Communication

Reproduction of a Serotinous Conifer, the Giant Sequoia, in a
Large High-Severity Fire Area

Chad T. Hanson "*, Tonja Y. Chi 2(7, Maya Khosla 3, Bryant C. Baker *

check for
updates

Citation: Hanson, C.T; Chi, T.Y,;
Khosla, M.; Baker, B.C.; Swolgaard, C.
Reproduction of a Serotinous Conifer,
the Giant Sequoia, in a Large
High-Severity Fire Area. Fire 2024, 7,
44. https://doi.org/10.3390/
fire7020044

Academic Editor: Grant Williamson

Received: 7 December 2023
Revised: 11 January 2024
Accepted: 30 January 2024
Published: 31 January 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Craig Swolgaard °

John Muir Project, A Project of Earth Island Institute, 2150 Allston Way, Suite #460, Berkeley, CA 94704, USA
Independent Researcher, South Lake Tahoe, CA 96150, USA; tonja_chi@hotmail.com

Independent Researcher, Rohnert Park, CA 94928, USA; creekshade@gmail.com

Wildland Mapping Institute, Ventura, CA 93006, USA; bryant@wildlandmaps.org

Independent Researcher, Georgetown, CA 95634, USA; cswol@sbcglobal.net

*  Correspondence: cthansonl@gmail.com

(S B N N

Abstract: Giant sequoia groves, located on the western slope of the central and southern Sierra Nevada
mountains in California, USA, have been experiencing regeneration failure for more than a century
due to the exclusion of wildfires. Giant sequoias are serotinous conifers and have evolved a strong
relationship between high-severity fire and reproduction. While this relationship is widely recognized,
only one previous peer-reviewed study has directly investigated giant sequoia reproduction and
fire severity, and that study used different fires for each severity class. We conducted a study of
giant sequoia reproduction and fire severity in a single fire, the KNP Complex fire of 2021, within
the Redwood Mountain Grove in Sequoia and Kings Canyon National Park. We found that giant
sequoia seedlings are more dominant relative to other conifer species and are growing faster in a
large high-severity fire area than in adjacent low /moderate-severity areas. Distance to the nearest
live sequoia seed source was not a significant factor in sequoia seedling density. Our results call into
question the basis for widespread plans and projects designed to prevent high-severity fires and
should reevaluate moving forward with proposed tree planting activities in high-severity fire areas
within giant sequoia groves.
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1. Introduction

Serotinous conifers around the world have a deep evolutionary history linking high-
severity fire and reproduction, spanning tens of millions of years [1-3]. This includes
genera such as Callitris in Australia and New Caledonia and Widdringtonia in South Africa
in the Southern Hemisphere [4,5], some Pinus species in the Mediterranean [6], and nu-
merous species in North America, such as the bishop pine (Pinus muricata D. Don., [7]),
the Rocky Mountain lodgepole pine (Pinus contorta var. latifolia Engelm., [8], and jack pine
(Pinus banksiana Lamb., [9,10]. Among the serotinous conifers of North America is the
giant sequoia (Sequoiadendron giganteum [Lindl.] J.Buchh., [11]), which exists in several
dozen groves on the western slope of the central and southern Sierra Nevada mountains
in California [12].

As an evolutionary adaptation, serotiny in modern conifer families, Pinaceae and
Cuppressaceae, developed during the Cretaceous, 65-106 million years ago, ensuring that
seed release from conifer cones (triggered by heat from wildfire) and seedling germination
occur during the optimal conditions for establishment and growth that are created by
intense fire [2]. For giant sequoias, these optimal conditions, created in particular by
patches of crown fire, have been described as including the consumption of all duff and
litter on the forest floor and conversion of this material into a nutrient-rich bed of mineral
ash, as well as high or complete mortality of the forest canopy, which provides additional
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sunlight that facilitates growth of seedlings and saplings [11,13]. Seedling germination and
establishment are unlikely in the absence of fire.

Giant sequoias produce many new cones each year at varying rates; seeds appear
to remain viable for many years (the upper limit is unknown). Seed release is mainly
driven by heat from wildfires, and successful germination and seedling establishment
is almost entirely limited to the conditions created by fire, particularly by more intense
fire [11,13]. In some cases, sequoia seeds can be released by squirrels chewing on cones,
native wood-boring insects chewing into cones, or cone-bearing branches breaking and
falling during storms [11].

While the relationship between high-severity fire and serotinous conifers is well docu-
mented in general, research on this question is very limited with regard to giant sequoias.
Only one peer-reviewed published study, Meyer and Safford (2011) [14], compares giant
sequoia reproduction in a high-severity fire area to moderate-severity and low-severity
areas. Meyer and Safford (2011) [14] concluded that giant sequoia reproduction benefits
from high-severity and moderate-severity fire but not low-severity fire. However, the
high-severity fire patch studied by Meyer and Safford (2011) [14] was only 20 ha in size,
and the study did not compare different fire severities within the same fires.

In 2020 and 2021, three large lightning-ignited wildfires spread through numerous
extant giant sequoia groves. The “KNP Complex” lightning fire of 2021 burned mostly
in Sequoia and Kings Canyon National Parks and included a single high-severity fire
patch encompassing >150 ha of the southern portion of the Redwood Mountain giant
sequoia grove. The National Park Service recently began implementation of a tree planting
project in this high-severity fire patch [15], based upon two recent studies, Stephenson et al.
(2023) (pre-print) [16] and Soderberg et al. (2024, in press) [17]. These studies asserted that
post-fire sequoia regeneration would be inadequate in this large high-severity fire area,
and some smaller high-severity fire patches in other sequoia groves, and that these high-
severity fire patches would be at risk of reproduction failure due to long distances from live
giant sequoia seed source trees. Despite the conclusions by Meyer and Safford (2011) [14],
Stephenson et al. (2023) [16] and Soderberg et al. (2024) [17] promoted predominantly low-
severity prescribed fire as a more beneficial management approach for giant sequoia groves.
However, neither of these studies investigated whether there is some post-fire sequoia
seedling density threshold below which reproduction failure is likely, and neither analyzed
giant sequoia reproduction in low/moderate-severity areas compared to high-severity
fire areas.

There is a need to better understand the relationship between fire severity and giant
sequoia reproduction, particularly in larger high-severity fire patches. In this study, we
investigated giant sequoia reproduction after the KNP Complex fire in the large high-
severity fire patch in Redwood Mountain grove and adjacent low/moderate-severity
burned areas located in the same grove. Specifically, we explored four null hypotheses:
(1) giant sequoia seedling density would not be correlated with distance to live, surviving
giant sequoia seed source trees (the distance effect hypothesis); (2) giant sequoia seedling
density would not differ in high-severity areas versus low/moderate-severity areas (the
fire severity hypothesis); (3) giant sequoia seedling proportion, relative to other conifer
species, would not differ in high-severity areas versus low/moderate-severity areas (the
sequoia dominance hypothesis); and (4) giant sequoia seedling height would not differ in
high-severity areas versus low/moderate-severity areas (the sequoia growth hypothesis).

2. Materials and Methods

Our study was located in the southern portion of the Redwood Mountain giant sequoia
grove in Sequoia and Kings Canyon National Parks within >150 ha of burned forest that
experienced high-severity fires and adjacent low/moderate-severity areas in the summer
and early fall of 2023, two years after the KNP Complex fire. Fire severity in this study was
determined using Relative delta Normalized Burn Ratio (RANBR) satellite imagery data
from U.S. Geological Survey’s Rapid Assessment of Vegetation Condition after Wildfire
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(RAVG) database (https:/ /burnseverity.cr.usgs.gov/products/ravg, accessed on 10 January
2024). We used the Relative delta Normalized Burn Ratio (RANBR) thresholds identified
by Miller and Thode (2007) [18] to categorize fire severity, as follows: low severity (0-25%
basal area mortality); moderate severity (26-75% basal area mortality); and high severity
(76-100% basal area mortality).

To investigate hypothesis 1, before field visits were conducted between 30 June and
5 August 2023, we established four a priori (prior to visiting the locations) parallel transects
in the large high-severity area, with eight plots in each linear transect, and plot centers
spaced by 100 m (Figure 1). At each plot, we recorded the distance (m) to the nearest live,
cone-bearing giant sequoia using a laser hypsometer. We checked this result for each plot
with satellite imagery to ensure that no sequoias with remaining green crowns and in closer
proximity to the plot center were missed. In each plot, we recorded the total number of live
sequoia seedlings. We measured sequoia seedlings within circular plots extending from the
plot center with radii of 1 m, 2 m, 5 m, or 10 m as needed to include one or more sequoia
seedlings. We also recorded whether sequoia seedlings were from 2022 (one year post-fire)
or 2023 (two years post-fire). We could identify 2023 sequoia seedlings by their small size
(just a few to several cm tall by late June of 2023) and also by the reddish stems that they
have when they are days or weeks old. The reddish color quickly fades thereafter.

D Redwood Mtn. Grove Boundary
[ S— ® Study Plots

Fire Severity (RAVG, RANBR)
B Low (<316)

Moderate (316-640)
B High (>640)

Figure 1. The Redwood Mountain Grove study area, fire severity, and transects shown were used
to investigate the correlation between sequoia seedling density and distance to live sequoia seed
sources. White spaces are mixed-conifer forests outside of the Redwood Mountain Grove boundaries.

For all plots, we converted data to sequoia seedlings per hectare. We analyzed whether
there is a correlation between distance to the nearest live sequoia seed tree and sequoia
seedling density using Spearman’s rank correlation test [19,20]. This is an appropriate
correlation test for non-parametric data when the assumptions required for parametric tests
are not met due to highly skewed distributions, for example, as in the case of our data [21].
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The sample plots for this study met two criteria: the plots were physically present
within the Sequoia and Kings Canyon National Park-mapped sequoia grove boundary, and
plot centers were located within 100 m of a (pre-fire) established sequoia. We excluded 1 of
our 32 plots for not meeting both of these criteria.

Hypotheses 2 (fire severity hypothesis), 3 (sequoia dominance hypothesis), and
4 (sequoia growth hypothesis) were tested within a two-week period (to ensure the closest
feasible comparison between high-severity and low /moderate-severity) from 29 Septem-
ber 2023 to 11 October 2023. Five a priori transects were located perpendicular to the
boundary between the large high-severity patch and low/moderate severity area, with
three plots 100 m, 200 m, and 300 m from the high-severity patch boundary into the
low/moderate-severity area and three plots 100 m, 200 m, and 300 m from the high-severity
patch boundary into the interior of the large high-severity fire patch (Figure 2). For each of
the three hypotheses (2, 3, and 4), we analyzed 15 plots in the large high-severity fire patch
and 15 plots in the adjacent low /moderate-severity area. We used the same variable-radius
plot system that we used for hypothesis 1 to census sequoia seedlings, as described above,
and converted values to seedlings per hectare. Within each circular area representing a plot,
we recorded the total number of live sequoia seedlings (for the fire severity hypothesis), the
total number of live non-sequoia conifer seedlings (for the sequoia dominance hypothesis),
and the height (cm) of the tallest sequoia seedling (for the sequoia growth hypothesis). For
hypotheses 2, 3, and 4, we analyzed whether there are differences between high-severity
and low/moderate severity plots (the unit of replication) with regard to sequoia seedling
density (fire severity hypothesis), sequoia seedling proportion (sequoia dominance hy-
pothesis), and maximum sequoia seedling height (sequoia growth hypothesis) using a
Mann-Whitney test [21]. The Mann—-Whitney test is an appropriate test for comparing two
groups when data do not meet the required assumptions for parametric tests due to highly
skewed distributions, for instance.

D Redwood Mtn. Grove Boundary

—-  Transects
®  Study Plots
Fire Severity (RAVG, RANBR)
B Low (<316)
Moderate (316-640)

B High (> 640)

Figure 2. The Redwood Mountain Grove study area, fire severity, and transects shown were used
to investigate differences between high-severity areas and low/moderate-severity areas in terms of
sequoia seedling density, maximum height, and proportion relative to other conifers.
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When data are non-normally distributed, as they are in our study area (Kolmogorov—
Smirnov test, p < 0.05), non-parametric tests tend to have greater statistical power [21,22].

3. Results

With regard to hypothesis 1, the distance effect hypothesis, there was no correlation
between distance to the nearest live, cone-bearing giant sequoia and post-fire sequoia
seedling density (rs = —0.247, p = 0.180, Figure 3), and the null hypothesis was not rejected.
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50,000 - P

o
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Distanceto NearestLive Seed Source (m)

Figure 3. Naturally regenerating giant sequoia seedlings per square meter and distance (m) to the
nearest live sequoia seed source.

With regard to hypothesis 2, the comparison between the high-severity fire patch and
the adjacent low /moderate-severity areas in terms of sequoia seedling density (fire severity
hypothesis), there was no difference in post-fire sequoia seedling density (U = 88, p = 0.317,
Table 1), and the null hypothesis was not rejected. The median sequoia seedling density
at two years post-fire was 3183 /ha in the low/moderate-severity areas and 12,732 /ha in
the high-severity areas (mean densities were much higher for both, but we do not report
means due to the skewed nature of the data). The proportion of giant sequoia seedlings
among all conifer reproduction (hypothesis 3, the sequoia dominance hypothesis) was
significantly higher in the high-severity areas than in the low/moderate-severity areas
(U =36, p = 0.002, Table 1), and the null hypothesis was rejected. The median sequoia
seedling proportion was 0.69 in low/moderate-severity areas and 1.00 in high-severity
areas. Last, the maximum height per plot of giant sequoia seedlings (hypothesis 4, the
sequoia growth hypothesis) was significantly greater in high-severity fire areas than in
low/moderate-severity areas (U = 16.5, p < 0.001, Table 1), and the null hypothesis was
rejected. The median maximum sequoia seedling height was 10 cm in low/moderate-
severity areas and 32 cm in high-severity areas.

All raw data, including plot coordinates, are available in the Supplemental Material.
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Table 1. Summary of (a) low/moderate-severity (LM) and (b) high-severity (HS) fire plot data
regarding the fire severity hypothesis (seedlings/ha), the sequoia dominance hypothesis (proportion
of conifer seedlings comprised by giant sequoias), and the sequoia growth hypothesis (height in cm).

(a) LM 1st Quartile LM Median LM 3rd Quartile LM Range
Hypotheses
Fire Severity 796 3183 25,465 32-206,901
Sequoia Dominance 0.25 0.69 1.00 0.01-1.00
Sequoia Growth 5 10 12 2-25
(b) HS 1st Quartile HS Median HS 3rd Quartile HS Range
Hypotheses
Fire Severity 1591 12,732 38,197 127-210,084
Sequoia Dominance 0.80 1.00 1.00 0.80-1.00
Sequoia Growth 19 32 46 12-71

4. Discussion

In the large high-severity fire patch in the Redwood Mountain grove, giant sequoia
reproduction two years after the KNP Complex lightning fire was more dominant (relative
to other conifer species), and the height of giant sequoia seedlings was significantly greater
(Figures 4 and 5) than in adjacent low/moderate-severity areas. The distance to live,
surviving sequoias was not a significant factor.

Figure 4. Typical natural sequoia regeneration in the interior of the large high-severity fire patch at
two years post-fire in the Redwood Mountain Grove. Shown: Ara Marderosian, Sequoia ForestKeeper.
Photo by Chad Hanson.

The density of sequoia seedlings was not significantly different between high-severity
and low/moderate-severity areas, though, numerically, the median density was three
times larger in high-severity areas than in low /moderate-severity areas. It is possible that
this difference would be statistically significant with a larger sample size, and additional
research in other recently burned sequoia groves will be needed to answer this question.
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Figure 5. Highly abundant sequoia seedlings in the large high-severity fire patch in Redwood
Mountain Grove. Photo by Chad Hanson.

Soderberg et al. (2024) [17] reported a substantially lower sequoia seedling density
in the high-severity fire areas of the Redwood Mountain grove relative to our results.
However, the results of Soderberg et al. (2024) [17] were based on field surveys conducted
in 2022 at one year post-fire. We conducted our field surveys in 2023, two years post-fire,
and 41% of our plots had sequoia seedlings exclusively from 2023.

Our results and previous work [11,13,14] suggest several mechanisms that work
to provide advantageous conditions for giant sequoia reproduction in high-severity fire
areas, including (a) intense heat that facilitates the release of a super-abundance of seeds;
(b) consumption of all duff and litter, which allows sequoia seedlings to sink their roots into
soil, and which provides a layer of mineral ash that aids growth over time; (c) mortality of
most or all canopy trees, which provides high levels of sunlight to sequoia seedlings; (d) a
competitive advantage over non-sequoia conifers in terms of the proportion of total species
composition, at least in the earlier stages of natural succession; and (e) an extraordinary
growth rate.

Similar to recent results regarding natural regeneration of a related species, the coast
redwood (Sequoia sempervirens) [23,24], the results here are encouraging for the conservation
of giant sequoias. Further research will be needed in other sequoia groves through which
large fires have spread recently to determine how broadly applicable our results here may
be. In the meantime, our results here call into question current projects and plans designed
to prevent high-severity fire in sequoia groves and to conduct widespread planting of
sequoia seedlings in high-severity fire areas.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/fire7020044 /s1, Spreadsheets S1 (Seedling Density and Dis-
tance to Live Sequoias), S2 (Seedling Density by Fire Severity, Seedling Height, Sequoia Proportion),
and S3 (Coordinates).
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