








Figure 4.1: Locations of the five recently burned areas of the Colorado Front Range included in
this study. For each burn, the name and year of fire are provided. The boundary for the National
Climatic Data Center (NCDC)’s Climate Division 4 for Colorado is also shown.
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Table 4.1: Description of the five fires included in this study.

Fire name Date of ignition Size (ha)
LH Canyon September, 1988 443
Buffalo Creek May, 1996 3962
High Meadows June, 2000 3889
Hayman June, 2002 52368
Overland October, 2003 1308
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Table 4.2: Description of the ten sampling sites included in this study. All sites are located in the lower montane zone of the Colorado

Front Range (CFR).

Burn Area Site Name Latitude Longitude Elevation Aspect Slope Area
(DD) (DD) (m) (degrees) (degrees) (m?)
LH Canyon LHCO1 40.1195 —105.3255 2000 330 15 150 (10 x 15)
LHCO02 40.1188 —105.3256 2030 340 15 50 (5 x 10)
Buffalo Creek BFCO1 39.3753 —105.2608 2190 350 5 1750 (35 x 50)
BFCO02 39.3733 —105.2722 2190 360 5 1875 (25 x 75)
High Meadows HIMO1 39.4097 —105.3667 2170 5 15 5625 (75 x 75)
HIMO02 39.4075 —-105.3511 2130 5 20 250 (10 x 25)
Hayman HAYO01 39.1824 —-105.1695 2220 40 15 750 (10 x 75)
HAY02 39.1817 —105.1683 2230 30 20 875 (25 x 25)
Overland OVLO1 40.1428 -105.3167 1950 315 15 200 (10 x 20)
OVL02 40.1353 -105.3228 1970 10 20 875 (25 x 25)
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located in moderate to high-severity burn patches. No mature trees occurred within the plots,
but in all cases, an abundant seed source was present within ¢. 50 m of the plot center. Plot
size varied to include a minimum of 50 juvenile trees (<150 cm tall). Elevation varied between
1950 and 2230 m and aspect was generally northerly (Table 4.2). Plots contained either
exclusively ponderosa pine or a combination of ponderosa pine and Douglas-fir juveniles (Table
4.3). Within each plot, we recorded the species, height, and diameter at base height of each
juvenile conifer. The juveniles were then harvested. In the case of small juvenile conifers that
could be easily uprooted by hand, we collected the entire specimen for laboratory analysis. In
the case of larger juveniles, we first excavated an area around the roots and then used a
handsaw to remove a c. 15-centimeter long subsection, centered on the root collar (Figure 4.2).
In the laboratory, we determined the establishment dates of the sampled juvenile
conifers by dating the pith at the root-shoot boundary. To do so, we implemented an improved
method of accurate tree aging, similar to that described by Telewski and Lynch (1991) and
Telewski (1993). We first divided each sample into several 2.5 cm cross sections. We
documented which cross sections corresponded with ground level and which cross sections
corresponded with the root collar. The top surface of each cross section was then sanded with
progressively fine sandpaper to reveal the cellular structure. Next, we determined a ring count
for each cross section under a microscope. Statistical crossdating is not feasible for juvenile
trees due to the small number of total rings, but we were able to use marker rings from a
regional ponderosa pine tree-ring chronology (Veblen et al., 2000, and updated by new sample
collection in 2008) to assist with visual crossdating. As expected, ring counts typically increased
from the uppermost cross section in the stem down toward the root collar. The appearance of a
pith characterized by dark, clustered parenchyma cells is absent in the roots and thus the
presence or absence of pith was used to identify the exact location of the root-shoot boundary

(Figure 4.2). This transition typically occurred below ground level, but above the root collar.
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Table 4.3: Sample sizes of juvenile ponderosa pine and Douglas-fir collected at each site.

Burn Area Site Ponderosa Douglas-fir Total per site Total per
pine (n) (n) (n) burn (n)

LH Canyon LHCO1 38 2 40 83
LHCO02 37 6 43

Buffalo Creek BFCO1 40 5 45 86
BFC02 41 0 41

High Meadows HIMO1 30 3 33 74
HIMO02 32 9 41

Hayman HAYO01 28 4 32 79
HAY02 40 7 47

Overland OVLO1 47 1 48 91
OVL02 39 4 43

Overall Total 372 41 413
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Figure 4.2: Images from the field and laboratory related to method in the present study. (a) Post-
fire ponderosa pine seedling being harvested from a burn area, (b) collecting a subsample from
the harvested seedling, (c) images from the stem portion of a sample, with the piths visible, (d)
images from the root portion of a sample, with the pith no longer visible.
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The establishment date assigned to each juvenile conifer was based on the number of rings
present at the root-shoot boundary and also corresponded with a maximum ring count for the

entire sample.

4.2.3 Climate-establishment analyses

We began by assessing climate-establishment relationships in each of the individual
burn areas. This phase of the analysis relied on COOP station data accessed from the Western
Regional Climatic Center (http://www.wrcc.dri.edu/). The station nearest to the sample sites
within each burn area was selected (Table 4.4). We then examined whether years of episodic
establishment by ponderosa pine and Douglas-fir coincided with years of atypical precipitation
and temperature patterns, compared to the long-term record (1961-2010). Three levels of
episodic establishment were defined as years in which a minimum percentage (i.e. 5%, 10%, or
20%) of total tree establishment occurred at each site and for all sites combined. Based on
initial assessment of the data, we noticed that years of episodic establishment tended to include
one or more months in which precipitation was atypically high during the growing season (April-
September). We thus used a chi-square goodness of fit test to evaluate whether more
establishment occurred in years with one or more months of exceptional precipitation (i.e.
months where precipitation exceeded the 90™ percentile based on the long-term record) than
would be expected by chance.

Following our analysis at the site level, we combined all establishment data into one
dataset to examine whether broader scale patterns were evident. This analysis relied on
Divisional Data from the National Climatic Data Center. We used Division 4 data from Colorado
because all of our study sites are included within this division. We compared median April-Sept.
total precipitation, daily maximum temperature, and the Palmer Drought Severity Index (PDSI)
for years of episodic establishment vs. non-establishment years. Measures of precipitation,
temperature, and measures of drought have all been previously linked to ponderosa pine
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Table 4.4: COOP Climate stations used in the present study. For each site, the nearest climate
station with a sufficient period of record was chosen. Data were accessed from the Western
Regional Climate Center.

Station Name Station ID Elevation (m) Study Sites
Cheesman 051528-4 2097 HAYO01 + 02
Bailey 050454-4 2356 HIMO1 + 02, BFCO1 + 02
Boulder 050848-4 1670 OVLO1 + 02, LHCO1 + 02
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establishment (Savage et al., 1996, 2013; League & Veblen, 2006; Feddema et al., 2013). PDSI
is a measure of drought that uses positive values to indicate wetter than average conditions and
negative values to indicate drier than average conditions. Establishment years were again
defined as years in which a minimum percentage (5%, 10%, or 20%) of all ponderosa pine and
Douglas-fir seedlings established. We assessed statistical differences between medians of each
climate variable in years of episodic vs. non-episodic establishment using Mann-Whitney tests
at the P < 0.05 levels.

Finally, we examined whether seed production data collected in a previous study
(Mooney et al., 2011) was related to patterns of establishment by ponderosa pine and Douglas-
fir seen in the present study. This portion of the analysis focused on only two of our burn areas
(Overland and LH Canyon), as seed production data were not available for the other study sites.
The seed production data we used from Mooney et al. came from their Boulder Canyon site,
which is located 10-15 km south of the locations where we harvested the seedlings for the
present study. This Mooney et al. site was chosen not only for its proximity to our sample sites,
but also because it has the greatest temporal overlap with our data. However, as emphasized
by Mooney et al., masting by ponderosa pine can vary notably across relatively short distances,
and thus the seed data do not directly correspond to seed availability at our study sites. We
graphically displayed seed production data against tree establishment data and used
Spearman’s correlation to examine potential associations between seed production and conifer
establishment. For both the graphical display and Spearman’s correlations, seed cone years
were adjusted +1 year to account for the lag between seed production and germination and

subsequent establishment.
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4.3 Results

4.3.1 Annually-resolved establishment dates

Of the 562 post-fire conifer juveniles we collected, we dated a total of 413 samples
(73.5%, Table 4.3). The majority of all samples dated were ponderosa pine (90% ponderosa
pine, 10% Douglas-fir). Given that Douglas-fir was rare in our study sites (n = 0-9 Douglas-fir
samples per site), we combined Douglas-fir and ponderosa pine for our analyses. To ensure
high accuracy of our dating estimates, only samples with clear ring boundaries were included in
the final dataset. Year of establishment ranged from 1992 to 2011 (Figure 4.3). At individual
sites, establishment was generally concentrated within relatively few years. Some years of
episodic establishment occurred across sites, such as 1998 (at LH Canyon and Buffalo Creek).
For all sites combined using a criterion of 20% of the total establishment per site, three years
stand out as accounting for much of the establishment: 1995, 1998, and 2009 (Figure 4.3f).
Seedling establishment typically lagged behind wildfire by one or more years, although a pulse

of establishment in the same year as fire was observed at the High Meadows site in 2000.

4.3.2 Climate-Establishment Analysis

At the individual site level, graphical display of precipitation during years of episodic
establishment revealed that conditions were generally wetter than average throughout the
growing season (Figure 4.4). The timing of wet periods was variable, with some years of
episodic establishment being characterized by earlier wet periods (e.g. May in 1995 for the LH
Canyon site) and others being characterized by later growing season wet periods (e.g. July in
1998 for both the LH Canyon and Buffalo Creek sites). Our assessment of whether ponderosa
pine and Douglas-fir establishment was concentrated in years in which one or more month of
the growing season experienced very high precipitation (exceeding the 90" percentile) revealed
that differences between observed and expected patterns were statistically significant (P < 0.05)

at all five sites (Figure 4.5). Relationships between monthly average maximum temperature and
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years of episodic establishment at each site. The horizontal line is the monthly mean for the
long-term record (1961-2010). Establishment years are defined as years in which a minimum of
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Figure 4.5: Observed and expected frequencies of establishment by ponderosa pine and
Douglas-fir seedlings occurring in years where one or more month in the growing season (April-
September) had precipitation that exceeded the 90th percentile for the long-term record (1961-
2010). Differences between observed and expected frequencies were statistically significant in
all cases, according to chi-square goodness of fit tests (P < 0.001).
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ponderosa pine and Douglas-fir establishment were less clear (Figure 4.6). Temperatures in the
growing season during years of episodic establishment did not depart greatly from the long-term
average, but tended to be below the long-term average.

We also examined patterns between climate conditions and ponderosa pine and
Douglas-fir establishment for the combined dataset that included all five sites (Figure 4.7).
Comparison of median growing season precipitation, temperature, and PDSI during
establishment and non-establishment years revealed statistically significant differences in the
case of precipitation and PDSI. With regard to precipitation, episodic establishment years using
a 10% filter and 20% filter were characterized by significantly higher precipitation than non-
establishment years. With regard to PDSI, episodic establishment years using the 20% filter

were characterized by significantly higher PDSI values than non-establishment years.

4.3.3 Seed production and conifer establishment

Finally, we observed only weak associations between seed production data and
establishment by ponderosa pine and Douglas-fir (Figure 4.8). Analysis was focused only on the
Overland and LH Canyon burns and relied on only one nearby site of seed production data
(Mooney et al., 2011), as that was all that was appropriate given the available data. Of the years
of episodic establishment for which seed production data were available (using a 20% filter;
1995, 1998, 2005, and 2009), moderate to high seed production occurred in the year prior.
Although at least some years of episodic establishment appeared to correspond with seed
production in the previous year, Spearman’s correlation analysis between average seed cones
per tree (in year t-1) and frequency of establishment (in year t=0) at the two sites revealed no

statistically significant relationships at the P < 0.05 level.

4.4 Discussion
Our study indicates that following wildfires of the late 1980s to early 2000s, ponderosa

pine and Douglas-fir establishment in the lower montane zone of the CFR was typically
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Figure 4.7: Comparison of (a) average April-September precipitation (cm), (b) average April-
Sept temperature (°C), and (c) average April-September PDSI index values during
establishment vs. non-establishment years for the combined dataset of all 5 study sites. Positive
values of PDSI correspond with wetter conditions while negative values correspond with
drought. Establishment years are defined as years in which a minimum percentage (5%, 10%,
or 20%) of all ponderosa pine and Douglas-fir seedlings established. Establishment years are in
grey and non-establishment years are in white. P-values are provided when differences
between medians are significant at the P < 0.05 level, according to Mann-Whitney tests. Climate
data used are from the National Climatic Data Center (NCDC), Division 4 of Colorado (see
Figure 4.1 for Division 4 location).
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Figure 4.8: Comparison of the frequency (%) of post-fire conifer establishment at the (a) Canyon
(1988) and (b) Overland (2003) burn sites to average ponderosa pine seed cone production per
tree (n) at the Boulder Canyon seed cone-monitoring site during the period 1988-2009. Seed
cone years are adjusted +1 year to account for the lag between seed production and
germination (e.g. seed cones produced in 1987 are graphed as 1988, the expected year of
germination and subsequent establishment). Seed cone data are from Mooney et al., 2011. No
seed cone data were collected in 2004. The upside-down black triangles along the top of the
figure indicate the year of the two fires included (LH Canyon, 1988 and Overland, 2003).
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concentrated in years of above-average moisture availability (i.e. high precipitation and positive
values of PDSI). We observed this trend both at the individual site level and for our combined
dataset that included all ten sites from all five fires. We found that growing season (April to
September) precipitation tended to be above average in years of episodic establishment, and
that the growing season often included one or more months of exceptional precipitation where
total precipitation exceeded the 90" percentile for the long-term record. We found that the timing
of these exceptionally wet periods varied from early (e.g. April) to late (e.g. July) in the growing
season. Relationships with temperature and ponderosa pine and Douglas-fir establishment
were less notable, although years of episodic establishment at individual sites were generally
characterized by lower than average maximum temperatures throughout the growing season.
For the analysis of the combined dataset, again we observed that temperatures were cooler in
establishment years vs. non-establishment years, but these differences were not statistically
significant.

Our study provides the first annually resolved dataset of post-fire tree establishment
dates for ponderosa pine and Douglas-fir in the CFR. An earlier study in the CFR (League &
Veblen, 2006) examined relationships between climate variability and ponderosa pine
establishment along forest-grassland ecotones, but included only sites that had not been
recently disturbed. In terms of post-disturbance establishment, a previous study in the CFR did
examine climate-establishment relationships, but resolution was decadal and thus not very
conclusive. Annually resolved dating of tree establishment is most feasible with younger
juveniles, as destructive sampling is required and it can become more difficult to extract a
sample from the root-shoot boundary with larger trees. Additionally, the inability to use statistical
crossdating methods with juvenile trees due to low ring counts means that missing or false rings
can throw off age estimates. We used a conservative approach in the present study and only

dated samples with clear ring boundaries. Future studies that validate the aging of trees via the
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methods used in this paper (and based on Telewski and Lynch (1991) and Telewski (1993)) are
still needed.

Colorado is expected to see a temperature increase of 1.4-3.6 °C by 2050. In contrast,
uncertainty surrounds if and how precipitation regimes may change in the future (Reclamation,
2013; Lukas et al., 2014). However, unless precipitation increases, higher temperatures will be
associated with increased drought. Our findings regarding the relationship between PDSI and
ponderosa pine and Douglas-fir establishment indicate that increased temperatures may inhibit
post-fire regeneration by these two species, particularly in the absence of increased
precipitation. Although in previous years establishment coincided with periods of abundant
rainfall, under hotter conditions, rainfall will be less available for uptake by plants due to higher
rates of evapotranspiration.

We found only weak associations between seed production data and establishment by
ponderosa pine and Douglas-fir. Given the limited data available, it is unclear whether the
relationship between seed cone production and conifer establishment is weak, or whether the
data available are unable to capture meaningful relationships. Seed production data were for
only one site, and were used for assessment of only 2 burn areas that were located 10-15 km
south of 2 burn sites. To our knowledge, better data are not available to improve this analysis.
Despite the limitations, we did observe that most years of episodic establishment (20% filter)
were preceded by a year of moderate to abundant seed production. However, correlations
between seed production and juvenile tree establishment were not statistically significant.
Additional studies that examine the relationship between climate, seed production, and conifer
establishment are still needed.

Recent studies of vegetation patterns following wildfire have been motivated by concern
that climate change and/or potential increases in wildfire severity may alter post-fire vegetation

trajectories by inhibiting processes of conifer regeneration (e.g. Savage & Mast, 2005; Feddema
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et al., 2013; Savage et al., 2013). These two drivers are not mutually exclusive, and it is likely
that both fire severity and recent climate conditions have played key roles in influencing current
patterns of vegetation recovery after fire in the CFR and throughout the West. Blackened soil
and absence of vegetation may result in altered microclimate conditions such as higher daily
temperature ranges and reduced soil moisture (Ulery & Graham, 1993; Wondafrash et al., 2005;
Moody et al., 2007; Montes-Helu et al., 2009). Additionally, ponderosa pine and Douglas-fir both
disperse their seed via wind over relatively short distances of approximately 200 m or less
(Bonnet et al., 2005; Shatford et al., 2007; Haire & McGarigal, 2010), so high percent tree
mortality can result in limited seed availability. Despite these potential disadvantages, abundant
conifer regeneration following high-severity fire has been documented in ponderosa pine forests
(Veblen & Lorenz, 1986; Ehle & Baker, 2003; Savage & Mast, 2005; Haire & McGarigal, 2010)
and thus high-severity fire does not necessarily inhibit conifer establishment and survival.
Additionally, in the ponderosa pine zone in the CFR, the historic wildfire regime was of mixed
severity, meaning that fire effects were varied both within stands and across the landscape and
included low-, moderate- and high-severity fire (Sherriff & Veblen, 2007, 2008). Although it has
been suggested that fire suppression has caused the drier forests of the U.S. West to be
susceptible to uncharacteristically severe fire (Covington, 2000; Williams, 2013), such
generalizations need to be examined for particular landscapes and along elevation and moisture
gradients within specific landscapes. Recent research comparing historical (pre-fire
suppression) and current fire potential shows that most (84%) of montane forests of the CFR
are not characterized by increased likelihood of crown fire (Sherriff et al., 2014). Our current
understanding of fire severity and conifer regeneration in dry ponderosa pine forests strongly
suggests that although fire severity undoubtedly plays an important role in influencing post-fire
vegetation patterns, it is unlikely to be the only factor explaining observations of limited conifer

regeneration following recent wildfires.
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Our findings clearly demonstrate the importance of favorable climate conditions in
driving post-fire conifer regeneration. The montane zone of the CFR has experienced numerous
large wildfires in recent years (e.g. 2012 High Park Fire — 37,000 ha, 2012 Waldo Canyon Fire —
8,100 ha), and land managers and the public are eager to understand what to expect in terms of
future vegetation patterns in these areas. Our study, along with previous experimental work
regarding the climate requirements of ponderosa pine and Douglas-fir (Rother et al., under
review), suggests that some previously forested areas that have recently burned may be

replaced by persistent grasslands or shrublands under current and future climate conditions.
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CHAPTER 5

SUMMARY AND CONCLUSIONS

5.1 Conifer regeneration after fire in low-elevation forests of the CFR

Although ponderosa pine forests of the CFR have historically demonstrated high
resiliency to wildfire (Veblen & Lorenz, 1986; Mast et al., 1998), it is uncertain whether these
forests will exhibit similar resiliency under changing climate conditions. In some western
ponderosa pine forests, previous research documented significant shifts toward non-forested
vegetation (i.e. grasslands or shrublands) after fire, at least in portions of burns where seed
availability is low (Savage & Mast, 2005; Keyser et al., 2008; Roccaforte et al., 2012; Dodson &
Root, 2013). These studies have attributed observed changes to high-severity fire, low seed
availability, climate change, or a combination of factors. Through this dissertation, we aimed to
determine whether similar patterns of limited conifer regeneration were present in recently
burned lower montane forests of the CFR (chapter 2). We then examined what role factors such
as climate change, fire severity, seed availability, understory composition, and topography
played in explaining current patterns (chapter 2, 3, and 4).

To accomplish our objective of assessing current post-fire conifer regeneration patterns,
we surveyed six burn areas of the CFR. At a broad scale, we observed that current densities of
juvenile ponderosa pine and Douglas-fir were generally low throughout the study area,
regardless of local factors such as topography, fire severity, and understory composition.
However, we did identify some settings as being associated with a higher probability of
successful conifer establishment. The probability of seedling presence was higher for north-
facing slopes, at higher elevations, and where distance to seed source was lower. Importantly,
we did not observe strong relationships between fire severity and post-fire conifer regeneration.
This finding is consistent with understanding of historic wildfire regimes of the study area.
Ponderosa pine forests of the CFR were historically characterized by mixed-severity wildfire,
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meaning that burns included a combination of low-, moderate-, and high-severity fire (Sherriff &
Veblen, 2007, 2008). Misperceptions regarding the historical range of variation (HRV) for these
forests have led to concerns that the wildfire regime has dramatically shifted toward higher-
severity fire (Veblen et al., 2012), but research indicates that these concerns are largely
unfounded (Sherriff et al., 2014). We should not expect that higher-severity fire will necessarily
inhibit conifer regeneration given that higher-severity fire is part of the HRV and that abundant
establishment after higher-severity fire has occurred historically in these same habitats (Veblen
& Lorenz, 1986; Mast et al., 1998; Kaufmann et al., 2000; Ehle & Baker, 2003). The strong
relationships we identified between conifer regeneration and aspect and elevation suggest the
importance of moisture availability in driving patterns within a given burn area. North-facing
slopes and higher elevations are both associated with cooler, moister conditions. Thus this
finding is consistent with previous research that demonstrates a strong link between climate and
regeneration in ponderosa pine forests (Savage et al., 1996, 2013; League & Veblen, 2006;
Feddema et al., 2013).

We further examined the importance of climate in driving post-fire regeneration patterns
using a field experiment (chapter 3) and a tree-ring study of climate-establishment relationships
(chapter 4). In the field experiment, we examined the effects of microclimate manipulations of
temperature and water on changes in stem height, above- and belowground biomass, and
survival of 700 ponderosa pine and 700 Douglas-fir seedlings planted in a low-elevation,
recently disturbed setting of the CFR. We followed a full factorial design of four experimental
treatments of warming and watering (warmed only, watered only, warmed and watered, and
control). We found that measures of survival and growth for both conifer species varied
significantly by treatment type. Average growth and survival rates were highest in watered only
plots and lowest in warmed only plots. This finding is consistent with our expectation that

ponderosa pine and Douglas-fir regeneration is favored by relatively cool and wet conditions
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and is inhibited by hotter and drier conditions. Our findings also suggest that the window of
favorable climate necessary to allow for successful regeneration extends beyond the time of
germination because subsequent growth and survival are also sensitive to climate conditions.

We sought further evidence for the importance of climate in driving post-fire regeneration
patterns through a tree-ring study that examined whether pulses of ponderosa pine and
Douglas-fir establishment were synchronous with certain climate conditions. We began by
building a large dataset (n = 413) of post-fire establishment dates for ponderosa pine and
Douglas-fir seedlings that we harvested from five recently burned areas of the CFR. We used
an accurate method of aging trees that involves dating the pith at the root-shoot boundary
(Telewski & Lynch, 1991; Telewski, 1993), in order to achieve annually-resolved tree
establishment dates. We found that conifer regeneration was concentrated in relatively few
years, and that those years were characterized by high growing season precipitation and
positive values of PDSI (i.e. cooler, wetter conditions). Moreover, the driest and hottest years
following fire were characterized by virtually no tree establishment by either species.

As a whole, the three studies in this dissertation (chapters 2, 3, and 4) identify climate as
a key driver of conifer regeneration patterns in low-elevation forests of the CFR. We conclude
that warming temperatures and associated drought have already begun to inhibit regeneration
processes in lower montane forests, and that future warming is likely to exacerbate current
trends. In the absence of abundant regeneration by ponderosa pine and Douglas-fir, persistent
grasslands or shrublands may replace some previously forested areas. The extent of dry
ponderosa pine forests is likely to decline near lower treeline. If significant upslope expansion of
this forest type occurs (as is expected when climate conditions alone are considered to drive
plant distributions) the total area of lower montane forest has the potential to expand (Shafer et

al., 2001; Rehfeldt et al., 2006). However, expectations for the future based on climate
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envelopes alone are limited because they do not take into account factors such as feedbacks

involving natural disturbances and current upslope vegetation (Enright, et al., 2015).

5.2 Management implications

Our research suggests that land managers should prepare for post-fire shifts in
vegetation type in low-elevation forests of the CFR, at least in some areas. Current densities of
ponderosa pine and Douglas-fir seedlings are generally low across the burn areas we surveyed.
Looking forward, continued warming is expected to limit the amount of additional germination
and establishment, as conditions will become even less suitable, particularly at lower elevations
and on south-facing aspects. In areas where few surviving trees remain on the landscape, a
transition to non-forested vegetation type is already underway. In contrast, in areas where
canopy tree mortality was lower (i.e. in low- to moderate-severity areas), surviving trees have
allowed the forested vegetation type to persist. However, the lack of notable conifer
regeneration in these areas suggests that they too are vulnerable to future transitions in
vegetation type following additional disturbance and/or the senescence of the surviving trees.
Forest openings (i.e. areas within forests that are non-forested) have always been present in
CFR ponderosa pine forests and have sometimes persisted for long periods of time (Kaufmann
et al., 2000; Dickinson, 2014). However, landscape-scale conversion to non-forested vegetation
and a general upslope shift in lower treeline in the CFR is unprecedented in the historical record
(i.e. in the last few hundred years).

An important question for land managers will be whether to try and forestall major
vegetation changes. Given that wildfire can serve as a catalyst for rapid change (Turner 2010),
one option might be to mitigate wildfire occurrence through strategies such as mechanical
thinning and prescribed burning. In the CFR, these types of efforts are currently being
implemented, with a focus on creating heterogeneous forest conditions (e.g. variable stand
density) that are also consistent with forest restoration goals (Underhill et al., 2014). However,
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these types of management strategies are typically time intensive, costly, and not universally
effective (Roccaforte et al., 2010; Graham et al., 2012), and therefore are only a reasonable
option for high-priority areas. Another option for forestalling vegetation changes is to plant tree
seedlings in recently burned areas. Similar limitations arise with tree plantings in terms of cost,
time, and the effectiveness of those efforts. Findings from our field experiment suggest that
survival of planted seedlings is likely to be low under warmer, drier conditions. Plantings that are
targeted during relatively wet and cool periods as well as in wetter and cooler topographic
settings (n-facing aspects, higher elevations) are likely to be most successful. At broad scales,
response strategies that accept the transition of post-fire landscapes to new vegetation

assemblages are likely to be most feasible.

5.3 Research Limitations and Future Needs

This dissertation provides important insights regarding conifer regeneration after wildfire
in low-elevation forests of the CFR, and is an important contribution to understanding how
climate change may alter the resiliency of these forests to wildfire. The combination of field
survey, a field experiment, and a tree-ring study provides multiple lines of evidence that climate
warming may inhibit post-fire conifer regeneration in the study area. However, this dissertation
does include several limitations, and further research is still needed.

One limitation is the incomplete control of seed availability. In our survey of juvenile
conifer densities across burn areas, we used distance to seed source as a proxy for seed
availability, but were unable to account for the spatial and temporal variability in seed production
by individual trees or tree populations. A nearby tree is not truly a seed source if it does not
produce seed. The strong relationships we found between distance to seed source and conifer
establishment indicate that distance is indeed important, but we cannot be certain that seed
production was sufficient in the years following fire across our study area, nor do we know what
role climate variability may have played in driving patterns of seed production. Resolving this
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uncertainty requires more studies that assess seed production (Shepperd et al., 2006; Mooney
et al., 2011). Given that climate variability has been associated with masting by ponderosa pine
(Mooney et al., 2011), it will also be necessary to examine whether changing climate conditions
are altering the timing and/or frequency of seed production.

Another limitation of this study is that it is difficult to contextualize our current findings
against historic patterns of post-fire conifer regeneration because previous studies leave
uncertainty regarding the timing and abundance of conifer establishment following 19" century
and earlier fires (Veblen & Lorenz, 1986; Mast et al., 1998; Kaufmann et al., 2000; Ehle &
Baker, 2003). These retrospective studies relied on tree-ring reconstructions of tree
establishment, and can only provide estimates of the length of past recruitment periods.
Additionally, these studies (along with the present study) are unable to account for tree mortality
that occurred between the fire events and data collection period. Although these earlier studies
indicated that conifer establishment in ponderosa pine forests was pulsed and occurred most
abundantly relatively soon after fire (Veblen & Lorenz, 1986; Mast et al., 1998; Kaufmann et al.,
2000; Ehle & Baker, 2003), we cannot fully rule out the possibility that not enough time has
passed in the current study (time since fire 8-15 years) to expect sufficient regeneration to
occur. Continued monitoring of regeneration in these burns is recommended. However, given
results of this dissertation, we do not expect future climate conditions to be conducive to
significant new conifer establishment. Moreover, competition with non-conifer species
(especially grasses) is likely to deter future widespread tree establishment. Finally, an increased
frequency of disturbances has the potential to narrow the temporal window for successful post-
fire regeneration (Enright, N.J. et al., 2015).

Our research demonstrated that elevation is associated with increased conifer
regeneration for both ponderosa pine and Douglas-fir. This finding raises the interesting

question of whether similar patterns of limited conifer regeneration are present at elevations
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higher than those included in the present study. We hypothesize that in the upper montane
zone, where conditions are notably wetter and cooler than in the lower montane zone, we may
observe significantly higher post-fire juvenile conifer densities. The Hayman fire (HY in this
study) provides a unique opportunity to compare regeneration patterns in the lower montane
zone to those in the upper montane zone because the burn includes large areas within both
zones. Although we have already observed patterns with elevation in the lower montane zone,
expanding research into the upper montane would strengthen our argument that current
patterns of limited regeneration in the lower montane zone are climate driven. A CU-
undergraduate student (Jeremy Arkin) has collected juvenile conifer density data in the upper
montane zone, and we plan to collaborate to analyze our combined datasets in the future.
Research is also needed that begins to synthesize findings from various parts of the western
US, including the Rocky Mountain region. Differences in data collection methods complicate
efforts to draw broadscale conclusions, yet this type of research is vital. We are currently in
conversations with other researchers regarding future collaboration. Finally, research is needed
to determine what impacts shifts in vegetation patterns may have on carbon storage, water
quantity and quality, habitat, and other ecosystem services that vary strongly with vegetation

type (Rocca et al., 2014).
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