low. Depending on the severity of the intermediate-severity event, the developmental pathway of an impacted stem exclusion stage stand may result in a mixed stage stand that subsequently progresses to either the understory reinitiation stage or the complex stage of development. For example, if the intermediate-severity event consisted of gap-scale disturbances created beyond the background rate, the stands would enter the mixed stage. This phase may be short-lived however as the disturbance may provide for the establishment of advanced reproduction. As an understory layer develops and canopy openings close, the stand would shift to the understory reinitiation stage, but material and information legacies would remain in the system [24,25]. In this example, the duration of the mixed stage may be influenced by a variety of factors including the sprouting potential of killed trees, seed production of residual trees, and the suitability of the seedbed for germination and stem establishment. In contrast to the above scenario, canopy openings created by an intermediate-severity disturbance with a uniform mortality pattern during the understory reinitiation phase would be larger, as gap size is influenced by canopy tree size. Advanced reproduction would exist during the understory reinitiation stage of development and thus, the probability of gap capture by a sub-canopy tree would be much higher relative to the same event during the stem exclusion phase [12,17]. Understory reinitiation stage stands impacted by an intermediate-severity event would enter the mixed stage and in the absence of another incomplete stand-scale disturbance would progress to the complex stage. Thus, oak stand development may not be linear and deterministic. Multiple developmental pathways may exist, and these pathways may be more web-like than linear.



The spatial pattern of the intermediate-severity disturbance, resulting from different disturbance agents, may be a strong influence on subsequent development. Intermediate-severity events that remove trees uniformly throughout a stand cause a transition to the mixed stage, but this stage may be ephemeral. Such events may ultimately accelerate development to later stages. Intermediate-severity disturbances that result in clustered mortality patterns (patch or linear mortality) may allow for the establishment of a new age class. These openings would be larger and thus exist for longer periods, which increases the probability of canopy accession by new germinates or advanced regeneration. The spatial pattern of canopy disturbance may influence the scale of structural heterogeneity of the affected stand. A uniform disturbance may create fine-scale heterogeneity, whereas patch or linear mortality would exhibit structural complexity at a broader scale. The spatial configuration of dead canopy trees and the sizes of the canopy openings are strong influences on subsequent development.



The structural characteristics of stands in the complex stage may reflect their unique disturbance histories (i.e., ecological memory) and may be dissimilar to stands that were impacted by an intermediate-severity disturbance at another point during their development or a different intermediate-severity disturbance agent (note the range of complex stage conditions depicted in Figure 2). The different effects on stand structure and responses to an intermediate-severity disturbance based on pre-disturbance condition and disturbance agent, may in part explain why even simple structural measures, such as stem density, basal area, quadratic mean diameter, and q-factor, vary so widely even in stands with similar species composition and in the same biophysical region [54,55]. Additionally, complex stage stands may be impacted by intermediate-severity disturbance and enter the mixed stage of development. Intermediate-severity disturbances in complex stage stands would result in an increased land fraction in high light environments, and may result in a reduced number of large canopy trees that epitomize the complex phase as these individuals may be more susceptible to some exogenous canopy disturbance agents relative to smaller sized stems.




3.3. Intermediate-Severity Disturbance Frequency


We contend that the complex stage of development is not usually reached in the absence of the mixed stage. This hypothesis underscores why it is important to acknowledge that a range of mixed stages can occur based on pre-disturbance condition and disturbance agent, and that mixed stage stands may progress along different developmental pathways. We do not suggest that an intermediate-severity disturbance is essential to achieve a structurally complex oak stand or initiate some essential function, but rather the return interval of intermediate-severity disturbances in oak stands is shorter than the period required for stands to reach the complex developmental phase via gap-scale disturbance alone. Theoretically, an oak stand could reach the complex stage via gap-scale disturbances only but in reality, this does not often occur based on the return interval of intermediate-severity events. Disturbance history reconstructions using tree-ring records and forest inventory data have been conducted in some oak stands of the eastern USA. The studies have shown that the return interval of disturbance events that removed trees from at least 25% of the stand was typically 20–50 years [6,26,56,57,58,59,60,61]. Disturbances of this spatial extent and severity would be classified as intermediate-scale events. Collectively, such disturbances are relatively common in the temperate zone. For example, over 1250 tornadoes occur in the USA annually [62] and over 13,500 instances of damaging winds (wind speeds ≥ 80 kph) were reported in the USA in 2016 alone [63]. For some oak-dominated sites the return interval of ice storms may be as short as 20 years [58,64]. Thus, we posit most all oak stands pass through the mixed stage of development at least once prior to reaching the complex stage.





4. Implementation and Management Implications


Quantitative stand structural measures for pre- and post-intermediate-severity disturbance are needed to test this conceptual model of development. Specifically, data for stand basal area, tree density, diameter structure, horizontal patterns of live and dead stems, vertical distribution of tree crowns, and canopy openness are required to test the efficacy of the proposed conceptual framework [15]. With additional quantitative data, it may be possible to subdivide the broad mixed stage we propose into discrete categories and to provide developmental pathways for each. Information on long-term disturbance history from retrospective studies or permanent monitoring plots is also needed to provide more information on the return interval of disturbances across different severities. Pre- and post-disturbance stand structural data and disturbance history reconstructions are available for some oak-dominated stands, but the sample size is insufficient because of the variability of stand conditions in oak-dominated systems of the temperate zone. Disturbance response in oak stands may differ depending on co-occurring taxa. For example, stands with abundant shade-tolerant species, such as red maple (Acer rubrum), may respond differently than those where shade-intolerant species, such as tulip-poplar (Liriodendron tulipifera) often colonize disturbed environments. With a larger dataset, it would be possible to develop a dichotomous key based on simple stand structural measures (e.g. basal area by tree size classes) to classify stands to the stage of development [15]. Such a model may have to be adjusted to accommodate oak stands on extremely high productivity and low productivity sites.



Our conceptual model highlights the wide range of potential stand structures that may occur naturally because of canopy disturbance in oak-dominated systems. These structures may be used to guide management targets and actions. It is also important for managers to understand how stands might respond to natural or anthropogenic intermediate-severity disturbances and how development might proceed following such events. Our conceptual framework provides managers with a more comprehensive understanding of stand developmental pathways and disturbance events, which should prove especially useful for those that wish to develop silvicutural systems based on natural disturbance processes and developmental patterns. Most oak stands in the eastern USA are managed in an even-aged system that treats entire stands uniformly. Managers that desire to follow a natural disturbance-based silviculture approach, in attempt to enhance native forest diversity, maintain ecosystem functions, and promote resiliency to future perturbations, might consider applying even-aged treatments in groups rather than evenly through a stand. The group opening sizes and shapes could be based upon those that result from natural intermediate-severity disturbance events. The return interval of stand entries may be based upon the return interval of natural intermediate-severity disturbances. Reserve trees in the group openings could be retained at variable densities. Such a system would promote intra-stand heterogeneity and result in two or more age classes at the stand-scale. An example would be a system that uses group shelterwoods with reserves with successive harvest entries timed at 20–50 year intervals. Such a system would entail relatively frequent entries, but would also allow for a wide range of potential stand structures to achieve a wide range of management objectives.




5. Conclusions


We hypothesize that oak stand development is not necessarily deterministic and linear, but may follow multiple pathways. Our conceptual framework of oak stand development incorporates the influence of intermediate-severity disturbance events, outlines the possibility of multiple pathways, and does not narrowly define an endpoint given the stochastic nature of natural disturbances. Our model differs from the current oak stand development model in three primary ways. First, our proposed model acknowledges more than one mixed stage of development after an intermediate-severity disturbance based on the pre-disturbance condition and disturbance agent. Second, we suggest that these discrete mixed stages may progress in their development along different pathways and may be structurally dissimilar when they reach the complex stage. Thus, the mixed and complex stages are relatively broad classes as they may represent a wide range of structural conditions. Third, we contend that the complex stage of development is not typically achieved in the absence of the mixed stage, not because intermediate-severity disturbances are essential, but rather because the return interval of such events is shorter than the period required for oak stands to reach the complex developmental phase via gap-scale disturbance alone. Our proposed model illustrates that oak stands progress from one stage to the next via gap-scale disturbance processes, but superimposed over this background disturbance regime are intermediate-severity disturbances that alter, temporarily or permanently, the developmental pathway. Catastrophic disturbances at any point during development reset the system to the stand initiation stage of development. Intermediate-severity disturbances play important roles in the development of temperate oak stands. These stochastic events make stand developmental pathways complex, and acknowledging that oak stand development may have a web-like nature with multiple pathways should improve our ability to manage the oak resource.
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