





Figure 9. Time series of daily average volumetric soil moisture (SWC) at depths 5 (a), 10 (b),
and 60 cm (c) before and after the 2013 burn. Boxplots show soil water content (d) grouped
by depth and burn state. The boxes show the interquartile range, the middle line is the
median, and the lines extending above/below each box exhibit 5% and 95% percentiles.

Carbon Fluxes

In the years preceding the burn, US-Vcm was a consistently strong carbon sink,
ranging from sequestering -404 to -640 gCem™ eyear (Fig. 10a & d). Surprisingly, post-burn,
US-Vcm was already a very small carbon sink in the year immediately following the fire, and
this site continued to sequester carbon for the next six years. Sink strength after the fire
ranged from near neutral in 2014 (-12 gCem™ eyear?) to a maximum sink strength of -151
gCem= eyear?tin 2015, but returned to near neutral in 2020 (-4 gCem2 eyear?). Overall, the

fire at US-Vcm decreased carbon sink strength of this mixed-conifer forest by an average of -
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434 + 22 gCem2 eyear™. From 2016-2020, the nearby intact mixed-conifer forest (US-Vcs)

sequestered -272 + 39 gCem™ eyear™ more carbon than post-burn US-Vem (Fig 10d).

Figure 10. US-Vcm (dot) and US-Vcs (triangle) total annual sum of net carbon uptake (NEE)
(panel a), gross primary production (GPP) (panel b), and ecosystem respiration (RECO)
(panel c). Average annual NEE (panel d), GPP (panel e), and RECO (panel f) with error bars
showing standard error of inter-annual variations grouped by site and burn state. Letters
represent statistically significant differences in the average (Kruskal test, P < 0.05), such that
groups not containing the same letter are different. Pairwise comparisons were done using
Wilcoxon rank sum test with continuity correction.

0 w 0 1000
s 250{ 2 s 250 b p ¢
§ -2501 T -2501 & 750
g g \v/ N>\
5 -5001 /\/\ S -5001 g 500
> Z - -
w7501 & -750-/\/ A—/\f S 2so N\
z (O] L
e
000 _ 000~ 0
DO >0 DD D0 a0 O : b e
Q° N ANV N NO N Q° N ANV N KO N D QO o D D
S E S S S PSS S S S S S S D
Year Year Year
0 0
d 3 e f
— — —~ 750
5 -250 5 -250 g
[«}] [4}] >
> } > o
NE NE ¥ £ 500
- _ Q
Q -500 T Q -500 5 - . =
g a Q
u a O 250
=z o w
-750 -750 } o
1 0
Pre Post VCS Pre Post VCS Pre Post VCS

As expected, the stand-replacing burn dramatically reduced annual GPP at US-Vcm
(post-fire US-Vcm annual GPP was -464 + 21 gCem™2 eyear lower compared to pre-burn GPP)
(Fig. 10b & e). Fire decreased respiration, however, only by 29 + 11 gCem™ eyear (Fig. 10c &

f) (non-significant). This disparity in magnitude of total carbon uptake and carbon released
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indicates the fire driven changes in annual NEE are largely driven by changes in GPP, rather
than RECO.

Although the sink strength of pre-burn US-Vcm was variable, it remained a sink
throughout the entire duration of each year’s growing season from 2007-2012 (Fig. 11).
However, after US-Vcm burned, it switched from a carbon sink to a source for 4 weeks in
2014, 2 weeks in 2016, 1 week in 2017, 3 weeks in 2018, and 3 weeks in 2020, all during dry
periods. This suggests that recently burned forests are more likely to sink-source switch
during seasonal aridity. However, the unburned mixed-conifer forest, US-Vcs, also switched
from sink to source for three weeks in 2018 when drought was at its most intense (Fig. 7c).

Figure 11. Time series of total weekly NEE for US-Vcm (brown line, 2007 — 2020) and US-Vcs
(blue line, 2016 — 2020). Negative values indicate a net sink of carbon from the atmosphere.
Due to instrument disruption caused by The Thompson Ridge Wildfire, 2013 data is not
available. Day and night times values included in calculation of total weekly flux.
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Timing of Carbon Sequestration

After the fire, the duration of carbon sequestration at US-Vcm was 13.6 + 0.9 weeks
shorter than at either pre-burn US-Vcm or US-Vcs (Fig. 12c). Before the fire, the spring time
start in carbon sequestration at US-Vcm began at week 11 + 0.5 (Fig. 12a), and ended in the

fall at week 47 + 0.2 (Fig. 12b). After the burn, net carbon sequestration did not start until
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seven weeks later on average, at week 18 + 0.4, and it ended approximately 6 weeks earlier

at week 41 + 0.3 (Fig. 12a & c).

Figure 12. The average beginning (panel a), end (panel b), and total duration (panel c) of each
year’s carbon sequestration. Letters represent statistically significant differences in the
average (Kruskal test, P < 0.05), such that groups not containing the same letter are different.
Pairwise comparisons were done using Wilcoxon rank sum test with continuity correction.
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Understory Phenology

We compared the impact of the burn on the timing of herbaceous/deciduous growth
in these forests by using understory greenness as a proxy at both post-burn US-Vcm and US-
Vcs. Average weekly understory greenness peaked between weeks 25 and 35 in both sites
(Fig. 13). However, the timing of green up and senescence varied depending on whether the
forest had burned or not. From 2016-2020, the understory in post-burn US-Vcm greened up
on average at week 21 + 0.5 and senesced on week 41 * 0.2. In the unburned US-Vcs, the
understory greened up on average at week 17.5 + 0.4 and senesced on week 42.8 + 0.4. The
combined effect of a delayed greening up and an earlier greening down in post-burn US-Vcm

resulted in a fire-induced decrease the duration of understory growth by 5 + 1.3 weeks.
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Figure 13. Weekly average of US-Vcm (blue) and US-Vcs (red) green chromatic coordinates
(GCC) extracted from phenocam images from 2016-2020. The timing of greening up at US-
Vcs was indeterminable in 2016, and at US-Vcm in 2017 due to gaps in available data.
Subsequently, this resulted in unknown lengths of elevated greenness for 2016 and 2017 at
US-Vcs and US-Vcm, respectively.
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Response Curves

To test if the burn altered the sensitivity of ecosystem fluxes in these mixed-conifer
forests to drought, we compared the responses of pre and post-burn carbon fluxes to soil
water availability and vapor pressure deficit. Although soil moisture and total carbon uptake
are lower in post-burn US-Vcm than pre-burn US-Vem (Figs 9 and 10), daily ecosystem carbon
uptake responds similarly to soil moisture and vapor pressure deficit before and after the
burn (Fig. 14a, b, c, d). In addition, the sensitivity of carbon uptake in 2016-2020 to soil
moisture and vapor pressure deficit in post-burn US-Vcm was similar to what we observed in

US-Vcs during that same time period (Fig 14 a & b).
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Figure 14. Total daily GPP against volumetric soil water content (SWC) at soil depth 10 cm
(panel a) for pre-burn US-Vcm (blue), post-burn US-Vem (red), and US-Vcs (green). SWC is
binned into increments of 0.05. Large dots connected by lines indicate average total daily
flux within each bin. Panel b: Total daily carbon uptake against daily max vapor pressure

deficit (VPD). VPD is binned by increments of 0.025 kPa. Large dots indicate average total

daily flux within each bin.
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DISCUSSION

Wildfire is a natural process in Southwestern forests, shaping both the landscape
and vegetative community (Margolis et al., 2007, He et al., 2016). When a forest burns, both
forest structure and function are altered, but the degree to which they are altered are
drastically different across forest types, climate, and burn intensities (Rebane et al., 2019,
Amiro et al., 2010). Anthropogenic driven climate change is altering fire behavior, ultimately
resulting in more forests burned by severe fire (Singleton et al., 2020). Here, we assessed
how severe wildfire affected soil microclimate and atmosphere-biosphere carbon exchange
in a high-elevation montane mixed-conifer forest. Our hypotheses were 1) This forest would
return to a sink quickly after fire, from the combined effect of low levels of respiration and
rapid return of GPP and 2) the shift from coniferous to herbaceous community would
increase the sensitivity of carbon fluxes to climate, in particular, drought. After the burn,
our site became hotter and drier and rapidly transitioned from a carbon source to a sink,
but with substantially reduced sink strength and stability. Below, | will expand upon each of
these findings by comparing and contrasting semi-arid secondary forest succession to other
biomes, the mechanisms driving these differences, and what the potential implications
wildfire will have on future forest distribution and carbon storage potential of semi-arid

mixed-conifer forests in the Southwest.
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Rapid Source-Sink Transition in Semi-Arid Biomes.

The immediate return to a carbon sink in the first growing season following the fire
was surprising, because the source-sink switch occurs later in both mesic and dry burned
coniferous forests (Table 1). We attribute this finding to two main factors: 1) The overall
lack of moisture at our site constrained heterotrophic respiration enough to facilitate the
rapid switch to sink we observed. Water availability and temperature are the two primary
determinants over heterotrophic respiration rates of dead organic material (Dunn and
Bailey, 2012). Our site is semi-arid, and drought after the fire exacerbated these dry
conditions (Fig. 7 & 9). In wet forests, fire generated dead biomass tends to decay quickly,
resulting in a noticeable increase in ecosystem respiration immediately post fire (Rebane et
al., 2019, Fig. 15c). Higher respiration rates post-burn requires more vegetative regrowth
(and GPP) to compensate the losses in carbon before the transition from source to sink can
occur. In a dry ecosystem, however, since wood decays more slowly, the source to sink
transition can occur with less recovery of GPP (Garbarino et al., 2015, Yatskov et al., 2003).
2) Second, the rapid return to sink we observed was due to more favorable conditions
facilitating rapid post-fire growth of the deciduous and herbaceous species in our site
compared to other sites (Fig 6 and 15a). Compared to more high latitude forests (e.g.
Goulden et al., 2006), the longer growing seasons in New Mexico in general are more
conducive to post-fire carbon uptake. Compared to more arid sites (e.g. Dore et al., 2012),
post-fire GPP at our site was relatively high because of sufficient moisture to support robust
vegetation, such as shrubs, in addition to grasses and forbs. Following the burn in

Ponderosa pine in Arizona, deciduous shrubs did not return after fire, presumably due to
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GPP

RE

the extreme aridity at this site, and the grasses that did regenerate do not accumulate a lot
of biomass during the growing season (Dore et al., 2012).

Figure 15. Total annual gross primary production (GPP) (panel a), net ecosystem exchange
(NEE) (panel b), ecosystem respiration (RECO) (panel c¢), and the ratio of GPP/RECO (panel d)
in years following severe fire across different biomes (See Table 1 for site details). Data was
adapted from Amiro et al., 2010 (boreal sites), Sun et al., 2020 (Australia), and Dore et al.,
2012 (Arizona).
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The plateau we observed in post-fire biomass since 2016 distinguishes it from other
studies where post-fire biomass tends to increase from year to year (Rebane et al., 2019,
Fig. 6). Although we observed a fairly rapid return of deciduous shrubs such as red
elderberry post-fire, we have not seen any evidence of conifer seedling regeneration in the
years since the burn. Additional sink strength and density of leaf area will likely be

constrained until trees return. Hotter, drier soils are expected following the loss of canopy
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due to disturbance (Rodman et al., 2020). However, it is unclear if the hotter, drier soils we
observed following the combination of decreased precipitation following the fire (Fig. 7b),
and the loss of canopy will have an unexpected influence on both the type and rate of
regenerating vegetation.

Another way of understanding forest carbon dynamics is observing how the ratio of
GPP/RECO changes through succession. Fifteen years after the Saskachewan site burned,
despite very high GPP (Fig. 15a), the ratio of GPP/RECO two years following the burn was
lower than at either our site (VCM) or in the Eucalyptus forest in Australia due to higher
respiration rates. In the Arizona site, where the ponderosa forest transitioned to a sparse
grassland post-burn, although RECO is higher compared to other dry sites, GPP/RECO
remains low because of the failure for GPP to recover (Fig. 15a). Tree and understory
composition of conifer forests in arid climates typically follow a gradient of environmental
conditions (Singleton et al., 2020). On the wetter and cooler end of the spectrum, conifer
forests contain spruce-fir species and aspen. As conditions become more hot and arid, dry
mixed-conifer forests transition to ponderosa pine, with more frequent fires (Singleton et
al., 2020). Frequent fires effectively kill off any substantial development of understory
plants other than grasses, which will keep GPP low unless ponderosa pine can regenerate

(Dore et al., 2012).

27



Role of Vegetative Community Post-fire in Explaining Source/Sink Dynamics and Sensitivity

to Drought

The stand-replacing fire at US-Vcm resulted in a shift from a conifer dominated
landscape, to an understory dominated landscape. This shift in vegetation directly alters
forest carbon dynamics in the two ways. First, we observed more rapid and frequent
switches from sink to a source in the post-burn herbaceous dominated site within the
growing season when drought conditions were severe enough (Fig. 7c & d, and Fig. 11).
Interestingly, we did not find a difference in the response of daily carbon uptake to either
atmospheric or soil drought between pre-burn and post-burn (Fig. 14). The higher
frequency of sink-source transition within the growing season in post -burn was therefore
more likely due to the weaker sink strength of this site in general. Sink stability will not
increase at this site until leaf area increases and trees return to the landscape. Second, the
shift from coniferous to herbaceous dominated vegetation reduced the duration of carbon
sequestration. Conifers are able to initiate gas exchange in the spring time and continue
into fall, as long as nighttime temperatures are above freezing and snow is absent on the
ground (Goulden et al., 2006, Tanja et al., 2003). Carbon uptake in deciduous and
herbaceous species is more limited by the time it takes to develop leaves, and a greater
sensitivity to temperature cues in the fall (Suni et al., 2003). Together, this results in the
pre-burn forest being able to take up carbon for a longer period each year than post-burn

(Fig. 12).
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Current Trends and the Future of Mixed-Conifer Forest Carbon Dynamics.

Perhaps the largest threat to modern day Southwestern forests is fire driven forest
conversion. Anthropogenic influence has altered the normal forest fire frequency, burn size,
and intensity (Coop et al., 2020, Higuera and Abatzoglou, 2020, Guiterman et al., 2018,
Singleton et al., 2020). Present-day coniferous forests are not well adapted to survive this
changing fire regime, setting a trajectory of delayed conifer regeneration, or perhaps
permanent forest to shrub conversion, conferring serious consequences for future regional
carbon storage (Hurteau et al., 2014).

Fire initiated forest conversion occurs when fire kills trees over a large area, and is
followed by persistent inhibition of conifer regeneration (Coop et al., 2020, Guiterman et
al., 2018). Multiple mechanisms that delay the return of conifers exist, often working in
tandem. For example, ponderosa pine is poorly adapted to re-establish under these
conditions due to the limited distance over which their seeds can disperse (McDonald,
1980), and without a tree canopy to buffer the climate, seedlings will be subject to harsher
conditions (Figures 7 & 8), making them less likely to survive to maturity (Rodman et al.,
2020). Human caused climate change is exacerbating harsh post-burn environmental
conditions, by increasing regional aridity (Williams et al., 2010). With increased aridity
comes higher chances that seedlings will be killed off by a second burn, fueled by the
leftover coarse woody debris from the initial burn (Keyser et al., 2020), and thick, re-
sprouting shrubs that dominate young burn patches. As we have shown in this study, non-

conifer burn patches are weak carbon sinks (Fig. 10a & d). If forests are unable to return as
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before, this region's capacity to sequester carbon from the atmosphere and store it on the
landscape will be drastically reduced.

Our continuous, long-term measurements showed during times of high aridity, pre
and post-burn will switch from a sink to a source within the growing season (Fig. 11).
However, sink-source switching happened more often in post-burn, a consequence of post-
burn’s weak sink strength. This is not because the fire increased the variability of NEE during
the growing season, but instead shifted the range of variability closer to neutral sink
strength. As more mixed-conifer forests burn in stand-replacing fire, and seasonal drought

intensifies as expected, these forests will spend more time as carbon sources.

CONCLUSION

Semi-arid mixed-conifer forests are among the most productive vegetation
communities found in the Southwestern US. Due to climate change, increases in fuel aridity,
fire suppression, and expansion of the human population, an unprecedented area of these
forests have burned in recent years (Higuera and Abatzoglou, 2020, Margolis et al., 2017).
Although fire is an important feature of this landscape, the increase in fire intensity and
frequency, in combination with harsh conditions for conifer seedling maturation after fire,
are preventing the return of conifer species, extending the post-burn seral vegetation phase
of secondary succession (Coop et al., 2020, Guiterman et al., 2018). Although semi-arid
coniferous forests have the potential to return rapidly to a carbon sink, the post-burn

reductions in sink strength and stability we observed, combined with lack of conifer
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regeneration, suggest increased fire severity and/or intensity in semi-arid coniferous forests

will dramatically reduce carbon sequestration in the Southwestern US.
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