Post-fire Survival of Mature Western Conifers

By Chad Hanson

Introduction


The relationship between crown scorch from wildland fire and delayed mortality among conifer species in the western United States has become an important issue to land managers attempting to predict future fuel loads.  Recently, disparate protocols have been adopted by the United States Forest Service (USFS) to predict which conifers have a high probability of dying from their fire-related injuries, generally within 1-3 years post-fire.  For example, USFS Region 1 (Montana) and Region 6 (Oregon and Washington) have tended to apply a rule by which conifers can be considered to be “dead” for the purposes of salvage logging if they have 90% or greater crown volume scorch
 for ponderosa pine, and 80% or greater crown volume scorch for other species.  USFS Region 5 (California) recently applied a rule which categorizes all conifer species as dead if they have 65% or greater linear crown scorch
.  The rule was represented as being 80-90% accurate in predicting delayed mortality.  This paper will examine the evidence in the existing published, peer-reviewed scientific literature to determine whether the Region 1/Region 6 rule (hereafter “Rule 1”) and the Region 5 rule (hereafter “Rule 2”) are likely to predict post-fire conifer mortality with 80-90% accuracy.  

The Effect of Size


Perhaps the most notable aspect of both rules is that they apply equally to conifers of all sizes.  This raises an important question: for post-fire rates of conifer survival, does tree size matter?  The research indicates that it does.  One study of prescribed fire effects conducted in Sequoia National Park developed logistic regression models which accurately predicted approximately 85% survival of ponderosa pine (Pinus ponderosa Laws.) 50 cm in diameter at breast height (dbh) in size with 65% crown volume scorch, compared to 65% survival of ponderosa pine 25 cm dbh and 50% survival of 10 cm dbh trees at the same level of crown scorch (Stephens and Finney 2002).  The study, which recorded survival rates of trees over three years post-fire, found similar effects of tree size for white fir (Abies concolor [Gord. and Glend.] Lindl.) and incense-cedar (Calocedrus decurrens [Torr.] Floren.).  The authors, Stephens and Finney (2002), noted that the thicker bark of larger trees provides some protection against cambium injury during fire (trees 50 cm dbh were the largest size class studied). 

Rule 1 described above performs poorly according to these results (see Attachment A).  For trees 50 cm dbh , 55% of ponderosa pine survived 90% crown volume scorch, 85-90% of incense-cedar survived 80% crown volume scorch, and 45% of white fir survived 80% crown volume scorch (Stephens and Finney 2002, Figs. 1-3).  Approximately 40% of sugar pine (Pinus lambertiana Dougl.) 50 cm dbh survived 80% crown scorch.  

Rule 2 described above also performs poorly under these results, though exact comparisons between linear crown scorch and crown volume scorch are difficult, and published data is unavailable on the subject.  If the crowns of all conifers were conical in shape, then 65% linear crown scorch might equate to roughly 80-85% crown volume scorch.  However, though immature conifers are more likely to have conical crowns, mature and old growth conifers typically have crowns with irregular shapes.  Often, the top half of the crown will have equal or greater volume of foliage as the bottom half of the crown, in my experience in Sierra Nevada mixed conifer and red fir forests.  In such cases, 65% linear crown scorch might equate to 60-70% crown volume scorch, or less.  Either way, Rule 2 fails to accurately predict conifer mortality for trees 50 cm dbh, given the data described above. 

No published studies have been completed which explicitly investigate the relationship between crown scorch and mortality in large (>50 cm dbh) Sierran conifers.  Indeed, research on crown scorch and mortality of large conifers is sparse in all regions of the western U.S.  However, some data do exist.  For example, Ryan and Reinhardt (1988) developed a model for seven western conifers which predicted post-fire conifer mortality with 80-90% accuracy using percent crown volume scorched and bark thickness as variables (see Attachment B).  For conifers with bark thickness of 5 cm and 80% crown scorch, approximately 55% are expected to survive long-term (Ryan and Reinhardt 1988, Fig. 2).  Bark thickness of 5 cm corresponds to trees roughly 50-75 cm dbh for most conifer species, based upon my observations.  The effect of bark thickness greater than 5 cm was not included in the results.  Trees with thinner bark, corresponding to smaller trees, had significantly lower survival rates, given equal levels of crown scorch (Ryan and Reinhardt 1988).

Similarly, Peterson and Ryan (1986) found that, when the probability of cambium injury was low (as with large, thick-barked trees), most conifers are expected to survive 80% or greater crown volume scorch.  For example, approximately 50% of conifers with 90% crown volume scorch and no cambium damage are expected to survive long-term under the model (Peterson and Ryan 1986, Fig. 5).  For very small and thin-barked conifers with high probability of cambium injury from fire, most trees could be expected to die even with moderate levels of crown scorch.  The model predicts, for instance, 50% mortality for trees with 75% cambial kill and 25% crown scorch, and 50% mortality for trees with 50% cambial kill and 50% crown scorch (Peterson and Ryan 1986, Fig. 5).  In over 3,000 cambial samples taken from trees after a fire in light logging slash, less than 5% of the samples were killed when trees had bark >4 cm thick.  Clearly, bark thickness, and therefore tree size, plays a strong role in determining post-fire survival. 

Ryan et al (1988) also found a strong positive relationship between tree diameter and post-fire survival.  Douglas-fir (Pseudotsuga menziesii [Mirb.] Franco) 20 cm dbh with just 50% of pre-fire crown volume scorched were found to have mortality rates of 70%, while Douglas-fir 40 cm dbh with 50% of pre-fire crown volume scorched experienced only 30% mortality (Ryan et al 1988, Fig. 1).     

Van Mantgem et al (2003), on the other hand, did not find that increased diameter had a significant role with respect to post-fire survival rates of white fir in the Sierra Nevada, though this may have been a result of low sample size of large trees in each bin.  

Overall, crown scorch appears to be the strongest predictor of post-fire conifer mortality, though many other factors may have significant combined effects, including bark thickness, root damage, duration of smoldering combustion at tree base, pre-fire radial growth rates, drought, bark beetles, and air pollution (Ryan 1988, Stephens and Finney 2002, van Mantgem et al 2003).  One study, however, found that percent cambial kill was a more powerful predictor of delayed mortality than crown scorch (Ryan et al 1988).  However, determining percent cambial kill requires time-consuming and destructive sampling and is not as easy to apply in the field as percent crown scorch and diameter (Ryan et al 1988).  Therefore, models based upon crown scorch and diameter are likely to be of most use to land managers.   

The Effect of Season


An equally significant source of error in Rules 1 and 2 is that they do not take into account seasonality of burns.  It has been well documented that higher conifer survival rates occur with late-season fire.  In spring or early summer, buds are not yet well developed and are more vulnerable to damage, whereas by late summer and fall buds are “set” and are much more resistant to crown scorch (Peterson and Ryan 1986, Swezy and Agee 1991).  A study on ponderosa pine in southwestern Colorado, for example, found 46% survival at 90-99% crown scorch in spring fire, 58% survival at 90-99% crown scorch in summer fires, and 87% survival at  this level of crown scorch in fall fire (Harrington 1987).  Even at 100% crown scorch, 61% survival was found in fall fire, compared to 0% survival at 100% crown scorch in spring fire.  However, the study was limited to relatively small trees.  It may be that large ponderosas would have even higher survival rates, though the effects of size were largely controlled in this study by excluding trees with deep bole char in order to eliminate the additive effects of cambial damage from the results.   


This striking seasonal difference in mortality rates is particularly important in the Sierra Nevada, were most of the large fires occur in late summer, and may burn into early fall.  For example, the Star fire (17,000 acres) began on private lands and then burned into the Eldorado and Tahoe National Forests in August and September of 2001.  The Storrie fire (approximately 56,000 acres) burned on the Plumas and Lassen National Forests is August and September of 2000.  The McNally fire (150,000 acres) occurred in July and August of 2002 primarily on the Sequoia National Forest.  Several fires in 2003 in Yosemite National Park and Sequoia/Kings Canyon National Park burned well into October.  

Not All Species Are Alike


The third major source of error, particularly with respect to Rule 2, is the failure to distinguish between different conifer species.  A single crown scorch threshold (65%) is used to predict mortality in all conifer species.  Yet the research indicates significant differences in survival rates between species, given equal levels of scorch.  Stephens and Finney (2002) found that, for trees 50 cm dbh with 65% crown scorch, approximately 100% of incense-cedar survived, compared to 85% survival of ponderosa pine, 90% survival of white fir, and 85% survival of sugar pine.  Species also responded differently to increasing levels of crown scorch.  For trees 50 cm dbh with 90% crown scorch, 75% of incense-cedar survived, 55% of ponderosa pine survived, 35% of white fir survived, and only about 10% of sugar pine survived (Stephens and Finney 2002).  Not one giant sequoia of any size died with less than 90% crown scorch.  


The model developed by Peterson and Ryan (1986) found significant differences in survival rates between Douglas-fir, Grand fir, and Subalpine fir with equal levels of crown scorch.  The primary variable responsible for the difference was bark thickness for a given diameter at breast height.  For example, Douglas-fir 40 cm dbh have bark 2.2 cm thick, while Grand fir 40 cm dbh have bark 1.7 cm thick, and Subalpine fir 40 cm dbh have bark only .6 cm thick.  As a result, the critical (fire) time for cambial kill in 40 cm dbh trees was found to be only 1 minute for Subalpine fir, whereas Grand fir required 8.3 minutes, and Douglas-fir required 13.4 minutes (Peterson and Ryan 1986, Table 2).  


Wyant et al (1986), on the other hand, found little evidence of significant differences in mortality between ponderosa pine and Douglas-fir with equal crown scorch in Colorado.  This could be explained, however, by the fact that both species have similarly thick bark.   

Other Sources of Error


One additional factor that could introduce significant error into mortality predictions under Rule 2 is the fact that it allows conifers to be considered “dead” with as little as 50% cambial kill, even if there is 0% crown scorch.  Wyant et al (1986) noted the importance of cambial kill in post-fire mortality, but observed that “a tree must be completely girdled to die from cambial damage alone.”  This observation is supported by other studies as well.  Peterson and Ryan (1986), using a model designed for general applicability to western U.S. conifers, predicted that trees with 0% crown scorch and 75% cambial kill would have a nearly 0% chance of mortality, though the model did not take into account certain additional factors related to delayed post-fire mortality, such as the effects of bark beetles.  Nevertheless, these results stand in stark contrast to the prediction of Rule 2 that 80-90% of conifers with 50% cambial kill will die, even if they have no crown scorching.   


The means of determining the extent of cambial kill may exacerbate error as well.  Studies that have used cambial kill as an independent variable have tested cambial core samples for the enzyme peroxidase using a 1% solution of orthotolidine in methanol and a 3% aqueous solution of hydrogen peroxide (Ryan et al 1988).  Samples that turned blue were recorded as being alive.  The Rule 2 mortality guidelines, however, use a more crude technique.  Using a hatchet, a member of a field crew chops into the cambium at the base of a given tree in each of four quadrants, then visually determines whether the cambium appears to be moist, in which case it is characterized as being alive.  If a dry appearance is noted, the sample is determined to be dead.  However, it is not clear whether such informal visual assessments lead to accurate results.  In at least one case, in the Storrie fire area on the Lassen National Forest, old growth red fir and sugar pine were marked as dead based on a determination of cambial injury, but subsequent inspections by myself and Dr. Ed Royce in the summer of 2002 revealed that a large portion of the hatchet chops failed to even reach the cambium layer.  In other cases, hatchet damage was so severe and deep that it begged the question of whether the cambial sampling might itself influence mortality rates.  

Also, it may be that the Rule 2 guidelines did not take into account the vertical differential in intra-crown productivity of conifer species.  As Stephens and Finney (2002) noted, photosynthate production per unit area in the upper crown is twice that of the lower crown, thus loss of lower crown foliage during fire does not substantially reduce production of photosynthate.  This fact alone explains in significant part the disparity between the published, peer-reviewed scientific literature and the results predicted by the Rule 2 mortality guidelines.

Finally, the time at which the level of crown scorch is recorded can introduce significant error.  As discussed below, my research on the McNally fire in Sequoia National Forest is revealing that many mature ponderosa pine with 100% crown scorch will produce significant green foliage in the growing season following the fire, likely from terminal buds that survived the fire.  One year post-burn, many such trees have 30-50%, or more, green crown.  If, as is often the case, the burn severity of particular stands is characterized within weeks of the fire, all trees with 100% crown scorch would be marked as dead.  Thus, the level of fire severity is overestimated in some stands across the landscape.  This source of error is likely to be most pronounced when salvage logging projects are implemented soon after a fire, prior to the next season of growth.  In such cases, many individual mature and old growth trees that would otherwise have survived would be cut down.   

My Research

Existing studies on crown scorch and conifer mortality have been generally limited to immature conifers.  I have initiated a study that will investigate the long-term, post-fire survival rates of immature, mature, and old growth Sierra Nevada conifer species following wildland fire.  Study sites will be within areas burned by the 2003 Tuolumne Fire between Aspen Valley and White Wolf in Yosemite National Park.  The study proposes a model, which can be used by agency managers and field staff, to predict which trees have a high likelihood of delayed mortality, based upon percent of total crown volume scorched, diameter, and bark thickness to diameter ratios.  

In some recent cases, partially-burned old-growth trees were cut down after fire on hundreds of acres of federal lands in the Sierra Nevada in the belief that the trees were dead or dying from their fire-related injuries.  Some concern has been raised about data used to predict post-fire conifer mortality because it has been largely based on small trees.  Published studies explicitly investigating survival of large conifers with high crown scorch are rare, and none has been completed for Sierra Nevada forests.  Nor has any Sierran study determined whether there is significant survival of conifers with 100% crown scorch. 

My study will address the following hypotheses:

(1) large conifers (>100 cm dbh) have significantly higher survival rates than small conifers;

(2) the model P = 1 – [c – (r(ln(d)))], where P is the probability of long-term survival, c is the initial percent crown volume scorch, r is the bark thickness to diameter ratio (constant) for a given species, and d is the diameter, will have a 90% accuracy in predicting survivorship (the model is based upon personal field observations).   

I will collect data on Jeffrey pine, ponderosa pine, sugar pine, white fir, red fir (if available) and incense cedar (if available) that are 25-50 cm, 50-100 cm, and 100 or more cm in diameter at breast height, and that have remaining green crown volume levels of 0%, 5-10%, 10-20%, or 20-30%. There will be 30 trees in each bin.  Data will also be collected on char height, slope, slope aspect, and char depth.  All trees will be followed for at least 4 years, with new data collected each year.  All data will be gathered in stands burned in the 2003 Tuolumne Fire between Aspen Valley and White Wolf in Yosemite National Park within approximately 800-1800 acres of forest that burned at moderate to high severity.  Data collection will begin at the westernmost edge of the area burned in the Tuolumne Fire, and will proceed from West to East.  All trees meeting the criteria will be included until each bin is full.  I intend to begin collecting data before May of 2004, prior to the growth of new foliage among conifers to be studied.    

I will attach small, numbered aluminum tags to each tree, but will ensure that such tags are not visible from either road or trail.  No trees within 200 feet of a road or trail will be included in the study in order to avoid potential issues with hazard trees.  All tags will be removed from trees at the conclusion of the study.    


Significant differences in the proportion of conifer mortality by species, size class and crown scorch percentage will be examined with Chi-square analysis.  The model’s predictive capability will be tested using a jackknife procedure, and accuracy will be assessed by species, size class and crown scorch categories.


Preliminary data from another study site of mine in the McNally fire area has yielded interesting data which may prompt some refinements to the predictive model that I hypothesized above.  In the fall of 2002, just weeks after the McNally fire, Forest Service staff designated roadside hazard trees for removal, marking burned trees as dead only if they had 0% green foliage.  Three colleagues of mine inspected the marking in the fall of 2002 and winter of 2003 and determined that it was accurate (only 3 trees out of thousands were found to be incorrectly marked, as they had some small percentage of green foliage remaining). The hazard tree removal project, however, did not commence until summer of 2003.  By that time, in some areas significant numbers of conifers (mostly pine species) that had 100% initial crown scorch had “flushed”, producing new green foliage in late spring and early summer of 2003.  These trees were then “unmarked”.  

In January of 2004, I initiated a study of Jeffrey pine (Pinus jeffreyi Grev. and Balf.) in the McNally burn area, recording post-fire recovery rates of trees with 100% initial crown scorch in stands experiencing three different levels of high severity fire.  In plots that I defined as “level 1 high severity”, all needles were killed but mostly not incinerated.  Specifically, less than 50% of all trees 25 cm dbh and larger had needles incinerated on two-thirds or more of total tree height.  In level 2 high severity plots, 50-80% of all trees 25 cm dbh and larger had needles incinerated on two-thirds or more of total tree height.  Level 3 high severity plots were defined as stands with 81-100% of all trees 25 cm dbh and larger having needles incinerated on two-thirds or more of total tree height.  

For Jeffrey pine 25-37 cm dbh with 100% initial crown scorch, survival rates as of winter of 2004 are 42% in level 1 high severity, 5% in level 2, and 0% in level 3.  For Jeffrey pine 38-49 cm dbh with 100% initial crown scorch, survival rates in levels 1, 2, and 3 are 63%, 15%, and 0%, respectively.  At 50-74 cm dbh with 100% initial crown scorch, survival rates in levels 1, 2, and 3 are 71%, 19%, and 0%, respectively.  Finally, for Jeffrey pine 75 cm dbh and larger with 100% initial crown scorch, 74% survived level 1 high severity, 20% survived level 2 high severity, and 0% survived level 3 (see Attachment 3).  Some additional mortality may occur in coming years, so trees will be monitored for at least 4 years post-fire.  

These preliminary results from the McNally fire indicate once again that tree size appears to play an important role.  The striking differences in survival rates between the three different levels of high severity burns may require some refinements to my model formula hypothesized above.       

Conservation Concerns


Region-wide use of error-prone post-fire conifer mortality rules could have a number of significant adverse effects on forest structure and wildlife.  For example, it could lead to substantial overestimation of mortality in mature and old growth stands inhabited by imperiled old forest species, such as the California spotted owl, Pacific fisher and Northern goshawk.  If such habitat is judged to be unsuitable after a fire, based upon inaccurate conifer mortality predictions, then old growth stands that would otherwise be protected may be logged.  Indeed, this has occurred recently in the Sierra Nevada in post-fire salvage logging projects on the 2001 Brown Darby fire (Stanislaus National Forest), the 2001 Star fire (Eldorado and Tahoe National Forests), and was initially proposed on the site of the Storrie fire of 2000 (Lassen and Plumas National Forests).  In all cases, stands in which 75-100% of trees were predicted to die are still dominated by conifers that are alive, green and apparently quite healthy 2.5 to 3.5 years after the fires.


Another, more subtle, concern also arises from the over-prediction of mortality rates. Some research has indicated that certain avian species, including the black-backed woodpecker, Lewis’s woodpecker, and hairy woodpecker, exhibit a preference for burned coniferous forest habitat (Bock and Lynch 1970, Dixon and Saab 2000, Hutto 1995, Saab and Dudley 1998, Saab et al 2002).  Fire-killed trees, or “snags”, provide nesting opportunities for cavity-nesting birds, as well as forage in the form of flying insects (which may be more abundant in burned forests) and larvae of bark beetles and wood-boring beetles (Hutto 1995, Dixon and Saab 2000).  One black-backed woodpecker, for example, eats approximately 13,500 beetle larvae each year (USFS 2000).   


Some species may depend substantially or primarily on severely burned forest, or “snag forest” habitat.  It has been suggested, in fact, that black-backed woodpeckers are “vulnerable to local and regional extinction” as a result of fire suppression and salvage logging (Dixon and Saab 2000).  One researcher found black-backed woodpeckers only in recently severely-burned conifer forest in Montana, and hypothesized that populations of this species are maintained by a constantly replenished patchwork of recently burned forest (Hutto 1995).  Results of a study in Idaho indicate that black-backed woodpeckers select sites with high densities of snags in severely burned forest (Saab et al 2002).   


Use of erroneous post-fire conifer mortality guidelines may confound efforts to conserve populations of these snag forest species.  The U.S. Forest Service, in January of 2001, adopted a requirement to maintain 10% of severely burned forest unlogged.  However, the mortality guidelines discussed above are used to determine which stands were severely burned.  Thus, many stands used to meet this 10% retention requirement may nevertheless remain green and alive, contrary to the predictions of the mortality guidelines.  Further, even stands that retain 0% green foliage immediately after fire may flush with new green foliage the following spring or summer.  As mentioned above, I am in the process of collecting data on this phenomenon in the McNally fire area.  The same occurrence was noted in the North Fork fire on the Sierra National Forest.  Several units proposed for salvage logging had to be dropped from the sale, in fact, due to flushing of mature ponderosa pine that had 100% crown scorch (0% green foliage) immediately after the fire.  


Yet assessments of burn severity, such as those conducted by Burned Area Emergency Rehabilitation (BAER) teams, are typically conducted just weeks after a given fire, and months before trees may flush.  This fact and the use of inaccurate mortality guidelines may lead to overestimation of the amount of snag forest habitat created by fires and inadequate levels of suitable habitat retained for species such as the black-backed woodpecker.    

Conclusion


The mortality guidelines currently being used by land managers are not supported by available scientific data.  Managers apparently assumed that data on the post-fire response of small conifers can be extrapolated to mature and old growth conifers.  This is likely to be an erroneous assumption, based upon the existing literature.  More data need to be gathered and analyzed specifically for mature and old growth conifers of various species.  Mortality protocols can be developed that are simple enough for field application, while still taking into account key factors, including tree size, the season of fire occurrence, and the variation in resiliency to fire between conifer species with different bark thickness to diameter ratios.  Only after such data is collected, and appropriate adjustments made to mortality guidelines, can current error be minimized.


Some of the issues raised by post-fire conifer mortality guidelines may become part of a larger debate about the need for, and adverse effects of, post-fire salvage logging.  Increasingly, scientists are not only raising concerns about removal of early post-fire forest habitat and the impacts of such practices on cavity-nesting birds, but are also questioning whether removal of larger snags is either necessary or effective as a fuels reduction measure (Lindenmayer et al 2004).  Other scientists are providing data which questions the prevailing assumption that high severity fire was a rare occurrence in Sierra Nevada forests of the pre-Euro-American era or that it occurred only in very small patches (Stephenson 1991).  


Until more information is gathered on the post-fire response of mature conifers, sufficient data currently exist to substantially improve the accuracy of present mortality guidelines.    
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�  Percent crown volume scorch is the proportion of the total volume of apparent pre-fire green foliage that is killed by a given fire in an individual tree.  Dead needles at the bottom of the crown are presumed to have been alive pre-fire.


�  Percent linear crown scorch is the proportion of the total apparent pre-fire vertical crown length that is killed by a given fire in an individual tree.





